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The field of microbiology is fascinating. Most peo-
ple associate microorganisms only with disease
However, cheese, wine, and sourdo gh bread, for
example, are products of microbial metabolism. The
quality of our environment alsa depends on the
activities of microorganisms. Microorganisms in our
Warld will introduce the student to the wide world of
microbiology. A text written by a microbiologist,
Microorganisms in Our World gives the perspective of
microbiology as a broad relevant field and of micro-
organisms as important to human health and the
functioning of planet Earth,

THE BOOK

The text is written in a manner that is easy to read
Difficult topics are thoroughly explained so that they
can be easily understood. Technical terms are ex-
plained as they are introduced and a conceptual
framework of microbiology is presented. Students
will learn how to communicate microbiological
information. They will be able to understand the
numerous news reports related to microbiology,
especially those about relationships between micro-
organisms and human heaith. The depth of presenta-
tion is limited to the essentials but provides enough
information to develop an understanding of a topic
The information presented represents a distillation of
endless volumes of scientific studies. Facts are pre-
sented that reflect the latest state of knowledge
Accuracy is not sacrificed for brevity or simplicity
The breadth of the field of microbiology is covered at
an appropriate level for students

Topics are organized in a logical vet flexible man-
ner. Coverage of medical microbiology emphasizes
microorganisms and how they cause disease. The
sense of discovery is used o entice students into
wanting to learn more. Microbiology is an exciting
field, and students should develop enthusiasm
toward scientific discovery. They should never be
bored by the information they are leaming. The text
contains numerous boxes with items that will inter-
est students, The relevance of microbiology in our
daily lives and selected careers is presented so that
today’s pragmatic students know why they are

studying a particular topic and want to learn about
microorganism
The diy
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ORGANIZIATION

Micre in our World 15 organized into six
units. The e units focus on th
micrabiolog:
metabolism
Four and Unit Five f
of microbiology—
ing entities and t
nit » text discusses microbi

applications to inc v and environment

Microorganisms and Microbiology (Unit One)
introduces the student the field of microbiol
and the techni that are by microbiok
in research and clinical settings.
the Microbial World) introduces the field of microbi-
ology, giving insight into the relevance of microor-
ganisms of human health and how microbiologists
work—the scientific method Chapter 2 (Diversity of
the Microbial World) continues by introducing the
student to the vast breadth of the microbial world
Chapter 3 (Science of Microbiology: Methods for
Studying Microorganisms) discusses the techniques
that microbiologists use to do their work. The vari-
ous techniques of light and electron microscopy are
explained in addition to coverage of culturing, asep-
tic technique, and plating. Unit One cvnaud.ﬁ- with
Chapter 4 (Chemistry for the \TJJ\\l\mh-p-t-—\:.n
introduction for students who have not had a basic
chemistry course and a convenient review for those
who have

The text continues with coverage of Cellular and
Molecular Microbiology (Unit Two). Chapter 5 (Cell
Structure) introduces the student to the general
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structure of prokaryotic cells and compares .1.nd cun.-
trasts them to the structure of eukaryotic cells.
Chapter 6 (Cellular Metabalism) explains the v_n.ur-
getics of mj‘—"mrﬁmisms-—cullular metfll.\uh:-m.
Chapter 7 (Microbial Cenetics: [{.-.pllcnmrn and
Expression of Genetic Information) discusses micro-
bial genetics and is immediately followed ‘h)- an
intreduction to biotechnology in Chapter 8 (Genetic
Recombination and Recombinant DNA Technology).

Unit Three focuses on Microbial Growth and Its
Control. The unit begins with a study of growth in
viruses in Chapter 9 (Viral Replication), and Ch.:lptor
10 (Bacterial Reproduction and Growth of Mn:r_n—
organisms) focuses on the growth of b;n.:h'rm.
Chapter 11 (Control of Microbial Growth and Death)
discusses how bacterial growth can be minimized or
stopped using technigues such as pasteurization and
sterilization and antimicrobial agents, including
preservatives, disinfectants, and antibiotics.

In Microorganisms and Human Diseases (Unit
Four) the content of the book moves from the princi-
ples-based coverage of microbiology in the first three
units to more applied topics showing how microor-
ganisms affect our lives. Chapter 12 (Microorganisms
and Human Diseases) introduces Koch's postulates,
the virulence factors of pathogenic microorganisms,
and transmission routes of infectious agents. The
body’s immune response to infection is explained
first in Chapter 13 (Nomspecific Host Defenses
against Microbial Infections: The Immune Re-
sponse), followed by Chapter 14 (Specific Host
Defenses against Microbial Infections: The Immune
Response). Chapter 14 (Immune Response and
Human Disease) discusses topics that include immu-
nization, immunodeficiencies, autoimmunity, hyper-
sensitivity reactions, and transplantation. Chapter 15
(Bhagnosis of Human Disease) introduces the stu-
dent to methodology used in the clinical microbi-
ulogy laboratory. These methods include skin test-
ing, culturing, immunofluorescence, gene probes,
and the polymerase chain reaction. This unit con-
cludes with a discussion of the uses of antimicrobial
agents i;" Chapter 17 (Treatment of Infectious

[The Infectious Disease unit (Unit Five) is com-
M_ﬂf sixl chapters, Diseases are organized by the
causative nisms and then divided into the
system’s of the body that they affect. This allows the
student to understand commonalities of viral infec-

tion and pathogenesis of viral disease, separate from
the treatment of bacterial diseases, This unit begins
with two chapters covering viral diseases—Chapter
1_.1| (Viral Dm-nse? of the Respiratory, Gastro-
;MWGEEIHT Tracts) and Ch-lp!l'_r 19 {Viral
3 emh‘al Nervous, Cardiovascular,

). Three chap follow,

and Ly

e

focusing on the bacterial dis.v.l:ce:a—(_“haptcr 20
(Bacterial Diseases of the Respiratory .‘iT.\fj Gastro-
intestinal Tracts), Chapter 21 (Bacterial Diseases l.l"
the Central Nervous, Cardiovascular, and Lymphatic
Systems), and Chapter 22 (Bacterial L’Jihu.l:-_u:- of the
Urinary Tract, Genital Tract, Skin, Eyes, Ears, and
Oral Cavity). The unit concludes with Chapter 23
(Diseases Caused by Eukaryotic Organisms)

The final unit of the text, Applied and Environ-
mental Microbiology (Unit Six), explains the impor-
tance of microbiology in regard to industrial and
environmental applications. Chapter 24 (Industrial
Microbiology) covers various topics, including fer-
mentation, production of ant ics, and the recov-
ery of mineral resources. Chapter 25 (Environmental
M‘icmhinlﬂm'} details the role of microorganisms in
solid waste disposal, water treatment, biodegrada-
tion of pollutants, and other selected applications.

Because prerequisites for this course vary from
school to school and an understanding of the anato-
my and physiology of the human body is important
to understanding microbiology, an Anatomy Ap-
pendix has been added to the text. This illustrated
appendix offers a brief overview of the structure and
function of each of the eleven body systems, includ-
ing a section that details the importance of each sys-
tem from a microbiological perspective,

FEATURES

Many features have been added to Microarganisms in
our World to make the content accessible and relevant
to the student. The strong emphasis on disease-caus-
ing microorganisms will be especially interesting to
students entering health careers and general edu-
cation students. The application of microbiclogical
principles to human health is important to the
reader.

Boxep MaTeriAL

Boxed asides have been added to the text to make the
microbiological principles and applications more rel-
evant to the students. Four types of boxes appear in
the text; each will focus on a specific area as detailed
below:
Newsbreak: Features important advances and
current events in the field of microbiology.
Highlight: Expands coverage on certain topics that
are important in the study of microbiology.
Historical Perspective: Shows the relevance of the
Ppast of microbiology.
Methodology: Shows students how microbiolo-
gists apply scientific methods and approaches
in the study of microorganisms.

Since many students will be entering the health pro-
fessions and disease applications are interesting to
them, clinical case studies have been added to the
end of each of the chapters in Unit Five. Written by a
medical doctor, these case studies provide the story
of a patient’s illness from the initial assessment at the
health care facility through |.ubur‘|mrlv findings and
diagno: culminating with a discussion of treat-
ment and course of the disease. Because most stu-
dents have not taken a pathophysiology course, ital-
icized remarks in the case studies interpret the health
care provider’s thought process. The student is able
to understand why certain tests have been ordered,
what clues the tests offer the physician, and how a
final diagnosis was confirmed.

{TTE

ATIONS

The full-color illustrations are accessible, highlight-
ing key information that is covered in the text. Effort
has been made to ensure that the illustrations sup-
port the narrative and are easily understood.

A color-coding system is maintained throughout
the text whereby specific structures always appear in
a specific color. This consistency will enable today’s
visual learners to readily identify the identical struc-
tures in different microorganisms. The key to the
color coding is presented below.

In addition, selected colorization of electron mi-
crographs is used to highlight the full extent of struc-
tures rather than relying on labels and lead lines that
may obstruct important parts of an image. The same
color code applies to the micrographs.

In the metabolism chapter, dual panel illustrations
present the metabolic pathways in two ways. The

_ PREFACE wil

actual chemical structures are shown on the left for
the instructor who wants detail, while on the right, a
conceptual pathway using only words is shown. This
allows the instructor the flexib Ity to use or not use
the detail provided based on the objectives of the
course,

Finally, the use of real-life photographs through-
out the book, in conjunction with an illustration or
separately, allows the student to see the relevance of
microbiology in everyday life.

Several learning aids have been added to the text to
help students leamn the content. They include:

Chapter Outlines Show students the big picture
of the topic they are studying and helps them
plan study time.

Chapter Objectives Detail essential information
that a student should understand from the
chapter

Bold-foced Terms Emphasize key terms within
the chapter

Concept Checks Brief synopses of content at the
end of many major sections

Tables Information is summarized in many tables
in each chapter to help the student organize
and learn the material

Chapter Summaries Organize and condense chap-
ter contents for easy access.

Review Questions Allow students to test them-
selves an key concepts of the chapter.

Critical Thinking Questions Foster critical thinking
skills by asking students to answer questions as
if they were microbiologists attempting to solve
a problem

KEY TO COLOR CODE OF CHEMICALS AND STRUCTURES




vin L R

Fucther Readings A =clection of relevant .|r_t|c1e:=
and books suggesting sources of further infor-
mation, Each reference offers a bricf synapsis of
the article

Microbiology CD-ROM Tutorial This innovative

microbiology tutorial supplements lecture and
text material.

ANCILLARIES

In addition to the text, an ancillary package has
been assembled to aid in teaching: Selected items
will be provided to qualified adopters using
Microarganisms in our World. The ancillaries include:

Dstruictor’s Manual and Testbank Written by James
Parsons of Bloomsburg University, this manual
will prove invaluable in planning your course.
It features chapter outlines, key terms, lecture
outlines, teaching tips, and audiovisual refer-
ences. The test bank contains over 750 multiple
choice questions to aid the instructor in evaluat-
ing student progress.

Congterized lnstructor's Manual and Testbauk The
book above in an electronic format that instruc-
tors can access through their word processing
software. This ancillary is available in IBM and
Macintosh versions,

Computerized Testbank The testbank is also avail-
able on Diploma IV, a test-generating software
program. This ancillary is available in IBM and
Macintosh versions

Trunsparency Acetates A set of 200 full-color trans-
parency acetates chosen from the illustrations in
the text and relabeled with large, bold lettering
ta enhance projection in the classroom.

Slide Set The same images in the transparency set
are also provided in 2 % 2 slides.

Infectious Disense Slide Set A set of fifty 2 x 2 slides
of photomicrographs and clinical conditions.

Study Guide Written by William Wellnitz of
Augusta College, the Study Guide includes var-
lous leamning activities to increase students
understanding and retention.

Eaboratory Manual This comprehensive laboratory
manual emphasizes general principles and
health science applications of microbiology.
An Instructor’s Manual accompanies the lab
manual.
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in this chapter we will:
*+ Study unifying characteristics of microorganisms.
* Define the scope of the science of microbiology.
* Describe the attributes of microorganisms.
* Distinguish microorganisms from plants and animals.
» Examine the structural organization of microonganisms.
* Identify major characteristics of viruses, prokaryotic
eubacteria and archaebacteria, and eukaryotic fungi,
algae, and protozoa.
Gain insight into the relevance of microonganisms to
human health and well-being.
Learn the following key terms and names:
algae microscope
archaebacteria multicellular
bacteria nucleus
cell organelles
cellular metabolism pathogens
DNA (deoxyribonucleic plasma membrane
acid) prokaryotic cells
eubacteria protozoa
eukaryotic cells tissues
fungi unicellular
microbiology viruses
rrummrgdmsm

MICROORGANISMS
Many of us equate the terms micm and
germs. This is not SUrprising since we continuously
battle microorganisms to maintain our health, Un-
seen microarganisms exert a powerful influence on
our lives. By learning about mi roorgamsms you will
be able to understand why we sometimes suffer -
fections and disease.You also will be able to see how
modern medical practices attempt to control and to
eliminate disease-causing mic roorganisms and to
treat infectious diseases when they do occur, At the
same time you may be surprised that, while the gen-
eral layman's view is that all MICTOOrganisms ane
harmful to human health, most microorganisms do
not cause disease. Our skin, hair, tongue, intestines,
and other body parts are literally swarming with bac-
teria that do us no harm. In fact, they are advanta-
BEOUS, Or even necessary to us, Life on earth depends
on microorganisms that have an enormous capacity
to degrade and to recycle mate
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ur study of microbiology
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Discoviry OF MICROORGANISMS

Consndering their small siee, It s no wonder that the ex-
hsbence of mcroctpanisms was not recognized until only
& few centuries ago. The advent of the MCOscope,
which i an instrument used to enlarge objects and im-
apes s to see them. Nor is it surprising that
we still have a kot to learn about microarganisms. The
ivention of the microscope ocourned at the end of the
sinteenth century, essentially at the same time as the in-
twodhiiction of the telescope. As some scientists Jooked
upward and outward toward the stars with telescopes,
pthers began 1o search inward with microscopes.

The first microscopes were simple ground glass
kemses that magnified images of previously unseen ob-
jects. By the late seventeenth contury, microscopes per-
mitted magnifications of several hundred times, making
1t pesssible to discover the microbial world. Among the
First fo observe the previously invisible microbial world
was Robert Hooke, an English scientist. His detailed
demwings of fungl, made in 1667, reflect hours of tedious
observations (FIG. A),

Ribert Hooke made micron

ople ebservations and provided
migl. Various species of fungh

T mawityes made from 1635
10 anv vecordied in s book, Micrgripirla iy

Antonie van Leeuwenhoek, an amateur scientist and
official winetaster of Delft, Holland, made the first
recorded observations of bacteria in 1670 (FIC. B). Van
Leeuwenhoek's Interest in microscopes was probably
related to the use of magnifying glasses by drapers to
examine fabrics. His hobby was microscopy and he
made over 100 microscopes, each consisting of a simple
glass lens (FIG, C). These microscopes were litthe more
than magnifying glasses, each capable of magnifying an
image about 300 times; so that bacteria could barely be
seen as fuzzy images. Leeuwenhoek must have had
great patience and persistence to squint through the lens
of his handheld microscope at dimly lighted specimens

Antorie van Leeuwenhiock (1633-1723), here seen holding one
of his microscopes, opened the door o

the hidden world of mi

croaeganisms when he described bacteria. Although he was
only an amateur scientist, Levuwenhoek's keen fntorest in op-
108 and his diligence allowed him 1o make this important dis:
covery,

and record drawings of microorganisms as he did. He
thought the bacteria he observed were little animals be-
cause they moved, therefore he called them “animal-
cules.” Van Leeuwenhoek's observation of bacteria {an-
imalcules) set the stage for the development of the field
of microbiology (FIG. 1))

Although not a professional scientist, van Leeuwen-
hoek asked questions and performed experiments, For
example, after observing animalcules in rainwater from
his garden, van Leeuwenhoek decided to test whether
microorganisms came from heaven or whether they
came from earthly sources. He washed a porcelain bowl
in fresh rainwater, set it out in his garden during a
storm, and observed no microorganisms in the freshly

MICROORGANISMS

collected rainwater sample. After allowing the water o
sit for a few days, he observed numerous TRICTOOrgan.
isms in the sample. He concluded that a few microor-
ganisms in the sample had multiplied and that “life
begets life—even for animalcules”

Although his observations stimulated much contro-
versy, no one at that time made a serjous attempt to re-
peator to extend them. Van Leeuwenhoek's animalcules
remained mere oddities of nature to the sclentists of the
day. It was not until two centuries later that the signifi-
cance of the observations made by van Lecuwenhoek
became evident. when the science of microbiology be-
gan to flourish and to develop into the vibrant field of
scientific study it s today (FIG. E)

Levuwenhoek's microscopes were little more than magnilying
Hlasses

Colomized reprosfuction of Leeusnenhoek's shetches of bacteria
from the human mouth illustrate several comimon types uﬂ\fﬂ‘
teria, inchuding Tods and cocol. A A motile Banlfer B, S
lernsommas grutipena; C and D, the path of S aputipew’s motion.
E microvoces; E Leptothrin buvals: G, a spaochete
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10 CHAPRTER

Calls have genetic information in the form of DNA
that directs the form and function of the cell and
paises hereditary information from one generafion

o the next.

Calls out mutubolism that transforms energy
and n:::t-‘nh for growth and reproduction.

Unicellular and Multicellular Organisms

Living onganisms ane composed of ane or more cells
The human bedy, for example, is composed of tril-
tons of cells. Many microonganisms ane unicellular,
meaning that the entine organism 18 COmMpose
single cell. Most bacteria, for example, are unice 1
lar. Each bacterial cell comprises the entine organism
and s capable of independently carrying out metab-
olism for growth and reproduction to form progeny
{offspring). Some microorganisms ant multicellular,
meaning that they are composed of many cells. Most
multicellular microorganisms—such as the fungi that
can often be seen as fuzzy filaments growing on
bread—can be viewed as aggregates of cells with
each individual cell having the properties of the en-
tire organism. Each individual cell retains the capac-
ity of reproducing to form the entire organism,
Microorganisms do not exhibit the advanced
structural organization of plants and animals that
form specialized groups of cells called tissues. Mi-
croonganisms lack tissues, The cells of a plant or ani-
mal tissue function together as integrated units. In
animals, for example, we find epithelial tissue cover-
ingg the external body surface, connective tissue bind-
ing together and supporting other tissues, muscle tis-
sue moving parts of the animal’s body, and nerve tis-

1 LeTY OF THE MICROBIAL WORLD

sue transmitting messages from one part of the ani-
mal to another. The cells of these differentiated tis
<ues usually lose the ability to generate the entire or.

ganism

Microorganisms are more simply organized than
plants and animals.

Microorganisms lack differentioted tissues.

Prokaryetic and Eukaryotic Cells

Among all living organisms there are two fundamen-
tally different types of cells: prokaryotic cells (from
the Greek word meaning before a nucleus) and ew-
karyotie cells (from the Greek word meaning having
a nucleus) (FIG, 1-4). Both prokaryotic cells and eu-
karvotic cells carry out all the essential life functions:
exchange of materials with the environment, energy
processing, and reproduction. However, the struc-
tures of these types of cells, discussed in detail in
Chapter 5, are quite different (Table 1-1)

A prokaryotic cell has a much simpler internal
structure than a eukaryotic cell. Eukaryotic cells have
numerous membrane-bound compartments, called
organelles, that perform specialized functions. Pro-
karyotic cells do not contain membrane-bound or-
ganelles. OF prime importance is the fact that the
DNA (the substance that encodes the hereditary in-
tormation of the cell) is not separated within a spe-
cialized organelle from the rest of the cell contents in
a prokaryotic cell. The DNA of a eukaryotic cell, in
contrast, is contained within an organelle called the
nucleus

TABLE 1-1

FROKARYOTIC CELL

wumaw.,‘d Eukaryotic Colls

EUKARYOTIC CELL

Flasma membeane Prosent

Tnternal onganelles
(membeane bound) iy

Present

Present

Bacierial
chromosome [DNA)

Flogellum

Ribosomes

Vacuole -

MNuclealus -

Chloroplast ——

Plasma
membrane

FIG. 1-4 A comparison of structural organization reveals that the eukaryohc cell has far
more internal onganization than the prokarvotic cell: the mri_nt'r.lm-twun-.f organelles
found in eukaryotic cells do not oocur i karvotic cells. A, (_uk:n:\‘d micrograph of a
prokaryotic cell of the bacterium Psemiorn 3 : 400x). B, Drawir ".I-!
ell. C, Colorized micrograph of a eukaryotic cell of the green alya

or (6.750%). D, Drawing of an algal eukaryotic cell

Germtic ) molectle :
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Organizational  differeroes  between  the  aceilular
viruses, prokaryotic eubacteria and archaebacteria, and
eubaryosic furme, algae, and protozos are of more than
fut scientific inteves. They abio harve grest practical im-
portance. The use 0f many antibiotics (drugs that ad-
rmhely altect microorganisens) o treat haman disesses
caused by bacteria, for exampie, depends on the abality
of the antitectsc to act siectively against the poskary-
otic cells of the invading bacteris without killny the
rularyveic human cells 2t the satme time Antibiotion
stach an pericilizn, ane widely wsed 30 treat bacterial i
fecticna, such a3 syphilin, becasse they specifically tar
£t prokaryotic erlls. i you wieer 0 devedop prsumonia
catmed by & particular species 18 bactrriam, & physicoan
crald prescribe amy nunber of antibectics that cowkd bl

It is more difficuit to une antibiotios against (Hiese

caumng fong and prokoros, such as siaria. becsuse
furgs and proforod, ke Momans, sy orerpomd 1w -
baryotic orfis. s that what = touic e thee b slwy slles
ok to tw husam ol

Likewrse, 1t o0 hard b find antisotos St can be
weed to tremt cwal discmees Brovoe vinmes replacate
mithyn the amfines of the fnng cefls of the arganses
they fivdect. Chumivale that sdsiber virsl seplicatum gen-
wrally do 50 by iy the bust orll within which the
vina repd This p e P - o
fhese chemuals. No oow weasts W e 4

Arug that il
the pareersr ot the satre fame 9 bl e Darir-rismty
microeganisr. SiL whem you kv he common onki—
8 diwrese cszved by 3 vitur—a phvscten generaly o
oy tell you b st sty warm, and drink plenty of Bo-
wdt Thie pree 79 Tem ovabies yeaur by s smm dpfermes
e il D v mbing warumes.

the infecting bacteris and hefp cure you of the i

163 can carry out the funchions charsoeristic of
living organisms ooly within living ceils
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HIGHLIGHT

A PracmicaL ViEw of MICROBIOLOGY

Microbiological researchers at university, govemment,
aned inclustrial laboratories carry out studies that reveal
the fundamental nature of microorganisms and the
practical applications of that knowledge. Und 1
ing the F:Hns and metsbolism of microorganisms fa-
cilitates the beneficial uses of microorganisms.

Haalth care workers treat individuals with diseases
capsed by microorganisms and try to prevent the spread
of infectious diseases. Vaccination is used to prevent
many once deadly diseases. Antiseptics are used to pre-
clude micronrganisms from infecting wounds. Antibi-
otics ane administered to cure patients of infecting mi-

coorganisms. i
The clinical microbiology labaratory helps physi-
cians diagnose diseases and determine the most effec-
tive trsatments (FIG. A). The clinical microbiologist and
staff receive samples from physicians and run various
fests fo identify the underlying couses of disease in pa-
tients. The clinical microbiology lak ¥ also tests the
whectiveness of various drugs against disease-causing

The food industry maintains strict quality control to
preerve foods and to protect against the foodborne
*predd of disease. Techniclans in the food industry fro-
quenily test batches of foods to ensune safe levels of mi-
roargan Canning, igeration, freezing, and
other methods are routinely used to prevent food

Many foods and beverages are produced using mi-
including bread (yeasts are used for feay-

ERing 10 cauge the dough o rise), chiewse (bacteria are
satedd 16 convert milk into vanious cheeses), wine (veasts
e used 0 convert grapes into this alcohalic beverage),
hnhn.hmmed M0 conviert grains into this alcoholic
Beverage), and nu:nmu&“:: products. We all have
enjoyed eating or drinking the foods produced by mi.
m:l;nh[m By, Eos i
| reemets use agricultuml practices that control the

| *pesad b plant pathogens (micmonganisms that cause
.Mﬂwﬁwmmmmm work-

The elinical microbiology laboratory helps disgnose the causes
ol infectious diseases and aids the physician in determining ap-
propriate therapies,

Microorganisens are cultivated jo produce alcoholic beverages
sich as beer. Capper kttles often are used for prioparing the
substrate for yeast fermentation (mash production). The ler-

meatation often Is carried out in open fermumitons, Bubbles of
carbon dioxide in the 5l

—
OORGANISMS TO HUMANKIND

Chur knowl

isms

AUSING mi

I
inciden

i g fermienior ¢ ethanol produc:
_\—,_._o—"'/
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Some microorganisms can also be used as biological
control agents to replace chemical pesticides.

Microorganisms are used to degrade wastes and pal-
lutants (FIG. C). Sewage treatment plants, compost
piles, and septic tanks use microorganisms to decom-
pose wastes into products that can be accommodated by
the er . Sanitary engl 5 are important in
seeing that these microbial processes run effectively. Mi-
croorganisms are also used to bioremediate polluted
sites, such as shorelines contaminated by oil spills

Microorganisms are used to degrade wastes and pollutants o
maintain and resore environmental quality. An activated
sludge treatment facility Has tanks i which TmicToorganisms
degrade wastes. Extessive seration and agitation maintain aer
obic condi that favor plete degrad of onganic
compounds by microorgantsms.

Microorganisms are grown in fermentors fo produce pharma-
eetiticals Small-scale lermentom are used in the research and
development phase of pharmaceutical developrment

vaccines, salvents, and numerous other prod-
economic value (FIG, D). Numerous technicians
ee the daily production operation and ersure the
Quality of the final product. The biotechnalogy industry,
which uses microorganisms for the production of these
products, has been rapidly growing. The ability to g
netically modify microorganisms now permits the pro-
duction of many new products and undoubtedly will
lead to the production of many more
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OF THE MICROBIAL WORID

A, Flarence Nightingale revolutionized numsing
practice during the Crin
sanitary proctices
st

s War whon she introduced

witrol the spread of infectious
B, Todoy nurses wear mask
during surgery and other medi
mfections, €, Surery is

oves, and
procedun
periormed in cloan operating the

aters that ane relatively free of microonganisms.

Deaths (per 100,000)

IMPORTANCE OF MICROORGANISMS TO HUMANKIND

A mere century ago, 5 of every 10 deaths in the
United States
1.7). Tubercul . proeumonta, and pastrointestinal
infections were the three leading killers, with diph-
theria and bronchitis also listed among the top 10, To-
day, the only remaining infectious dise

e due to microbial infections (FIG

caused by
microorganisms. in this list is preumonia, a disease
that oceurs when the defense systems of the body
fail—for example, as a consequence of another dis-
ease. Although tuberculosis, gastrointestinal infec-
, and the
tly risen,
thee percentage of deaths due to these diseases has
dropped from over 20% in 1900 (o less than 1% of to-
tal deaths today

tions, bronchitis, and 1!1]'\|\I|I\':m still oect

number of cases of tuberculosis has e

The reduced mortality from infectious diseases is
largely due to the discovery and widespread medical
uses of antibiotics and vaccines that have enabled
contemporary medicine to reduce the impact of infec-
tious diseases. Antibiotics such as penicillin were not
available in medical practice until after World War I1.
They are now routinely used to control microbial in-

™

OmoiNs oF VACCINATION

Lady Mary Wortley Montagu, wife of the English
ambassador to Turkey (1716-1718), described a cruds
form of inoculation against smalipox practiced there.
In September, old women insert some of *the matter
of the best sort of smallpox™ into & vein. After 8 days,
those so tnoculated develop a fever, remain ill for 2 or
3 days, recover within B days, and get no pos marks.
Lady Montagu tried o persuade the English o adopt
this practice. but without success. Edward Jenmer got
the idea for the technique of vaccination against
smallpox from & young girl, 8 milkmaid it is said,
who told him that she would not catch smallpos be-
cause she had had cowpox. Jenner is credited with
the introduction of vaccination in Europe.

3004
[ 1900

B 1990

8

8
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2
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?

Time {year)

FIG. 1-7  Mortality due to infections deseases has declined significantly during the :\n;-n-
tieth century because of an increased understanding of the roles of microorganisms in -

man disease and the introduction

sractices that reduce the occurrence and effects of mi-

crobial infections. Dvaths due to many once deadly diseases such as diphtheria, gastroen-
toritis, and even tubsrculosis are very low (near 0 per 100,000} in the 1950
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FG. 18 A, Smallpox has been eliminated through vacci-
nation. The vaccination program that eliminated smallpox
began in the 1700s with the work of Lady Mary Montagu
and Edward Jenner and became a major effort of the United
Nations World Health Organization after World War I
B, Vaccination is used today to prevent many diseases

fections. Clinical microbiology Iaboratories assist phy-
sicians by rapidly identifying pathogens in infected
individuals and defermining which antibiotics can be
used to control that disease-causing mlcmnrgﬁnihm.

Vaccines are extremely important in preventing
disease. An amazing accomplishment of vaccination
is the elimination of smallpox. Once 80% of all people
on earth could expect to contract smallpox. Now the
world is free of this disease. Three centuries of vacci-
nation against smallpox and a massive 20-vear pub-
lic health effort by the World Health Organization fi-
nally were victorious over the smallpox virus (FIG. 1-
B). The last natural case of smallpox occurred in
Somalia, Africa, in 1977, For the first and only time,
an infectious disease was eliminated from earth. Ef-
fective vaccination programs have also reduced the
occurrences of other diseases, such as polio, measles,
diphtheria, and whooping cough.

Microbiclogists continue to search for new vac-
cines {substances that stimulate the body’s defenses,
rendering an individual immune to disease) and an-
tibiotics and to use the techniques of molecular biol-
Ogy o engineer genetically new microorganisms that
can produce useful products such as antibiotics and
vaccines. Such genetically engineered microorgan-
isms will help meet our future technological needs
and improve human health and well-being.

The reduced impact on humankind of discases

coused by microorganisms is due in part to ad-

vances in our scientific knowledge of microargan-
fnms and their interocfions with humans.

Against the tide of enprmous advancement in our
understanding of the microorganisms has come
the emergence of new infectious diseases, including
acquired immunodeficiency syndrome (AIDS). AlDS
has shown that diseases caused by microorgamsms
can still radically change the lives of infected indi-
viduals and also of entire societies. Daily, we read in
the newspapers, hear on the radio, and see on televi-
sion reports about the AIDS virus and other diseases
caused by microorganisms, [llness and death spark
public concern, and the medical aspects of micro-
biology usually are of the most interest to many of us.

So far, scientists have been unable to develop
an effective means of preventing AIDS or drugs that
will rid patients of the human immunodeficiency
virus (HIV) that causes it once an infectipn occurs
(FIG. 1-9). The Centers for Disease Control estimate
the incidence of infection with HIV in the United
States in 1995 to be 3 in 1,000, with the infection more
common in males than females. The World Health
Organization estimates that in Africa the incidence in
1995 will be much higher, with 1 in 10 men and
women infected with the AIDS causing HIV virus.
The cost of treating AIDS patients in New York City
alone is running well over $1 billion per year. Only
changes in behavioral patterns that reduce the risk of
infection with HIV hold any immediate promise for
reducing the incidence of this disease, These include
the avoidance of unprotected sex with individuals
who may carry HIV and avoidance of exposure 10
contaminated blood through transfusions or shared

IMPORTANCE OF MICROORGANISMS TO HUMANKIND

FIG. 1-9  Colorized micr
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causes a cell i

intravenous needles. If behavioral changes do not oc-
cur, and if no cure or preventive is found, the impact
of this disease on society will be staggering

AlDS is just the latest major outbreak of disease to

afffict humankind. All societies. both contemporary

and ancient, have suffered from the ravages of dis-
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gion, migration of populations, art, agriculture, sci-
enice, and technology. Major disease outbreaks, often
plague, altered the course of history many times and
contributed to the decline of empires \\-udu:lpn-.uf
disease in ancient Athens led to that city-state’s |s_‘:~-&
to s rival Sparta, during the I'ulu.\pnnnuz-mn ‘r_\-.uj.
This prevented Athens from establishing a unifiec

I thie mid- 1600% a cholers epidemic was devastating
London John Seow, & British physician, sought to
il the eanse of the epidemic. He believed thar the
disease was sproad by contaminated food and water,
ool by bad sir or casual contact. Snow studied med-
ical mecords of patients in the Hroad Street area of
Londan who bad died of chalera. He discovered that
mast of the victims obtained their drinking water
frun the Broad Street water pump. He hypothesized
that the water fruom the pump wis contamtnated
with raw sewage containing the cause of cholera and
that shotting off that source of water would end the
chiolers outbreak The Broad Strest pump was shut
down and the number of cholera cases dropped dra-
matically. These important findings led the way
nderstandi and modes of transmissi

g

ol infectionus disenses.

Greek empire. When the central government of the
Roman Empire was weakened by the debilitating of.
fects of plague, it could not consolidate its power
over its vast empire and the influence of Rome de-
clined

Population patterns have often been determined
by the actions of microorganisms. / ngal infection
of potatoes in Ireland in the mid-nineteenth century
caused widespread famine. This led to the migration
of large numbers of Irish people to the United States
European settlers in the New World thought that the
diseases with which they infected the natives were
God's way of showing approval for their coloniza-
tion. Entire tribes of native North Americans w
eradicated due to outbreaks of smallpox. These out-
breaks were sometimes initiated when !'urn]w.\m
gave them smallpox infected blankets.

Microorganisms have had major impacts on human
health and society.

BemerciaL Uses oF Micr

We have long depended on microorganisms for the
production of many of the foods and beverages we
enjoy. Even early societies produced beer, wineg, and
bread using microorganisms. We have built sewage
treatment facilities whene microorganisms are grown
to degrade our wastes. We have also been able to
greatly reduce the incidence of many diseases
through the use of antibiotics and vaccines produced
by microorganisms (FIG, 1-11), Indeed, the vaccines,

AG. 111 A, Some viral vaccines are produced by culture in

CEgs or tissure culture. B, Viccines ane often produced by
ing microorganisms and harvesting them

IMPORTANCE OF MI‘_ZKOOI!GANISMS TO HUMANKIND

harmaceuticals that are used
it or to ke human diseases are mi-
crivbial products

Many microorganisms benefit humans, produci
foods we cot, removing wastes produce, an
making antibiotics and vaccines for use in med;

icultural practi
L8 ites o
eir harmful effect
pment of dis | int vari
mical pes s aim to limit ir
due to plant pathog also limit crop
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are associated with nitro,
bacteria can convert atme
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growth depe
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can be reused by the living, 1i
cease. We could not survive with

Microorganisms are essential for maintaini
balance of nature and sustaining life on sarth

Clearly the microorganisms are complex an
cult to understand—powerful but small, riece
vet sometimes deadly. Through the scier

FG. 1-11 com'd  C, Sounee
in fermentors; the ferment
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Microorganisms may have 4 mle jn reversing giobal
warming. They may be used 1o emove carbon dien-
ide from the phese. lap rch in-
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SUMMARY

Microorganisms (pp. 313}
» Migroonganisms are Very small life forms.
» The ohservation of microorganisms depends on t
tawe of MACTOSCOPES.
« Antonie van Leeuwenhoek made the first recorded
mibcroscopic observations of bacteria LK
The Organizational Structure of Microorganisms {pp. 5-13)
« Even microarganisms, the smallest forms of life, are
highly crganized living systems.
» The cell is the fundamental unit of all living systems
* The plasma membrane acts as a barrier thal comirols
the flow of material into and out of the cell
» Celle contain hereditary information in DNA and
carry out metaboliem that transforms energy and ma-
terials,
o Many microorgamsms are unicellular (single celled
organisms)
* Some microorganisms are multicellular (composed of
many cells)
* Hacteria are cellular organisms, with simple cells that
lack organelles.
* Bacterial cells are prokaryotic
* Fungi, algae, protozoa, plants, and animals {includ-
ing humans) all have eukaryotic cells.

he

» Eukaryotic cells have organelles, including a nucley,
that houses the genetic information,

* Organelles  are  membrane-bound compartmenty
within a cell

* Viruses are not made of cells.

» Viruses only replicate within living cells.

Importance of Microorganisms to

Humankind (pp. 14-21)

* Some microorganisms cause diseass

* Diseases caused by microorganisms have a major im-
pact on individuals and human socicty,

* Today's reduced rates of sickness and death are
a direct result of our ability to control the growth
of microorganisms and our basic understanding of
the involvement of microorganisms in infectious dis-
eises

* Most microorganisms are nonpathogens that serve
useful industrial and essential environmental func
tons.

= Microorganisms are used to make various fooc
erages, and other useful products

* Microorganisms are essential for life to continue on
earth.

CHAPTER REVIEW

Review QuesTions

What kinds of organisms are studied by microbiolo-
gists?
What is a microongzanism?
How can you distinguish living from nonliv ing mi-
L=t
How would you define 2 living organism?
f-\ hat are the anguments for virases being living amgan-
sms? Againgt?
1 Why is micrbiology considered a relatively new fietd
of science?
Describe the fundamental OTgAnization

structure of
Iving organisms

Ik
g

:.. micsorgonisms oifected four filet Con:
” Mmumgmism)mfhm

such o4 infoctios daenies you, your fnends, and
toiatess may hove hod, and the benefits you
Ssperienced, such o1 foods and bevermges

]
{

/ le witheut microorgonismsd
tanssquences of aliminating cll

sormd Whet changes would accur

wore 06 infecious diveasest "

1537
i

What are the differentiating characteristics of prokary-
otic and eukaryotic cells?
What is the difference be n unicellular and multi-
cellular organisms? Which microarganisms are unicel-
lular and which are multicellular?

. How are microorganisms distinguished from  higher
plants and animals?
What are the characteristics that make cubacteria simi-
lar 1o archacbacteria? What are the characteristics that
differentiate them?
What are the characteristics that make fungi, algae, and
protozoa similar? What are the characteristics that dif
ferentiate them?

3. 1Fyou were sending o mission to Mors I explors for
l.FL:::tlwwid you look for? How weuld you know
wl life axisiad or not H, | i
i i s o-:wf:md you ru:o;;:::

living orgonism?

- thin the leis! few years, o naw bockariom has been
isolated from the intestingl tracts of surgecnfish in the
Red Sea, Thess bacria ore 10 large that they are vit
ible to the unaided eye. Whet doas this mean with re-
wpect o tha definition of microorganismsd

23




CHAPTER 2

~ Diversity of the
Microbial World

ka3

Preview 1O O

In this chapter we will:
+ Leam how microorganisms are classified.

Classification * See how microorganisms evolved
Highighe Evolution of Microorganssms « Gain an overview of the microbial workd by examining
Microorganivms the fundamental characteristics of the various types of
Nk L ¥ J microonganisms,
Viruses. » Examine characteristics of the acellular, nonliving
Virads microneganisms—viruses, viroids, and prions
Prioas » Examine characteristics of the prokarvotic
Prodaners microorganisms—archacbacteria and eubacteria
Namang : » Examine characteristics of the eukaryotic
o L Used in Classifying and Identifving microorganisme—fungi, algae, and protozoa

* See that the structural differences between acellular,

Memmad ‘Fw Hybnd A Method for prokarvotic, and eukaryotic microomganisms have
ivemg Uenetic Related actical importance in medical practice.
HQIQ\'q:Bd Bacteria + Leam the following key terms and names:
w-w of Bacterial Diversity algae fungi
: Archaca Gram-negative bacteria
Fung bacteria Gram-positive bacteria
Algae bacteriophage Monera
Frotorma Berpew's Murrual morphology
binomial name mycelia
DNA hybridization Hons
endospones tisty
endusymbiotic theory of protoroa
evolution spavies
i taonomy
eukarvoles viroids
evolution virus
evolutionary relatedness yeasts
flamentous tungi
five-Kingdom

classification system

hecular bip-
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all bacteria were dosely related because they all were
prokaryotic colls. Woese's analyses of TRNA mole-
cules revealed that the bacteria actually fell into two
distinct and only distantly related groups. One of
these groups is as distantly related to organisms W :.th
etskaryotic cells as it is to the other group of bacteria

Woese proposed a new and radically different
classification svstem that defines Ih.e-:'r three _qrnup._‘
as three primary Kingdoms for all living things: Ar
chaebacteria (Archaea), Eu and E yotes (FIG.
2-31L Acconding to Woese's theory, three separate
paths of evolution from a commaon progenitor cell
produced three different types of cells: the archae-
bacterial cell, the eubacterial cell, and the eukarvotic
cell. Further studies on the physiological characteris-

tics of the organisms designated by .\\m-\\' as archae-
bacteria appear (o substantiate his proposal. The
chemical composition of the ]1I.}-.nm membranes of
archaebacteria is totally different from all other cells
Additionally, the archaebacteria have metabolic ca-

aAnisms

pabilities not found in any other or
pa

There are three distinct lines of cellular evolution
that have led to the archoebacteria, eubacteria, and

sukoryotes.

With regard to the evolution of the modem ey-
karyotic cell, with its multiple organelles, Woese ac-
cepted an idea put forth a few vears earlier by Lynn
Margulis—the endosymbiotic theory of evolution,
Margulis proposed that some bacterial cells had be-

Fungi

~ 5
| N e

ARCHAEBACTERIA

. Universal ancesior

Animals |

| Gram-positive
* bocteria

Mitochandria |
Purple |~ Spirochetes
photosynthetic |/’
bacleria
h Green
N # photosynthetic
/ |
¥ boceria

e EUBACTERIA

AG. 2-3 The three-Kingdom classific

ation system proposed by Carl Woese was devel-

oped using the modern techniques of molecular biology and, in particular, the examination

of the RNA macromolecules of ribosomes. Unlike pre
analysis of conserved gene products permits a direct

lutionary relatednes
mary lines of evolu

vious classification svstems, the
assessment of genetic and, thus, evo-

B;M\Ii on rlt-'r'.-\ analyses, Woese found that there were three pri-
m leading to the archaebacteria (Archaca), cubacteria, and cukary-
otes. Modern eukaryotes have cells that incorporated mitochondria (de !
photosynithetic bacteria) and chloroplasts (derived from cyanob,
chioroplasts became organelles of eukarvotic cells

rived from purple
acteria); mitochondria and
by endosymbiosis
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En.ua. ¥imids, and prions are
). memliving microorganisms
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hast organisem (Table 2-1). 1t
humml mh“,mr’ One's Own structure) within a
!}“ml;:hﬂm their “lifelike character” and
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ORGANISMS

““N_“" viroids, and prions are obligate intracellular
parasites lh:.n do not have an independent capacity to
carry out life functions. When these acellular mi-
CroOrganisms are replicated within the cells of host
Yrganisms, they use the living cells’ metabolic func-
tions. Often in doing so they disrupt normal cellular

functi _ L
Unctions, producing diseases in those organisms.
Each virus, for e :

xample, produces charac :
1 -« aracteristic
sy, 5 W

¥ ptoms when jt replicates within a host organism,
as typified by the char
leaves of a tobacen

acteristic mosaic pattern on the
plant when tobacco mosaic Virus
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that can transmit hereditary information. permitted es-
sential life functions to oocur These functions were the
ability to process materials and energy and to repro-
duce. Thus the first living microorganism could have
evolved on Earth. Paleobiologists believe they have
found fossilized imprints of microbial communities that
existed 3.5 to 3.8 billion years ago in western Australia
and Greenland.

Of the chemicals that may have accumulated in a mi-
celle, RNA (ribonucleic acid) appears to have had a key
role. RNA, like the hereditary molecule of all contempo-
rary living organisms, DNA (deoxyribonucleic acid),
can encode genetic information. Also some RNA mole-
cules can act as catalysts for chemical reactions, a role
most often played by protein catalysts {enzymes) in liv-
ing cells, In 1993, scientists at the Scripps Research Insti-
mte, made an artificial RNA molecule. When they
mixed it with proteins it began to reproduce. As long as
they continued to supply proteins, the RNA molecule
churned out copies of itself.

In a similar manner the first microotganism probably
used RNA as catalyst and guiding template and energy
fram the organic compounds that accumulated sponta-
neously in the primordial atmosphere or on the Earth's
surface. Generally speaking, organic compounds are
substances that contain carbon and hydrogen. With
these compounds a living cell could have carried out
chemical reactions. (Collectively these reactions are
called metabolism.) From these reactions the living cell
could obtain energy and transform substances into the
materials needed to survive and reproduce. There

would have been no molecular oxygen (O4) in the prim-
itive atmosph Therefore this i g
would have been an anaerobe, that is. an organism that
grows and reproduces without using molecular oxygen

Reproduction of this first microbial cell produced
other living cells. Each of the new cells also reproduced,
forming new cells with hereditary information that
could be passed on to their progeny. In this continuous
chain of descendents, errors or changes in the replics-
tion of DNA occasionally occurred so that some of the
new cells received somewhat differing hereditary char-
acteristics. Thus new microorganisms evoived. Some of
the microorganisms that evolved could synthesize com-
plex organic compounds from the carbon dioxide in the
atmosphere. Some of these microorganisms were photo-
synthetic and were able to use light energy to make or-
ganic compounds. The metabolism of these microorgan-
isms gradually changed condi in the envi
so that other organisms could evolve

The first photosynthetic microong: were able
to grow only in the absence of cxygen. Later—probably
2 billion years ago, based on geologic evidence—micm-
organisms evolved that could produce molecular oxy-
gen from water. This oxygen-producing photosynthesis
made possible other ways for cells to obtain energy; in-
cluding aerobic respiration (a life-supporting process
that uses oxygen). Over the next (L6 billion yvears, the
pace of evolution apparently quickened. While many
microorganisms became extinct, an astonishing, rumber
of new organisms developed, inchuding many types of
plants, animals, and microorgani

Prion

MICRODRGANISM  DESCRIFPTION —
| Virus Highly structured: contains DNA or RNA as the _;:um‘tlu- —::l n::::\‘u‘llrk.d g I
I . ) i ic struc c
by a protein coat; may have an additional outer lipi -: . : ,
lope; replicates within specific hosts (bacteriophage replicate in bacterial cells, ph::r\:nwl i
replicate in plant cells, and animal virises replicate in animal cells), using the synthetis ¢
pahilities of the host cells.
Viroid Infectious RNA molecule that can be replicated within specific plant cells |
Infectious protein malecule that can be replicated within specific .minwl_mlh
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AG. 25 A, Micrograph of cells infected w
mewsies rash

[TMV) infects the cells of that plant. We easily recog-
nize the red rash of measles when the measles virus
rephicates within certain human cells (FIG. 2-5).

Viruses, viroids, and prions are nonliving acellular
microarganisms that can only replicate within living
cells.

Viruses

A virus is made up of two essential parts: a central
geniefic nucleic acid molecule and a protein coat
called a capsid (see FIG, 1-5), The capsid surrounds
and protects the viral nucleic acid. The capsid gives
the virus a characteristic shape. It also helps establish
the specificity of the virus for a particular host cell.
Some viruses also have an external viral envelope
made up of plasma membrane that they acquire from
host cells within which they nzpiicatu Unlike
prokaryotic and eukaryotic cells, viruses contain only
one type of nucleic acid—RNA or DNA—as their
hereditary molecule. Some viruses are RNA viruses
and others are DNA viruses.
Viruses ore composed of o central genetic core—
BHA or RNA—surrounded by a protein coot called a
Viruses as:n DTJI ;:zahlﬁoi carrying out metabolism
A host cell. They replicate only in s
ific host cells. For example, viruses that rupliﬁi‘:
mdﬂnu ndu: hch-m_ I cell d[.’ not replicate within the cells
“Fu;;m:[m.‘ This :tplmciﬁcily, as well as other
ﬂwmn“ viruses, is the basis for believing
it they evolved from host cells rather than begin.
TRNg a8 primitive or independent entities,

ehickenpon, yellow fever, hpauh:‘: w’“““" mumps,

many maore.
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ith measles viruses. B, A child with a typical

There are three groups of viruses. Animal viruses
infect and replicate within animal cells, plant viruses
within plant cells, and bacteriophage or phage with-
in bacterial cells. Viruses that infect bacterial cells
cannot infect and replicate within cells of other or-
ganisms. Often the specificity is even greater than
this. A virus that infects a tomato plant generally can-
not infect other plants. This results in greater speci-
ficity of viral diseases. A phage that infects the bac-
terium Escherichia coli often cannot infect other bacte-
ria or even other subtypes of E. coli. It is possible to
utilize this specificity to identify bacteria, a proce-
dure called phage typing.

Viroids

Unlike viruses, viroids are composed exclusively of
RNA that contains their genetic information. They
have no structures surrounding their genetic mole-
cules. Inside a suitable host cell the RNA of a vi-
roid is capable of initiating its own replication. This
sometimes manifests as disease symptoms in the
host organism. It was discovered in the early 19705
that viroids cause potato spindle tuber disease, chry-
santhemum stunt, citrus exocortis and a few other
plant diseases. Thus far they appear to affect only
plants. :

Viroids are infectious RNA molecules found in
plants.

Prions

Thee most recently discovered and least understood
Microorganisms are the prions (for proteinaceous in-
fectious particles). What is so unusual about prions is
lhal_lhcy seem to be composed only of protein. Like
viraids, these “organisms” have no structures. They
are only individual protein molecules that contain
the information that codes for their replication when

they infect a suitable ;
\ * host cell, o erly
ealled infectious Proteins. RO T

Unlike cellular and even other acellular organisms,
prions do not store their genetic (hereditary) material
in nucleic acid molecules. This presents a problem in
understanding how prions replicate. Prions do not fit
into our current understanding of how genetic infor-
mation in nucleic acid molecules is replicated and
how it can determine the spe

fic structural and func-
tional characteristics of each organism. Scientists do
not know how a protein can direct its replication and
thus they do not understand how prions replicate

Prions are infectious proteins,

Prions can cause diseases of the nervous system.
They were discovered during the search for the cause
of scrapie, an infectious and usually fatal disease of
sheep. This disease was known to be caused by an
agent that could pass through a filter that could trap
bacteria and larger organisms. Therefore it was be-
lieved to be caused by a virus. No virus could be
found, and eventually scrapie was shown to be
caused by an infectious protein, that is, a prion. Pri-
ons have been found to cause some exotic human
diseases such as kuru, a disease restricted to certain
tribes of New Guinea that practice cannibalism.
Some scientists have also hypothesized that prions
may cause various degenerative nervous disorders,
including Alzheimer’s disease, that up untl now
have had no known cause.

PrOKAR

Microorganisms with prokaryotic cells include the
archaebacteria and the eubacteria (Table 2-2). The
prokaryotic cell is structurally not as complex as the
eukaryotic cell. However, don't be misled by this

statement. All living systems are extremely ¢ omplex
Eubacteria and archaebacteria, like all other living or-
ganisms, must meet their energy and material needs
through their metabolic activities, replicate their
hereditary (genetic) information, and reproduce
Failure to accomplish any or all of these tasks results
in death

The distinction between archaebacteria and eubac-

te
prokaryohic

new, Before 1980 all organisms with
ere called bacteria. However, as
we discussed earlier, beginning in the late 1970s, <ci-

entists discovered that there were two distinct lines
of evolutionary descent among the prokaryotes. The
distinctions between these two groups will be con-
sidered later. One group was gi he name archae-
bacteria, implying that these were early evolutionary
forms. The archaebac have subsequently been
called by some The sec-
ond group was given the name eubacteria. Most of-
ten these prokarvotes are simply called bacteria.

MNaming Bacteria

Like all other living organisms, each bacterial species
is given a formal name that distinguishes it from all
The formal names of
bacteria and anisms are given in Latin.
Latin is used because it was the classical language of
science at the time when formal names were first
given to organisms on tematic basis. When
f\'prd or handwritten. spe s are underlined
In print, species names are ital d, for example, the
Strept wmiae. (This bacterial species
sometimes causes pneumonia in humans.)
The formal name of a species is a binomial name,
indicating that it has two parts, The use of binomial

name > WOCCHS

| MICROORGANISM PLASMA MEMBRANE

CELL WALL

GROWTH

Eubacteria {usually referred  Composed largely of phos-
to simply as bacteria) pholipid molecules that
| have an ester bond link-
ing the fatty acids to the
glycerol

Archaebacteria (also called  Composed of lipid mole-
archaeobacteria or Ar- cules that have an ether
chaea) bond that links the mole

cules together

Most surrounded by a ngid  Diverse, including growth

cell wall composed of a on organic compounds, |
unique molecule called inorganic compounds, |
peptidoglycan that has a and light energy for dif-
carbohydrate (glycan) ferent species
portion and a proteinlike
(peptide) portion that
contains amino acids not
typically found in other
organisms 1
Some surrounded by a Many species grow atex-
rigid cell wall composed treme conditions, such as
of unique molecules that in high temperature.
resemble but are not the high acidity, and saline
same as peptidoglycan; environments
others have a protein
coat or a complex carbo-
hydrate
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v Carl Linnaeus, The first

partof the hinomial name, for example. .'%t_n-;-m':!ul. wi.
i the genus name. A genus 15 a group of \.‘.]use. \ n\
Jatesd species. The first letter OF the genus name is
capitalized. The second part of the binomial name,

pames was introduced b

ALWORID

for example, preumoniae .i.~= the 5pecif”"|‘-‘[‘iihct, The
5 epithet is written in all In\\.'ur case letters. The
species name must ntl.m_\-e\. “‘"“‘"‘,‘ ".“l genus name
and the species epithet. It is permi '1E.|Ic, though, to
abbreviate the genus name In this case the genus is

specie

mmaummMrcm&

indicated by a single capital letter followed by a pe-
riod—for example, S. prewmoniae

We somelimes designate a subspecies or type to
specify some significant characteristics of a particular
microorganism. For example, a particular strain of §
pitenmoniae of the American Type Culture Collection
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(ATCC) that is resistant to treatment with penicillin is
designated 5. preumonize AT 35088. Also the

pathovar (PV) or serovar (5V) may be noted by letters
or numbers, for example, Escherichin coli O157:H7, a
strain of this common species that is associated with
serious dysentery.

NAME

MORPHOLOGY

PHYSIOLOGY

NAME MORIPHOLOGY PHYSIOLOGY
C— {
SHAPE STAINING GROWTH PATHOGENICITY
sitiv erobic eth; 5 Causes anthrax
Bacilius anthracis « rud-shaped cells Gram positive  Aerobic growth; forms
e Pt heat-resistant endospores
itiv erobic th; forms Nonpathogen or
Large rod-shaped cells  Gram positive  Aerobic growth; forms pathogen ¢
R i i heat-resistant endospores food poisoning
B subtilis Large rod-shaped cells  Gram positive  Aerobic growth; forms Nonpathogen
heat-resistant endospores
Bordutella pertussis Short rod-shaped cells  Gram negative  Fastidious (demanding Causes pertussis

Escherichia ondi

Chimmdia trackomatis  Small spherical (coccal)

Clostriditom botulinum  Large rod-shaped cells
Corynebacterium diph-  Rod-shaped cells; cells
theriar

Enterobecter serogenes  Short rod-shaped cells

Mm Short fod-shaped cells

Mebsiells prewmonie  Shoct rod-shaped cells

growth requirements)
Gram negative  Grows only within mam-
cells malian cells
Gram positive  Anaerobic growth; forms
heat-resistant endospores

C perfringens Large rod-shaped cells ~ Gram positive  Anaerobic growth; forms
heat-resistant endospores
C. tetand Large rod-shaped cells  Gram positive  Anaerobic growth; forms

heat-resistant endospores
Fas 15 (demanding
growth requirements)

Gram positive

remain attached at

angles

Gram negative  Aerobic and anaerobic
growth

Short rod-shaped cells  Gram negative  Aerobic and anacrobic
growth

Cram negative  Fastidious; redquires blood
factors

Gram negative  Aerobic and anaerobic
growih

Short rod-shaped cells,  Gra

forms chains of colls
- Shart rodshaped cells Gram negative Fastidious; Tequines (ron
and cysteine

m positive  Produces lactic acid

 listrn
Spherical (coceal) cells  Gram positive  Produces a yellow pigment
. kepeae 8 in packet ;
* Rod-shaped cells Acid fast Slow grower
Rod-shaped cells Acidl fast

Slow grower

{whooping cough)
Causes a sexually

transmitted dis-

ease and trachoma
Causes botulism

Causes gas gangrene
and food poisoning
Causes tetanus

Causes diphtheria

Nonpathogen or
opportunistic
pathogen

Nonpathogen that
lives in human
gut; commonly
used in microbial
genetics; some
strains pathogenic

Causes upper respi-
ratory infections
and meningitis

Causes pneumonia

Nonpathogen

Causes Legionnaines
disease and Pon-
tinc fever

Nompathogen

Causes leprosy
Canses tuberculosis

p———

Neisseria gonorrloene

N. meningitidis

Proteus vidgaris

Pseudonionas aerugi-
nosa

Rickettsia ricketisii

R. typhi

Salmonella typhi
Serratia marcescens
Shigella dysenteriae
Spirillum volutans

Staphylococeus aureus

Streplococcus preumo-
i

Streplococcus pyogenes

Treponena pallidum

Vibrio cholerae

Yersinda pestis

SHAPE

Large coccal-shaped
cells that occur as
pairs

Large coccal-shaped
cells that occur as
pairs

Short rod-shaped cells

Rod-shaped cells that
occur singly

Rod-shaped cells

Rod-shaped cells
Rod-shaped cells
Rod-shaped cells
Rod-shaped cells
Helical-shaped cells

Coccal-shaped cells
that occur in grape-
like clusters

Coccal-shaped cells
that occur in chains

Coceal-shaped cells
that occur in chains

Helical-shaped cells
that are wound
around flagella that
are attached to the
ends of the cells

Curved, comma-
shaped rods

Shart rod-shaped cells

STAINING GROWTH PATHOGENICITY

Gram negative  Fastidious Causes gonorrhea

Gram negative  Fastidious Causes meningitis

Aerobic and anaerobic
growth
Aerobic growth

Gram negative Nonpathogen or op-
portunistic pathogen
Opportunistic |

pathogen; important
in skin infections
Causes Rocky Moun-
tain spotted fever |
transmitted by ticks
Canses typhus, trans-

Gram negative

Obligate intraceliular
parasite

Gram negative

Gram negative  Obligate intracellular

parasite mitted by body lice

Gram negative  Aerobic and anaerobic Causes typhoid fever
growth

Gram negative  Produces bright red pig-  Opportunistic
ment pathogen

Gram negative  Aerobic and anaerobic Causes dysentery
growth

Gram negative At low oxygen concentra-  Nonpathogen !
tion

Causes various dis-
eases, including food
paisoning, boils, and
upper respiratory in-
fections

Causes pneumonia

Gram negative  Aerobic growth

Gram positive  Produces lactic acid

Causes upper respira-
tory infections,
rheumatic fever, and |
scarlet fever

Gram positive  Produces lactic acid

% |
Gram negative  Fastidious Causes syphilis j
|
Gram positive  Aerobic and anaerobic Causes cholera J
growth p
Gram negative  Fastidious auses plague, trans-
i ey mitted By fheas
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Characteristics Used in Classifying and
identifying Bocteria

Mamy different characteristics are :.Lwd_ in rl;lf_\'-if_\’”"g
and identifying bacteria (Table 2-4). These mdud_u
peneral bests that are applied for virtually all bdclr_r:_.a
and very specialized tests that are used to identify
specific bacterial strains. Often completing the
fests to identify a bacterial species, for example,
for clinical laboratory identification, will take 1 or
mome days. Modern identification techniques are re-
ducing this time to Jess than a day and even to just a
few minutes for the identification of some disease-
cousing bacteria.

The differing morphologies (shapes and struc-
fures) of bacteria are used for classification and iden-
tification. Microscopic observations are used to view
the shapes of bacterial cells. Bacteria are described as
eocia 1f the cells are spherical and as rods if the cells
are shaped like cylinders (FIG. 2-6.) Other shapes in-
clude curved rods, spirals, and others. The arrange-
ment pattern of the cells, derived from the number
and planes of division, is also an important charac-
feristic that distinguishes one species from another,
The cells of some bacteria, such as Escherichia coli, oc-
cur singly. Other species have cells that occur as
pairs, tetrads, chains, or irregular clusters,

Specific staining reactions are also used to describe
and classify bacteria. The Gram stain is a specific
staining procedure, described in Chapter 3: it is espe-
cially important in describing and classifying bacte-
fisl. The Gram stain reaction is determined by the spe-
cific _ch;_mic.li composition of the cell wall, a structure
that in most bacterial cells surrounds and protects the
cell. Snmalz bacterial species stain 1"|ut~pu1pfe by the
Gram Stain procedure and are called Gram-positive
bacteria; the other bacterial species stain pink-red and
arecalled Gram-negalive bacteria (see Fi. 3413}, The

ban sources, nitrogen

Bement of cells, arrangement of flagella, capsule, endospores

Gram stain, acid-fast stain

Appearance in liquid culture, colonial morphology,
fermenta

totrophic, hetorn " ::"m p H'F“': products, modes of metabolism (au-

bacterium E. coli, which oceurs in the human intesting
and is the most widely studied bacterial Species, js 5
Gram-negative rod-shaped bacterium that occurs a¢
single cells. Streplococcus pneumoniae, on the other
hand, is a Gram-positive cocci that occurs in Pairs ang
sometimes causes pneumonia,

The arrangement of flagella, which are filamen-
tous structures involved in the movement of cells,
also is important in classification, Some bacterial
cells, such as those of E. coli, have flagella, called pe-
ritrichous flagella, that surround the cell. Other bae
teria, such as Pseudomonas acruginosa, have one or
more flagella, called polar flagella, ariginating from
one end of the bacterial cell,

Other special structures are also used to distin-
guish specific bacteria. For example, the presence of
endospores, which are dormant heat-resistant struc-
tures, is important in clas‘.si}_\.'in}; some bacteria,
Clostridium and Bacillus species have endospores that
make them particularly difficult to kill by heating.
This is a particular problem in food canning where
heat is used to kill microorganisms that can spail
food and cause disease.

Although morphological and staining characteris-
tics are useful in describing and identifying bacteria,
alone they are insufficient to discriminate among
bacteria. Too many bacteria look alike. Growth char-
acteristics, such as the optimal temperature for
growth, and metabolic characteristics, such as the
ability to produce acid from glucose, are important
for classifying and identifying bacteria. Even when
examining only a limited number of bacteria, such as
those that cause human infections and that are seen
mn the clinical microbiology laboratory, at least 20
such metabolic characteristics generally must be de-

termined to identify a particular bacterial species
(FIG. 27,

Pigmentation, ENETRY Sources, car-

. Temperatury unl;vaa and opumm “xYEen relationships, pH tolerance range, osmetic
mapig. el DNA mole G 4 ¢, DNA hybridizati

tolerance, antibiotic sensitivity

o
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FIG. 2-6 A, The cells of each bacterial species have c

mon shapes of bacterial cells are rod
spiral {curved cells). B, Microgra
lives in the human intestines
Staphylococens epidermidis, which lives

ing the spiral-shaped cells of the aquatic b

FIG, 2.7 Microtiter plate used in clin
ical microbiology laboratory for deter-
mination of metabolic characteristics of

isolated bacteria

indicate
stances.

utilization of specific

The color reactions

sub-
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: ftsts 1o determine the relatedness of two or-

i we must Brst rocognize thal (1) DNA & com-
- -:&:uim of individual molecules called nu-

JAL WORLD

Lyse organisms
ond release DNA

posed 2

] that are linked inap o
S i e -
 much b fhe way that the letters of our alphabet are
'ﬂ'wwwm"‘“”'“"“‘“mm“
”wdmmm strands, and (3)
DNA bs the wniversal hereditary sub of all living
The question of nelatedness can be explored
tning what of nuch

By o g i ides the or-
(| ganisms have in common. both in terms of the specific
LN e RN A within

b eqnua® 1 ofacT {
| the DNA molecule.
In the process of DNA hybridization, 4 radioisotope
_ or i Muorescent dye bs used to label ar tag the DNA
fromone of the arganisms. Then the DNA from bath ar-
ganisms &y converted from double strands to single
stranids. These lsbelled and nonlabelled single strands
‘e incubated together, allowing the DNA to reform
doisble strands. Whete the labelled DNA. matches the
'nonlabelled DNA. the amount of mdivactivity or dye
‘mesared will determine m: 1o which the DNA

Denature fo
separate strands
and fix to membrane

Prehybridize to
reduce interference

AR [
bonding

L]
. []
L B
ST R
AR [
acid probe
e W
“ . o Probe hybridizes to
s complementory DA

under controlled

ST

g Mdlhmadig;gg::‘ﬁc characteristics ane employed
mﬂ\ndwn “osl Ir:'nd Systems. DNA from differ-
e ._]Pa | o ll.'V.l.'.‘ll the degree of gimj.
i I;n{:a |du|1_t:[_1mnms. species ane
D}?A,I A hybridization, Often, shory

called gerie propes, are used to do.

conditions

In DNA hybridization procediires for gene probe detection.
?Ih are lysed f0 relense double-stranded DNA. The DINA Is
tn it to sing} ded ta -

r et DNA. The sin:

g:lnnded PNA i afficed 10§ membrane, A prehybridiza-
solution v ueed 1o prevent fonspecific binding to the
membrane. A labelled nucleic aeid probe (gene probe) i
Mllbuﬂeldmn H;ﬂ may be a dye or a radinactive ehetment.) The
ot pmnm Whddiaes o complementary regions {if any) of

termine the presence or ab:
be genes. This is a pow
specific

1bsence of specific diagnos-
L erful technique for identifyin,
microorganisms 3 RN
:l'lﬂrrr morphole,
o

vy gical, metabolic and i -
risties aro u. o, genetic charae
idantifying bq‘;:"!:' describing, classifying, and

GROUP

DESCRIFTION

Spirochetes

| Gram-negative aerobic rods
and cocei

| Gram-negative facultatively
| anaerobic rods

| Gram-negative anacrobic
bacteria

| Rickettsias and chlamydias

Phototrophic bacteria

Gram-positive coccl

Endospore-forming rods
and cocei

| Gram-positive, nonspore-
forming rod-shaped bac-
teria

Mycobacteria

Actinomycetes and related
Organisms

! Archacbacteria

Major Groups of Bacteria

Information on the characteristics of bacterial genera
and species is updated periodically and published in
a book entitled Bergey's Manual of Determinative
Bacteriology (Table 2-5), Berg
dard reference for descriptions of micronngamsms

the “bible” of bacterial taxonomy, Examining Bergey's
Manual quickly reveals that relatively few bacte
species cause disease, even though these may be the
ones about which we are most commonly concerned
Muost bacteria perform metabolic activities that main
tain the ecological balance of the Earth, Only a small
portion of the numerous bacterial species described

Viery slender rods that are helically coiled around a central avial filament; includes the
bacteria that cause syphilis and Lyme disease

Bacteria that have a cell wall structure that results in their stamning pink-red by the
Gram stain procedure, are cylindrical or spherical in shape, and obtain their ENETEy
by respiration -

Bacteria that have a cell wall structure that results in their staining pink-red by the
Gram stain procedure and obtain their energy either by respiration or anaerobic fer-
mentation

Bacteria that have a cell wall structure that results in their staining pink-red by the
Gram stain procedure and obtain their energy by anacrobic fermentation

Bacteria that are obligate intracellular parasites
within host cells; includes the bacteria that ¢
choma, and urinary tract infections

at 15, capable of reproducing only
1se Rocky Mountain spotted fever, tra-

Photosynthetic bacteria that derive their energy from light: contain pigmented mole-
cules that are used in photosynthesis: includes the purple and green solfur bacteria,
which do not produce oxygen during photosynthesis, and cvanobacteria, which do
P

ce oxygen during photosynthesis

Bacteria that have a cell wall structure that results in their staining bluepurple by the
Gram stain procedure and that are spherical: include the streptococd and staphyio-
cocci

endospores within their cells; include the

Bacteria that form heat-resistant bodies called

bacteria that cause gas gangrene, botulism, tetanus, and anthras

Bacteria that have a cell wall structure that results m their staining blue-purple by the

Gram stain procedure, are cylindrical in shape, and do not form endospores

Bacteria that have a cell wall structure that results i therr staiming pink-red by the acid-
clude the bactenia that cause tuberculosts and leprosy

fast staining procedune;
Bacteria that form branching filaments and these that ane closely related based on cell
wall structure
Bacteria that lack a cell wall; include bacteria that can cause atypical pneamonia that is
nol treatable with penicillin

Physiolugically unigue bacteria distantly related 1o other prokaryotes that include
methane producers, bacterin that grow at low pH and high temperature, and bacteria

thit requine high salt concentrations

1l are ever seen in the clinical labora-

in B

torv or ever discussed in introductory micr
courses. In this book we will be able to examine
that exist in na-

mily

a small portion of the diverse bacteri

iz the stan- ture

y's Ma

Beyond their commen prokeryotic cell structure,
al bacteria exhibit extreme diversity of form and func-
tion and in their metabolic characteristics.

Speveral of the major groups of bactena described
Mz are distinguished primarily on
cal characteristics, namely: cell shapes

in Ber
morpholog
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s« ik
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tians (color after statning ace ord
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procedure— tive

maotility (nonmotile, mo!

other spones) staining reac-
ing to the Gram stain

d

surrounding the
jecting from th

Other major bactena
particular how they generate en-

their metabolism, in
the form of ATP (photosynthetic [using light

ergy in

and linings and also causing

Gram-positive coced include the genus Staphylococens,
which typically form grape-like clusters and the gens
Shppdsenccun, which ocour in pairs or chains. Species
rommenly oocur on skin surfaces
e they live without causing disease. Staphylococcits
urein, however, is 4 potential human pathogen, infect-
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The tws most 3
. ¥ gevera of
acterda, facitlun and Closteidium, are G,

s

ram-positive

mmmmm&npm“[uh
are obligately anaerobic.
and Clostidium species is of

whetest Clustridiiim
Food sporiage by
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f:‘f)d poisoning. Some members of Streplococcus are also
human pathogens. For ple, rh tic fever is
caused by Streptococcus pyogenes. Several Streplococcus
species are also responsible for the formation of dental
caries, which cause tooth decay.

Micrograph of Staphylococcus anreus. This bacterium
forma grape-like clusters of cells, If causes several human
infections, including boils of the skin

great econumic importance. Several Clostridiim species
are impottant human pathogens. For example, Clostrid-
fum botulinum is the causative agent of botulism,

Clostridism tetani causes tetanus, and Clostridium perfrin-
HON5 Causes gas gangrene. ;

Micrograph of a Clostridium pocies after endospore stain-

iy

e 0. To e o il ol e
1 this bacterium are heat renls-

Rant, and can survive i beriling water for hnuh." s

cell, motile with polar flagella pro-
e end of the cell, motile by gliding)
| groups are defined based on

The G positive p f ing, rod-shaped
bacteria include bacteria that produce lactic acid. Ls
bacillus are Gram-positive nonspone-forming rods that
pccur in chains. The lactobacilli are extremely important

o=

Micrograph of Lactobacilius species in a vaginal smear.
Lactobacilll colonize many body surfaces. The lactic acid
they produce helps’ protect against infections with dis-
EASE-CAUSITE MICTOOTEanisms

The Gram-negative facultatively anaerobic rods in-
clude intestinal enteric bacteria. They are motile by
means of peritrichous flagella and often live in the hu-
man intestinal tract. Much of what we know about bacte-
rial metabolism and bacterial genetics has been eluci-
dated in studies using Escherichia coli. E coli is employed

#

’
-~
\
Micrograph showing the rod-shaped cells of Eschorviis g
oodi. This bacterium [ves i the human gut and is the most .\!
commaonly studied

A
F)

in the dairy industry. Cheese, yogurt, and many other
fermented products are made by the metabolic activities
of Lactohacillus species. They also inhabit regions of the
human body, inchiding teeth

as an indicator of fecal contamination in environmental
microbiology. The genera Safmonalis and Shigells contain
many species, many of which are important haiman
pathogens. In particular, typhoid fever and vanious gas-
trointestinal upsets are cnsed by Safmomedls species
bacterial dysentery is cansed by Skigeila

W A2 g
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versatile and capable of degrading many natural and
_.uwlm mthetic  organic compounds, Some  Pseudomonas
ekt = plant and animal pathogens. P. aeruginoss,

The Gram-negative serobic rod-shaped  Agrobuc-
terium produces tumorous growths on infected plants.
These growths are known as galls Agrobacterium tume-

faciens causes galls of many different plants and is an ex-
tremely important plant pathogen, causing large eco-

; : e i nomic losses in agricultune
;”M-mwalfl m"hlu‘ :‘P‘nﬂﬁ : human pathogen and is cummn_nl)- isolated © gricultunes
matile Dacterial species that s wod ‘“‘:Lﬁn:- from wound. bum, and urinary tract infections
* Many Presdomonss species ane nutn ) !

a :

Various perud ds degrade envi pol Others cause human and plant discases { 1
A, Colorized micrograph of Pueusomonss sp. B, Prendosmonts arrugines growing on an agar plate .

A tree with crown gall caused by tumonous growth at base of the tree

; , Rhitzobium, and Bradyriizchi m are Gram- minous plant roots, where they cause the formation of
.w‘_‘ i m"’_"ﬁ‘*““ l't.“P‘UG. g “( *"“"'EI atmos- :ummtma growths called nodules within which they 1 The genus Nedsseria is a representative example of the gitis. These hacteria tend to form relatively lange oxd
L . unique o & ive in a lly beneficial relationship. Within nod- | G ; . Nefsteria gomerrhonie causes gon- that typicalls look like hidney beans. The eells ocrur in
et of ks Z. 3 F ram-negative cocci. Nefsseria gonorrfoene causes gon nat t ,|.,.| v o e ki na. Th
£ lega- wles, Rhzsbiunt cells are irregularly shaped orrhea and Neisseria meningitidis causes bacterial menin- pairs (diplococci)

i Micrograph of intracellzlar Gram-megative diplooood. The prrsercy of those backeria m a sethrad da-

purle) within & nodule of 3 soybean change s diagrumtic for gonorrhes and in a vaginal discharge is presumpEve b goorrhes J
TR -Containing ¢ t0ents ko the plans — = =i — — - _
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The apirochetes are helically coiled rods, with one or
oy cevtral exial fibrills) wound around each cell
Mery wparochetes soc human pathogers. Several mem-
beru of the gemus Trrponoms, for example, are human

Miisrgraph of the spirecbute Tropemems pelidus (prer heficast-shapnd cillis
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ma-shaped bactrnom Sde

pathogens. Treponern pefiidum causes syphilis which 5
transmitted disease.
evi, another spinochete.

couses Lyme disease.
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appendaged bacteria

sheathed bacteria comprise bacteria wh
occur within a filamentous structure known asa
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ation sheath

meelves to solid surfa
st predators and parasibes. 5
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1 this hactertsm ane oo
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SURVEY OF MICROORGANISMS

& T w represent a stage in the complex repro-
T_Sm bacteria ane grouped based on thiwir ;Irp.hu_n’ T.,'fliff :s:ll:-;h'::'rikﬁ out l'.\'hllu‘-w h-lm‘rm} T1\=-fru'u- Mycobacteria ane acid-fast, meaning that stained man pathogens, including Mucobwcterium fubercailons
B et bk fhe S ingr bodies of myxobacteria occur on decaying plant ma- cells resist decolorization with acid alcohol, thus re- (cavsative agent of tuberculosis) and Mycobucterim lep-
dalisrd srocures—Hagella—that other bacteela uu‘. iy Ir: al. on the bark of living trees, or on animal dung, ap. maining red. This genus contains several important hu- e (causative agent of & s hoinsey e

P g m_\-mtw:_Irr'm i }:In\hr_\r. t-u-Lr- -.!.ri;u: as highly colored slimy growths that may Lansey ¥
BIRMALBRvE & uriue (810 . T f:u-nd above the stirface of the substrate.

difiors they aggregate to form fruiting bodies. These

Micrograph of Mycobacterim t
bere n a sputum sample of
an individual with tuberculosds
The appearance of red rods after

of mycobacteris and &
diagnostic of tuberculosis:

Colortzed micrograph of the frulting myxobacterinm Stigmatells sunmiiea, formed by the
aggregation of many thousands of this bacterium,

division) and form groups resembling “Chinese charsc
U ope. Many species |
wl pathogens. For |
= the custive

The coryneform bacteria are defined by a character-
macentical industry. Many previously fatal diseases are istic irregular -’PP“-’:“"C"'L'[”“‘U cells T;‘I\""md s ":;':‘" s e
: - = e incompl paration foll g5 ool - of - Coryine
now easily controlled by using antibiotics produced by R iy 5= A '.,” d i 9 3 -
actinomyeetes. Other actinomycetes are human patho- When coryneforms reproduce. the progeny ceils do not o e o
' i - 23 completely separate from one another (called snapping agent of diphtheria

Actinomyceles are bacteria that resemble fungi in
appearance because they form filamentous growths.
The production of antibiotics by actinomycetes, such as
Sh rs grisenis, is mely important in the phar- gens.

P

—% WS
P r-“'l‘ﬁ »

Micrograph of the Gram-positive
pleomorphic  md-shaped  bace &
tertum € wbacteriamn  dipht
riar. This bacterium causes. diph
therria

=

AM o the acti A rmadtd showlng hyphae i bac
P y g hyphae formation, This bacterfum s a
buman pathogen. B, Streptammices grisn growing on an agar plate.
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rickettsias and chlamydias are obligate intracel-
“‘:lﬂlﬂn- that is, they c':: only reproduce within
| hest eulls. Rickettsias are unable to produce suffi-
| et amounts of metabolic energy to support their re-
 They obtain energy from the host cells in
which they grow. Most rickettsias that cause diseases in
husmans are transmitted by fleas, ticks, and lice. For ex-
qh. Ricketlsin ricketisii Is transmitted by ticks and
causes Rocky Mountain spotted fever.

foa et

e

Micrograj 2 y
chenuatis (Hght yellow) within infected cells (green).

The myeoplasmas differ from other bacteria in that
they lack a cell wall. They are the smallest organisms ca-
pable of self-reproduction. Several bers of this

Chlamydia reproduction is c.l\.:.r.lcjlcrm‘d by a
change fram a small, rigid-walled infectious f_nrm (ele-
mentary body) into a larger, thin-walled noninfectious
form iiﬁih’al body). Chlamydin cause human respiratory
and urogenital tract diseases. They also cause conjunc-
tivitis and trachoma. In birds they cause respiratory dis-
eases and generalized infections. For v.t.\mplc_. the ‘!i:f'
ease psittacosis, parrot fever, is caused by Chlamydia

psittaci.

inclusions formed by clumps of Chlammdia tra-

genus cause diseases in humans, For example, atypical
preumonia is caused by Mycoplasmi preumoniae. Uren-
plasma causes a sexually transmissible disease.

Colonies of Mycoplasni fominis with characteristic “fried-ogg” Appearance.

B -
=

The photosynthetic bacteria are
other bacterial groups by their
to obtain cellular energy, Som
carry out photosynthes

ability to use light eTiergy

distinguished from

e photosynthetic bacteria
15 without the production of oxy-
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Ben. Such hic (;

"
thetic bacteria include the ;,v:;pk i

flexibacteria.

Micrograph of the purple sulfur bacterium Chrimsstism species. These bacteria deposit sulfur granules

within their cells that are iridescent and appear

The cyanobacteria, or blue-green bacteria (formerly
called blue-green algae), carry out a type of photosyn-

L‘_\_\_‘_‘———-—._

multicolored

thesis that resembles that of higher plants. It results in
the production of mokecular oxygen

iy 2=d 3 b

Micrograph of the cyanobacterium Amebars
Larged cell) in which nitrogen flrestion oocumn

bz dwing vege

fomsultur bacteria,
purple sulfur bacteria, green sulfur bacteria, and gree

a9
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operations. Some chemolithotrophic

wmd‘ ;n‘:-“dngmrrfrwug pacteria, convert ammonia
(NH.*) to nitrate (NO; ). This conversion is important

ing of ni 1, This chemical change,

hhwm“::r'l:l:: hl:::lungl:fm:mw into ,;mumlu-a\_lun
which alters soil fertility. Nitrate also can cause a life-
threatening disease of human infants. In l_mm.m ml.n nts,
nitrate can block the ability of emoglobin to transpart
ary. Infants that drink water with too much nitrate

die of “blue baby syndrome.”

ystem (i) of the nimifying bacterom Nitrosomornas sropes

thermaphilic archaebacteria grow only at temperatures
abave 85" C. The acidophilic archaebacteria grow at pH
values of less than 2. The halophilic archaebacteria grow
at high salt concentrations such as in brines that have
sodium chloride concentritions of 15%, The methano-
genic archacbacteria are very strict anaerobes that grow
only in the absence of air and produce methane,

Hiengutel showing cells within o pro-

MICROBIAL
GROUP DESCRIFTION
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Fungi Nonphotosynthetic (heterotrophic) metabolism; cells usuatly have coll 1w
chitin; some form spores for reproduction; may reproduce sexually or asexually; generally nonmaotile:
unicellular (yeasts) or multicellular filamentous forms (molds); no differentiated tissues I
Algae Photosynthetic metabolism; contain chlorophylls and accessory photosynthetic pigmients stich as

carotenoids; no differentiated tissues
: Protozoa
erally motile; no differentinted tssues

EuKARY:

The eukaryotic microorganisms include the fungi, al-
gae, and protozoa (Table 2-6). These microorganisms,
like the higher plants and animals, have eukaryotic
cells. They evolved along different lines of descent,
apparently based on how they obtain nutrition. The
algae carry out photosynthesis, obtaining energy
trom light and carbon from inorganic carbon dioxide
for cell growth. The fungi absorb organic nutrients
that they use to generate cellular energy and cell con-
stituents. The protozoa tend to engulf nutrients,
sometimes growing on other cells

Fungi

Like the bacteria, the fungi are extremely diverse.
Unlike bacteria, however, fungi are composed of eu-
karyotic cells. Most fungi have cell walls, which most
often contain chitin, the substance that makes up in-
sect skeletons and crab shells. These cell walls help
protect the cells against physical damage and chemi-
cal attack. Some fungi—yeasts—are primarily unicel-
lular (FIG. 2-8). Others, called filamentous fungi or
molds, form tube-like filaments called hyphae (FIG,

FIG. 28 Micrograph of Saccharon
budding to produce progeny. (LU75

Nonphotosynthetic (heterotrophic) metabolism; cells typically lack cell walls; usually unice

alls, which typically contain

Ihular; gen-

2-9). Some hyphae are coenocytic, meaning they lack
cross-walls to separate cells; coencytic hyphae are
mutinucleate,

Hyphae, which are composed of many cells, can
form integrated masses called mycelia. Mycelia are
the visible structures seen when molds grow on
bread and other substrates. In some cases, elongation
of hyphae occurs without forming separate cells
Long, multinucleate, fungal hyphae develop. More
commonly, separate cells are formed by branches and
crosswalls as the hyphae grow. The crosswalls are
called septa. Even when crosswalls form, cellular
materials flow through pores in the septa.

Fungi include the molds, which are filamentous or-
gonisms, and single-celled orgonisms called yeasts.

Fungi obtain their energy from the metabolism of
organic compounds. They generally absorb nutrients
from their surroundings, often from plant materials.
In nature, fungi are very important decomposers
They cause, for example, the decay of dead logs. Un-

AG. 29 Micrograph of the fungus Exophisls psmsime
that, like other molds, forms long filamentous filaments of
intertwined mycelia




AG. 2-10  Brown rot of an apri

fortunately many are also plant pathogens, causing
great losses of agricultural crops. We sometimes use
chemical fungicides 1o | xt many  cultivated
plants (FIG. 2-10), A few also cause human diseases
such as athlete’s foot, histoplasmosis, coccidioidomy-
cosis, and yeast (Candida) infections

The classification of fungi is based primarily on
their sexual reproductive spores (FIG. 2-11), Some
sexual spores of fungi ane formed within a specializ
structure known as the ascus. Such spores are called
ascospores and the fungi that produce them are called
ascomycetes. Another major group of fung, the ba-
sidiomycetes, produce sexual spores on 2
structure known as the hasic

ecialized
um. A mushroom issuch
a basidium. The spores produced by basidomyc

are called basidiospores. Other fungi, known as the
deuteromycetes or fungi imperfecti, |

ave no known
sexual reproductive phase, As far as

» know, they
are restricted to asexual means of reproduction. The
fungi imperfecti include Penleillium and Asper

two of the more commion tungi that we may observe
growing on foods such as bread

Fungi are composed
Eallulor or muht

of sukoryotic calls, may ba
Hular, often form fil

usually have cell walls, and typically form
reproductive spores.,

Fungi are dassified primarily based on their sexual
means of reproduciion.

To distinguish AMong species of yeasts, we
ploy a few morphological (structural) obsery
and numerous metabolic characteristics. The
dure for identifying the unicellul
similar to that employed for identi
the filamentous fungi,

em
ations
p}l W
ar yeasts is very
fying bacteria, For
on the other hand, we nely al-
most entirely on marphological observations. We use
the same basic approach wsed in ide
Mur-hr\ulm-pmdurin
fied based on visua

ying plants
g fungi, for example, are ide
| appearance (FIG. 2-12), Great

sification of fungi
types of spe

AG. 212 The ink cap mushroam ¢

should be taken in identifying mushrooms
me mushrooms are edible but others that may ook
quite similar are deadly

poistnous. Even experts
have sometimes

been fooled and have died aftor eat
ng mushrooms that thy improperly identifie

Algae
Algae are cu

the plants. They

cteristics
mined. The major
their characteristic

The
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Some aqganisms that have traditionally been clas-
silied as aligae, namely the red and brown algae, pro-
duce complex macroscopic multicellular structures.
The kelps, for example, are brown algae that often
reach lengths of 50 meters. Kelps have holdfasts,
which are rootlike structures that mn!;u them plant-
Tike. They ane clearly not lnicnmrgamsmslﬂlld have
been appropriately reclassified as plants instead of
algae.

Protoxoa

The protozoa for the most part are unicellular, non-
photosynthetic eukaryotic organisms. They generally
lack a cell wall. Many of the protozoa are motile,
meaning they are able to move Since at one time all
OIZANISTES that moved were considered animals, pro-
tozoa have been studied largely by zoologists. The
protozoa have heterotrophic me abolism, meaning
that they obtain cellular energy from organic sub-
stances such as proteins. Protozoa tend to engulf
their food sources, a characteristic that makes them
similar to higher animals. Many of the characteristics
used in classifying protozoa are analogous to the
morphological characteristics used in describing ani-
mals.

Protoroa are sukoryotic heterotrophic microargan-
isms that are dassified on the basis of morphologi-

::n‘d\umodnliu, especiolly their means of locomo-

’ Motility is a major characteristic traditionally used
in classifying protozoa. 1t is still very important in the
latest classification system proposed in 1980, Some
protozoa, the Sarcodina, form extensions of their
cells known as pseudopodia, or false feet (FIG. 2-15),
By forming pseudopodia, these protozoa move from

FG. 215 Micro
aph of the prok
Voplasm 1o furm {alse feet tzzg >_l“*“‘"‘ Amieha proteus; which maoves by extending its
s cy-

place to place increasing their chances of encounter-
ing food,

This group includes the genus Amoeba,
Amoeba is an amorphous organism Ih..tt moves and
engulfs food particles by exn-m_!ing its cytoplasm,
Unlike the Sarcodina, the cells of the Ciliophora are
covered by numerous hairlike projections, called
cilia. Cilia beat continuously, either propelling the
protozoan cell or moving food to the protozoan so
that it can be engulfed. Parameciun is a COMMOnN ex-
ample of a ciliate protozoan (FIG. 2-16). The cilia of
Paramecium propel it from one place to another and
drive food toward its “mouthlike” region.

Yet other protozoa, the Mastigophora, have fla-
gella that emanate from one end of the protozoan
cell. They propel the cell. Ginrdia is a flagellate proto-
zoan that infects the human gastrointestinal tract and
causes severe diarrhea. It is becoming an increasing
health problem in the United States (FIG. 2-17).

FIG. 2-16 Colorized micrograph of the protozoan Didirti-
um (green) consuming the protozoan Paramecium (yellow).

FG. 2-17 Colorized micrograph of Glardia ks
tozoan that is one of the most common causes of g;
testinal infections.

= SURVEREE INCROORGANIBEE 55

Another protozoan group that traditionally has
been recognized is the Sporozoa. Members of the
sporozoa generally are nonmotile, produce spores
during their life cycles, and grow only onorina hu\.t
organism from which they derive nutrition

In the protozoan clas

gl e fication :-‘.'::.h'm proposed in
. the Sporozoa were reclassified into several
smaller groups based on morphological characteris-
tics. Many of these characteristics can only be ob-
served with an electron MICTOSCOpPE. Various other
protozoa were also placed into these smaller groups
regardless of their means of locomotion. Fnrr:.-\.;m-
ple, Pla | he protozoan genus that includes
the species that cause malaria—was placed into the
group Apicomplexa because it produces a small um-
brella-like structure at the end of the cell

L

The classification of protozoa now includes electron
microscopic observations of previously unseen mor-
phelogical chorocteristics.

SUMMARY

30}
* Microorganisms evolved from abiotically formed mi-
celles

Evolution of Microorganisms (pp.

* As microorganisms evolved they altered their sur-
roundings, permitting new forms of life to develop

Classifying Microorganisms (pp. 25-30)
Early Classification Systems (p. 26
* Early classification systems were based on observable
characteristics of microorganisms, such as shape and
motility.
* The species is the fundamental unit used in classify-
ing all organisms.

]

Modern Classification Systems (pp

* Modern classification systems attempt to reflect eve
lutionary relationships

* The contemporary classification system of Woese,
which is based on genctic analyses at the miclecular

level, recognizes three primary Kingdoms: archachac-

teria (primitive specialized prokaryotes) eub
{eommon |‘I"L-“‘|l'll“~ or “true bacteria”™), and ¢
karyotes (all other cellular  organisms imcluding

plants, animals, protozoa, algae, and fungi)

Survey of Microorganisms (pp. 30-55)
Acellular Nonliving Microonganisms—Vintse Vimids
and Prions {pp. M) 13

* The acellular microonganisms inchuce the vin
roids, and prions

* Viruses have two parts: a protein coat (the ¢ apsid) and

itary molecule, which may be DNA or R A,

{s are composed of only RNA

o b
* Vin

* Prions ane infectious prol

cteria and Archaeh,
archaeba

v photosynthe i eukarvotic MIKToergan-

§ hased on their

« The niakor groups of algae ane defin

ents and cell morphologies,

ical characteristics.
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CHAPTER REVIEW
Revew QUESTIONS

1. Why is it hard to classify microorganisms by their evo-
hutionary relationships? Y
Coampare and contrast the dlassification systems of Lin-
narus, Haeckel, Whittaker, and Woese.

How do virmids differ from viruses?

What are prions? Why are prions different from other
living organisms?

What are the main characteristics af organisms in each
of the Kingdoms in the five-Kingdom system of classi-
fication?

How are bacteria named?

What is Bergey's Mamual?

How do humans differ from bacteria?

What are some of the morphological and physiological
characteristics that have been used to classify bacteria?

[

-

r

&

10. What are the main features of the endosymbiont theory

of evolution?

11. What are the modern methods used to classify organ.
jsms?

12. What were the characteristics of the first microorgan-

isms?

13. How could life have evolved on Earth? Could life have
evalved on other planets? If so, how?

14, What are the differences between classification and
identification, How can clinical laboratories identify
pathogens based on only 20 tests?

5. Why has the proposal by Carl Woese for three pri-
mary Kingdoms (eubacteria, archaebacteria, and eu-
karyotes) upset many traditional plant and animal
biologists?

{7

CRITICAL THINKING QUESTIONS

1. You have recently di d a new

What criterio would you use to help classify i¥
2. You would like to develap a new system of classifica-
tion that groups ol the eukaryofic microorganisms into
one category. What ch istics are fund ly
the same for all evkaryolic microcrganisms? What
h istics are Aundomentally different for the ma-
Jo¢ groups of eukaryolic microorganisms?
3. Compore methods of colegorizing organisms. Are
any of them betier than the ofhers or are they just dif-
furent ways of looking ot the soma thing?

4. P logists clossified many organisms as pro-
tozoa that have tradilionally been idered os
fungi or as algae. These organisms include the slime
molds ond the suglencid algae. How would you re-

salve the disputes batween mycologists ond profoze

ists over the slime molds and between phycole-
gists and profozoologists over the unicellulor eugle
noid algae?

. Should the photosynihetic “bluegreens® be consid-

ered cyanobacteria or should they be considered
blue-green algoe?

(]
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CHAPTER 3

Science of Microbiology:
Methods for Studying
Microorganisms
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In this chapter we will:
* Examine the scientific method that scientists use in their
investigations.
See how the scientific method was used to disprove the
theory of spontaneous generation.
Learn how the studies of Louis Pasteur began the
science of microbiology.
Examine how the microscope is used to view
microorganisms.
Learn about the principles of microscopy that determine
how large an object can be magnified and how small an
object can be seen.
Learn about the different types of microscopes—their
applications and limitations—including light and
electron microscopes.
Learn how microbiologists grow pure cultures of
microorganisms so that they can study their
physiological properties.
Learn the following key terms and names:
acid-fast staining
agar
asephic technigque
autoclave
bright-field microscope
colony
compound light
mlcm‘&‘up‘:
conirolled experiments
culbure
dark-fleld microscope

negative staining
objective lens

ocular lens

oil immersion objective
Louls Pasteur

Petri plate

phase contrast microscope
pure culture

resalving power

scanning electron

differential medium
differential staining
procedunes
electron microscope
endospore staining
procedun:
Gram stain procedine
Gram-negative bacteria
Gram-positive bacteria
hypothesis
Immunofluonescence
microscopy
magnification
microscope

mi r:’n-u-pc (SEM)
method
muedin

simple staining
procedures

spread plate method

staining

sterile

sterilization procedunss

streak plate method

theory of spontancous
generation

transmission electron
microscope (TEM)

SCIENTIFIC METHOD AND
SCIENCE OF MICROEBIODLOC
Huppn:«' you saw a piece of rotting meat covered
with wormlike fly larvae. You ask whether these [ar-
vae, called maggots, are always found on n ng
meat. You search out other pieces of rotting meat and

whether all of them covered with maggots. If
you note that maggots are present every ime you ob-
serve a piece of rotting meat, vou could generalize
that when meat rots, r ppear. Such general-
izing from specific observations is called inductive
reasoning. You could also begin with a generaliza-
tion. By reasoning from it, you could arrive at a spe-
cific conclusion. This process is called deductive rea-
soning. In reaching a conclusion by deductive rea-
soning, one essentially says that if this happens, then
that will happen; if | observe this, then | will observe
that. If I see a piece of meat rotting, then | will find
maggots on the meat. This type of “if-then” reason-
ing is essential in science

However, not all conclusions reached by such de-
ductive reasoning are correct. For example, you
could erroneously conclude, based on the above ob-

DEVELOPMENT OF THE

ervations, that maggots arise spontaneously from

roting meat. In fact, the repeated observation of
m

Sponti
ganisms could
matter. The belief that ma zots spring forth by spon-
taneouw: erabion from

Various

to the theory of
oy held that living ar-
spontaneously from nonliving

caying meat persisted in

the time of r
ntury B.C. to

Aln all scientists

enteenth century bel

the theory of
spontaneous gen, d the use of an ap-
ach known a

FIG. 3-1 In the scientific method, a hypothesis is proposid that can be t

ments typically are run to determine whether pred

i

tic sed on the hype

curate. The hypothesis is rejected if the predictions are not validated iwi experime oD
sorvations (data), An alternate new hypothesis may then be L .nrl-. W \.\;'\
ments performed to assess its validity. When predictions based on a hypothess
experimentally confirmed, the hypothesis is accepted
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The philosophy for this method of inquiry was de-
veloped by the English philosopher Francis Bacon in
the seventeenth century. The scientific method relies
on observations and deductive reasoning. It also de-
mands that conclusions be subjected to thorough
festing to develop objective evidence that can be
evaluated before their credibility is accepted

Crtarih

inquiry depends on sy ic observation
and tests.

In the scientific method a scientist first poses a
question, for example, where do the maggots ob-
served on rotting meat come from? The scientist then
proposes a tentative answer to that question, for ex-
ample, the maggots arise spontaneously. This tenta-
tive answer is called a hypothesis. Then the scientist
tests the validity of the hypothesis by making 1
atic obsermuti Scientists often run controlled ex-
periments to determine whether the tentative an-
swers (hypotheses) are correct. In a controlled exper-
iment, scientists attempt to hold all factors constant
except the ones under study. By properly designing
their experiments, scientists manipulate conditions
so that they can control the factors that may cause a
particular phenomenon. This way they can explore
the cause-and-effect relationships among phenom-
ena in the universe.

The design of a controlled experiment includes a
control group and an experimental group. The con-
trol group serves as the reference. It has a set of con-
ditions that the scientist does not vary. In contrast, in
the experimental group, the scientist varies some fac-
tor or factors. By comparing the experimental group
to the control group, the scientist is able to determine
the effect(s) of the factor(s) that is varied on some
other parameter(s),

<

Hed

Testing hypoth through
is the basis of scentific inquiry.

experiments

SHOWING THAT MAaGGOTs Do Mot Arise
SPONTANEOUSLY FROM DecarinG Mear

At about the same time that the scientific method
s developed, Francesco Redi devised a controlled
experiment to test the validity of the hypothesis that
maggots arise spontaneously from rotting meat (FIG.
3-2). Redi was an Italian poet and physician. He
placed a piece of loosely woven cloth over one piece
of meat. This prevented insects from reaching the
meat. He left a second piece of meat uncovered as a
control. The presence or absence of the cloth was the
only difference between the two pieces of meat. Redi
hypothesized that if the maggots really arose sponta-
neously from the meat they would be trapped inside
the cloth. He reasoned that if the maggots reached
the meat from some other spurce, the cloth would

W

Observation

>

e

s B

FIG. 3-2 Francisco Redi demonstrated that maggots do
not arise spontaneously from rotting meat. When he cot
ered the meat with cheesecloth, no maggots developed in

the meat

prevent the maggots from getting to the meat. ”“";
maggots would be observed only on the outside 0
the cloth

Redi observid that as the meat rotted, maggots 4P
1]"-."“1

Thus
1in

peared on uncovered meat. Maggots only af
on the outside of the cloth of the covered meat. |
Redi showed that maggots do not arise from wilt .
the decaying meat. It was important that the expert
ment conducted by Redi included a control that
showed that the meat would rot and that rn.lF-"-“Ii‘;
would appear on the meat in the absence of the ~_|:‘:E
covering. The design of the experiment permil L.
him to determine by direct observation that the mag

an be put |

ty will not be

dently,

cepted expla

available data is needed

Scientific experiments must be repeatoble.

T Mics
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=cientists can only accept or reject
on the evidence at hand. When Re
demonstrated in 1668 that m
spontaneously, scientists
ganisms existed. It was not until 16
Redi performed his expe
Leeuwenhoek peered through a
recorded the first observations of ba

ming” in rainwater and other liquids.

ment

tion of microorganisms meant that nes

could be asked, new hvpotheses

controlled experiments performed to test

|
|
l
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potheses
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Iu ing ,mu:,i in a sea
However, nineteenth century advoc es of the the-
ory of spontaneous g
sailed Spallanzani's experiments Trn". <l
by sealing the
lecular oxvgen. They
was an essential “l
rrganisms. Th
mental design was criticized
«d that his conclusions
to the view
OTganic ¢ Is occurred
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ganisms

chemical

by living «

In the 1830s, several scientists propose
ses and conducted experiments
microonganisms do not arise spontanes

the course of the decay of organic matt

lanzani. these scientiets wsed boiling

Croorganisms in liquids contained in flasks. Ho
ever. they did not seal the flasks to prev
BATIETS from entering
Schwann in German a flam

THCTOH -
liquid bro heodor
e at the mouth of
an open flask to kill mic Toorganisms that might be in
the air, ﬂ'h.n.t! pr\ venting microorganisms from en-
tering the arles Cagniard de Latour in
France and anhnr Kiitzing in Germany used cot
ton plugs to prevent microar inisms from entering
the flasks and reaching boiled broths (FIG. 3-3)

Latour and Kitzing
experiment

expenments showed that when micre
ganisms were prevented from entering the liquid
the flask, decay and/or fermentation did not oc
Neither were micrc
when their entry was pre
ganisms alwavs were ‘u'J\
ms could ¢

called the “life
air. Thev said air was needed for the decav of t
d the spontaneous generation of
member that such criticism is p
f the scientific method. Scientists s ask how do
ect, that vour in-
terpretation of the experimental results is the best
possible one. Only experimental results and interpre-
tations that withstand intense criticism and review
scome accepted in science.
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The results of an experiment are carefully ond erif
coily reviewed before their validity is occopted by
the scientific community.
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Chemists could not claim that this difference affected
the “life forve b

I his experiments, Pasteur found that liguids s
jected to boiling remained free of living microorgan-
isms in the flasks with the swan necks. Liquids boiled
in the same manner soon swarmed with microorgan-
{sms in the flasks with the straight necks. He con-
cluded that, although air could freely enter the flask,
the shape of the swan neck of the flask prevented air-
bormne microorganisms from entering the liquid

As an additional control to demonstrate that the
microorganisms that cause decay and fermentation
do not arise spontaneously, Pasteur broke off the
neck of one of the swan-neck flasks. This allowed mi-
croorganisms to enter the medium in the flask that
had, until that point, remained free of living microor-
ganisms. Shortly thereafter, Pasteur observed numer-
ous mi\‘nmrg\\ﬁismb in the broth contained in that
flask. This demonstrated that the medium in the flask
could in fact support microbial life if microorganisms
were introduced. The flask with the intact swan neck
remained free of microorganisms. He concluded that
the microorganisms in the broth came from living mi-
croorganisms that were floating unseen in the air.
Pasteur had shown that microorganisms are like
other forms of life—that living cells come only from
the reproduction of pre-existing living cells. Pas-
teur's swan-neck flasks, now sealed to prevent the
evaporation of water, are still free of microorganisms
and on exhibit at the Pasteur Institute in Paris,

The results of Pasteur’s experiments were chal-
lenged. His experiments had to be repeated many
times before they were accepted by the scientific
community. This is characteristic of science. No sci-
entist, no matter how famous, escapes the critical re-
view of other scientists. A final demonstration of his
experiments before a tribunal of other scientists was

SIOLOGY: METHODS FOR STUDYING MICROORGAMISMS

convened to critically evaluate his disproof of g,
_\-l_mnlanu\u_» generation of microorganisms, Ap thig
time Pasteur declared: “There is no condition knowy
today in which you can affirm that Microscopic be.
ings came nto the world without germs, withoyy
parents like themselves Those who allege it haye
been the spart of illusions, of ill-made experiments
filled with errors that they have not been able to per-
ceivie.” Referring to the liquids in his swan-neck
flasks he concluded: “T have kept from them the one
thing that is above the power of humans to make: |
have kept from them the germs which float in the air,
1 have kept them from life.”

The results of Pasteur’s experiments discredited
the theory of spontaneous generation. They estab-
lished once and for all that living microorganisms are
responsible for the chemical changes that occur dur-
ing fermentation and decay and that microorganisms
y. With the success of his
experiments, Pasteur proclaimed: “No more shall
spontaneous generation rear its ugly head!”

Pasteur’s refutation of the theory of spontaneous
generation was a critical milestone in the develop-
ment of microbiology as a scientific discipline. It
demonstrated that scientists could succ ully use
the scientific method for examining microorganisms
It also showed that microorganisms are like other fiv-
ing organisms, that only living organisms give rise to
other living organisms. It further revealed the impor-
tance of microorganisms in bringing about chemical
changes. It was the activities of the microorganisms
that transformed grape juice into wine and caused
meat to decay. Pasteur went on to study many other
aspects of microorganisms and to help pioneer the
birth of microbiology as a scientific discipline.

do not arise ﬁ}'ﬂ!ﬂl.‘ll'lL'ULi:‘-

With the studies of Pasteur, microbiology emerged
as a scientific disciplin

MICROSCOPY

Making observations is an essential part of the scien-
tific method. It is not surprising, therefore, that mi-
crobiology did not develop as a field of science until
the necessary instruments and methods were devel-
oped for observing microorganisms. Unlike organ-
isms that could be described and studied by the
nassisted eye, microorganisms could not be studied
until instruments were available with sufficient mag-
nifying power so that they could be seen. The micro-
scope is an instrument for producing enlarged im-
ages of objects that are too small to be seen unaided.
Microscopic observations generally provide informa-
tion oaly about the morphology of microorganisms
and not their physiological characteristics. The light
mucroscope can be used for viewing objects as small
as bacteria. The electron microscope extends the

—" ]
FIG. 3-6 A, Colorized transmission electron microgfaf
of polioviruses observed through an electron microses

e

AG. 3-5, contd B, Micrograph of a bacterial biofilm

viewed by confocal fluorescence scanning microscopy

Color indicates depth within specimen (purple nearest sur-
face and red deepest in biofilm)

range to even smaller objects, such as viruses and
large molecules (FIG. 3-6)

By using microscopes to magnify their images,
microorganisms con be observed and studied.

4T Mic

PrinciPLES OF LiG

Magnification

Because the observation of microorganisms through
the microscope is fundamental to the study of micro-
biology, we should consider some of the principles of
microscopy. Let us first discuss how magnification is
achieved. The apparent size of an object viewed di-
rectly by the eye depends on its distance from the
eye. As an object is brought nearer to the eve, the ap-
parent size of the object increases. However, if the ob-
ject is too close to the eye, the eye no longer can form
a clear image. Placing a curved glass lens between
the object and the eye can restore the sharpness of the
image. This is because the lens changes the direction
(angle) of the light rays reaching the eye. The bend-
ing of the light rays by a glass lens is called refrac-
tion. It forms an image of the object that is larger than

L e’

| Visible Oxymoron

Although microorganisms are supposed to be invisi-
bl to the naked eye, a lange bacterial species has been
discovered in the guts of surgeonfish. These bacteria
ane over 0.5 mm long and can be seen with the naked

They have been placed in the geous Epw
s “guest at a bangquet of a fish

P
ciuse of their size, these bacteria were mithally mis-
taken for protosoa, but they are prokaryotes and
hence, true bacteria, One millio l_t-pi.'.!l bacteria
such as the Esclierichia colt th the human in-
testine, could At Into a cell of Epulopiscium. This
largest bacterium is a visible oxymonn

image

Magnified

Focol point

Eye

Oeular

lens

Ohhjective —

Microgr
sl emaflr

b of Hse Large backermm Laplpmssss woth fou ers
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RG. 3-8 A light microscope allows the forma
moed 1 L

as s through a series of lenses.

Beld macrosoope the Tt

a spoamen; the

and obyective bem
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Ocular lens

Objective leng

Specimen

Condensor lons
Condenser lons focus
Coarse hocus

Fine hocus

Light source

the object iself (FIG. 3-7). This is because the light
reaching the eve from the top to the bottom of the ob
Pt &5 ata greater angle than it would be if the lens
had not caused the light 1o bend

The microsope produces on enlorged (magnified)
image of o specitnen through the bending (refroc
Hen) of light roys by curved glass lonses.

The compound light microscope has multiple
bermes that refract light and ac

4 incation of
the image of a spevimen == can be

moved to achieve focus. Light typically from an in-

candescent bulb source, is focused onto a Specimen
by a condenser lens, The specin
choar glass my, rroscope shide
mechanical stage. The light passes through the spec
tmen and enters the objective lens. which o s the
light and begins the magnification process. The lig
then passes theough the ocular lens, which further
refracts the light and completes the magnification
process. The light enters the eve and the
Emage is soen

The degree of magnification (enlargement of the
mage) that can be achieved with a compound micro
scope & the product of the individual magnifying
Powers. of the ocular and objective lenses. The total
maEnitving power of a micrescope is calculated by
multiplying the power of the ob
od the ocular. The magnity ing px

wen i normally on a

ab can be moved by a

magnitied

pective by the power
mwer obtained with a

100 objective and a 10

ocular, for example, would
be 1,000 %

he most commonly used light micre
scopes have objective lenses with powers of 10x
40, and 100X and an ccular lens of 10% so that one
can obtain magnifyving powers of 100, 400, and 1,000
times with them

The magnifying power of a compound microscope it
caleulated by multiplying the magnifying powers of
the ocular and objective lenses.

Resolution

I well ask, why don't we simply continy
increase the magnifyving capacity of the lenses o
make more and more powerful microscopes? Why
not cambine a 100 % objective lens with a 100
lar lens so that an yma counld be
HL000%? Thee answer is that such an image, while
larger, would not show additional details of the spes
imen. Resolution is the ability to distingguish detall B
the object that is viewed, In biological specimens
resolution is equated with the ability to see structuns
of the organism

Resolving power is a distance meas ;
times called the resolving distancy, that is defined 42
the closest spacing between two points at which thed
can still be seen clearly as separate entities. We me?
sure the resolving power of a microscope in units
called nanometers (nm), which are billionths of a )
ter {10 " m). Objects that are closer than the resolvitg

power of the microscope cannot be SPCN A5 e
and distinet, and objects that are smal ler than the e
solving power cannot be seen at

all
The abllity to see de
ing power and no
croscope

tail is determined by the rosol
t the maognifying power of the mi

Resolution describes the amount of de
be seen in an imc

rtail that can
The resolving power of the
about 200 nm. This is muc

solving power of the

light mucrose
better than the 0.1 m
aded eve. Because all
lar organisms, including bacteria, are lar
nm. the light microscope permits the
the microbial world. Most viruses ane
TN s which are a
however, cannot be seen with the
power (R) of a micr
proximately one half the waveleng:

The resolvin

that is used to illuminate the specimen divi
the numerical apertures (NAs) of the obie

and the condenser lens (FIG

R = AN v NA,

The numenical aperture represer
rom an object that actually enters a fe

greater the amount of light that ¢

higher the numerical ape

merical aperture, the smaller R and he

the resolving power. Since the numer

the objective lens a he condenser can |

MNumerical operture

10

Won deperds, in

Bives supe

same, the formula oy

R

Wi

Resalution depen

The best resolvi
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resolving Power normally

M2 x NA)
ehength i seen

and red

&7

Bl

nds on the wavelength of Bght |4}
and the numorical aperture (NA) of the lans.

ng power of o light microscope oc-

curs whan short wovelength light and o high nu-
mericol cperture objecdive lons are vaed.

in ofl immersio
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Steam heat
fa drive shain

into specimen

Remave filier
paper and
decolorize by
washing with
acid alechal

Countershain
with methylene
blye

Acid-fast staining s another differential staining
procedure frequently used in bacteriology  (FIG
3-14). The acid-fast stain procedure Is especially use-
fulin identifying members of the bacterial genus My-
cobactersum and i important in identifying the
Causative organisms of tuberculosis (M, tuberculosis)
and leprosy (M. leprav). In the acid-fast staining pro-
cedune, the red stain carbolfuchsin is used as a Jri-
mary stain. Next, acid-alcohol is used as a decol-
orizer. The acid-alcohol will remove the red stain
from bacteria, such as Escherichia coli, that are not
acid-fast. The acid-fast mycobacteria will remain red
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dye carbolfuchsin to stain ce

by acid alcohol; they are counterstained with methylene
' !

leprae (the cause of leprosy), appear red afte
procedure, as shown in this light micrograph
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FIG. 3-14 A, The acid-fast staining procedure uses the red
Acid-fast bacteria, such as
stain when treated with acid alco-
a and tissue cells are decolorized

mycobacteria, retain th
hol. Nonacid-fast bacte

slue. B, Acid-fast mycobacteri

obacter

including

The acid-fast bacteria probably retain the carbok
fuchsin because of waxy chemicals that occur in their
cell walls. These chemicals are not found in nonacid-
fast bacterial cells. To complete the acid-fast proce-
dure, cells are counterstained with methylene blue
and observed under the microscope. Acid-fast bacte-
ria appear red and nonacid-fast bacteria appear blue
The red mycobacteria can thus be easily recognized
even in a sputum sample containing numerous other
blue bacterial cells.

Acid-fost staining is used to identify Mycobacterium,
which are acid-fast and appear red after staining.

-fast bacteria appear blue after acid-fast

The endospore staining procedure is used to e
veal specifically the presence or absence of e
dospores (FIG. 3-15). Endospores are heat-resistant
resting bodies produced by only a few bacteria, such
as species of the genera Clostridium and Bacillus. In
the endospore staining procedure, the primary staii
malachite green Is driven into the endospores by
steaming, Water is then used as a decolorizing aggent
Water will wash the malachite green from the cells
but not from the endospores, Next, safranin, a coun
terstain, is used to stain the cells, When viewed un
der the microscope,

dospores—if they ane pre
senl—appear as green spheres, They are cithef
within the red-pink cells that produced them or €
if those cells have died

Stain by
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Tyres oF LiGHT MiCROSC

Just as there are different staining procedures thatarne

used for different purposes. there are dif

of microscopes (Table 3-1, p, 72), These microscopes
differ in magnification and resolution acilies
some have specialized applications, ¢ ers have
widespread applications in microbiology
Bright-field Microscope

Virtually every microbiology laboratory has a brig

field mic roscope, so named because th Id o

15 brightly iHluminated (FIG. 3-16). The typical br
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TABLE 3-1
Comparison of Various Types of Microscopes
MAXIMUM USEFUL Lo 0
MICROSCOPE  MAGNIFICATION _ RESOLUTION DESCRIPTION
fieked L0 100200 nm Extensively used for the \-.lau.llu.qlinn of microorganismes:
m usnally necessary o stain specimens for viewing
15005 100200 rum Used for viewing live mi.‘ruurg.\nnsm:f_ particulariy thoss
with characteristic morphology; staining not requined;
specimen appears bright on a dark background
" 1,500 100-200nm Uses fluorescent staining; useful in many diagnostic proce-
Fiirescence = X ; ;
dures for identifying microorganisms
Thase contrast 1,500 100-200 nm - Used to examine structures of living microorganisms; does
not nequine staining
TEM (trans SO0LO00-1,000,000< (L1 nm sed to view ultrastructure of microorganisms, including
mission ehectron viruses; much greater resolving power and useful mag-
mkTos(ope] nification than can be achieved with light microscopy
SEM {scanning 10L00- 1,000 110 nm Used for showing detailed surface structures of microor-
decton microscope) ganisms; produces o three-dimensional image
field microscope Is a compound microscope that has than the wavelength of light used to illuminate the
two lenses that contribute to the magnification of the specimen. For example, when fluorescein isothic-
image. The lenses are actually sets of several individ- cyanate (FITC) is illuminated with blue or ultraviolet
ual lenses that are designed to minimize distortions light, it emits an apple-green light. The fluorescence
of light, called aberrations, that would interfere with microscope has one filter that sets the wavelength of
the clear observation of a specimen. Besides its com- light used to illuminate the specimen and another fil
pound lenses, the modemn bright-field microscope ter that determines the wavelength of light that is
also has a buill-in light source, a condenser lens that viewed. As with the bright-field microscope, the
focuses the light on the specimen, and a miechanical specimens usually are stained, Some bacteria, such as
stage that holds and permits controlled movement of Psendomonas, contain fluorescent pigments and can
the specimen be viewed without staining.
Fluorescence Microsco Microscopy that uses Aucrescent dyes is known as
i fluorescence microscopy.
y P
The Auorescence microscope is specifically designed Fluorescence microscopy is important because fius
for use with fluorescent stains (FIG. 3-17). These orescent dyes can be chemically linked to antibodies
stans emit light of a different wavelength (color) to produce fluorescent-conjugated antibodies. Anti

bodies are molecules that take part in animal defense
systems against invading microorganisms. They
have very specific chemical targets with which they
react, This means that scientists can design and create
fluorescent-conjugated antibodies that will react only
with specific microorganisms to the exclusion of all
others. By attaching a fluorescent dye to an antibodys
the presence of a particular target can be visualized
(FIG. 3-18). If the target is a bacterial cell, this forms
the basis for immunofluorescence microscopy (di°
ferential staining using fluorescent-conjugated an®
bodies). Many pathogens, including the l‘-h"'r“'nf
Treponem pallidum, which causes syphilis, can e
quickly and positively identified by immunofluore
cence microscopy without having to grow cultures i
PG, 317 Micrograph of custers uf staphylococel in the laboratory. Diagnosis of disease is .m'nmPl’-‘l""ll

Bhood after st with acridin i i
2 W Ine orange: the colls of ; e + jnitiates
bacterium fiuoresce orange 9 the cellg of thix r.:p"[:ll.‘k;" that appropriate therapy can be initi
as quickly

s possible.

rochete Treporemi
wseent antibody staining. This

FIG. 3-18 Light micrograph of the
I fgrecitt after flug
syphilis

bacteria cau

Dark-field Microscope

The dark-field microscope is designed 1o enhance
the contrast between the specimen and the back-
ground without the use of staining, Most staining
procedures Kill microorganisms. Using the dark-field
microscope we can view live as well as dead speci-
mens. The dark-field micr scope has a special con-
denser that does not permit light to be transmitted
directly through the specimen and into the objective
lens (FIG. 3-19), This special dark-field condenser fo-
cuses light on the specimen at an oblique angle, such
that the only light entering the objective is reflected
off the object under observation. Thus only light that
reflects off the specimen will be seen. In the absence
of a specimen the entire field will appear black. Bac-
teria viewed with a dark-field microscope appear

Light that
strikes specim ~——— Objective |
‘ lens
Condenser
lens

Dark-Field |
ring |

FIG, 3-19 Diagram of a dark-field microscope showmg
the path of light, The dark-field ring in the condenser
blocks the direct passage of light through the specimen and
Info the objective lens. Only light that s reflect
specimen will enter the objective lens and be seen

contrast between the spec
15 suthic

t o I it S
and other cellulir microorzanisms
Phase Contrast Microscope

The phase contrast microscope also provides a

means for achieving adec

Juate contrast for visualiz-

s without the

INg microorgani

that lig
ference in d
medium. Diff
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it passing thro

ensity betwes

niness ane created
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itly, with the ph

specimens (FIG. 3-

contrast microscope, living organisms can be clearly
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. P




el
Cathode SCANNING ELECTRON MICROSCOPE
filgement T
Ancde =1

A Conden ser

lenses = =g
Secondary
electrons — —_—
Cathode filament |
| Electron Specimen
| gun
P v Anode
observed in great detail without staining them. This "—['_" o g e
permits the study of their movements and their ap l ,,—]\ g
pearances in their natural surroundings

e Specimen
Interference Microscope =

There are several types of interference microscopes, D,— —D
such as the Nomarski interference microscope, that
are now used in many microbiology laboratories
Like the phase contrast microscope these interference
microscopes work on the principle that light from
two light waves can be combined to increase or to de-
crease brightness. These microscopes a signed so 1
that a beam of light can be split L}m.- part of the light P Projector lens magnet
passes through the specimen and another part goes iy
around the specimen. The beams am then recom- 4
bined in a specialized prism and viewed. The result
i a colored image that has a three-dimensional 1p
pearance (FIG. 3-22)

Objective lens mognet

Eiecmon Microscory

An electron microscope uses an electrun beam in
stead of visible light. Because an electron beam has
4 much shorter wavelength than the wavelengths
of visible light, the electron microscope can achieve
superior resolution. The electron microsce pe, there-

fore, permits higher useful magnifications than can In the transmission electron microscope (TEM)
be achieved with light microscopy. Consequently, the electron beam is transmitted through the spedt trons would colli tew
viruses and even the smallest structures of a bacterial men (FIG. 3-23). The other type of electron micn® t This
cell can be seen by using an electron microscope. scope is called the scanning electron microscope fuced at a
£l : R— Botms fratecd of (SEM). In the SEM an electron beam Ly -'I”“"E:".r\';—_
visible light. Electron microscopes achieve better res- the surface of the specimen (FIG, 3-24), In either i he
olution and higher useful magnification than light of electron microscope, the electron beam mus :
microscopes, transmitted through a vacuum, Otherwise the el
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Tronsmission Electron Microscope

The principles of operation of the transmission elec-
tron microscope (TEM) are very similar to those of
the compound light n cope. Instead of a light
source, the TEM uses an electron beam. In place of
glass Jenses, the TEM uses a senes of electromagnets
o focus the electron beam and to magnify the image
of the specimen. The electron microscope has a th
retical resolution of approximately 0.1 nm. This is
about a thowsand times better resolving power than
can be achieved by using light microscopy. Conse-
quently, the useful magnitication for an electron mi

\'-nn-c\-}\- 15 higher than 500,000, Magnifications this
high permit the visualization of all microorganisms
including viruses. The mternal structures of microor

Lis

gamsms can also be seen in fine detail (FIG. 3-25)

The fssion electron mi pe (TEM) permits
very high magnification | -500,000+) and superior
resolution (0.1 nm).

The TEM permits the visvalization of the detailed
structures of oll microorgonisms, including viruses.

There are some special problems in viewing bio
logical specimens with the electron microscope. The
specimens must be killed before being plac
N vacuum chambe

voltage

am. Because of t ications
hieved with the elec
great potential for creat
mistakenly viewed as real struc

ectnon
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e high ma

M microscope, there is a
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from copsule ond
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© preparation of a specimen is gene

B

FIG. 3-25 Colorized transmissic

ospore of

4 thin sect ar e

crographs. An artifact is the appearance of something
ge or micrograph caused by the magnifice-
tion svstem or ;‘i-k:uiun‘r- used for prepanng spea-

1 an i

mens.

An artifact is not a true representation of the fea-
tures of the specimen on view.

T mini

e artifacts, special preparation proce
dures must be used in electron microscopy (FIG

3-26). Biological specimens containing water cannot

simply be placed under high vacuum because t
water would boil. The integrity of the organisms

ribbon sechions are
collected and ploced
on o copper grid

Dry ribbons contoining
specimen are siained
and viewad

Mesosomes: Real Structures or Artifocts?

Sometimes, when thin sections of bacteria are viewed
by transmission electron microscopy, extensive folds of
membranes are seen within the cell (see Figure), These
membranes are called mesosomes. Caneful ohservations
of these mesosomes indicate that they are continuous
with the plasma membrane. Having observed meso-
SOmes In many routne electron r(\l-":'\(llpi\' PE\'P‘ri'
ral independent investigators tried to iden
tify their functions. Although many functions were hy-
pothesized for mesosomes, establishing their real
function proved el - For each proposed function
cells were found without mesosomes that carried oot
the same functions as cells with mescsomes. For exam-
ple, because mesosomes were often observed in the re-
gion where a bacterial cell divides when it reproduces.
ane proposed function was that they were mvolved in
cell division. However, misosomes are not always seen
when bacterial cells divide, nor, when they ane present,
da they always occur near the site of cell division
After considering the observations made in many
studies, it became obvious to the scientists whao had first
described mesosomes that the evidence for the exis
tence of mesosomes had to be reevaluated. These scien-
tists asked why mesosomes were only sometimes ob-
served and why their absence didn’t result in the loss ¢
some function. They hypothesized that mesosomes
might be an artifact. Based on numerous observations

tions, se

they found that mesosomes were almost alwavs found
to be attached or closely associated with DNA within
the cell. They reasoned that the IINA migitt be shrink-
ing due 1o dehydration during preperation for electron
microscopy. Alse, since bactirial DNA 15 attached to fhe
plasma membrane, such DNA shrenkage might pull
part of the plasma membeane inward. If this cecurned.
they bypothesized, it would coeate an artifacy that ap-
peared as 3 mesosome.

Torsew if this were the case. cells were frozes in Thpuried
nitrogen and then exposed 10 X adistion (X-rays) to
break up the DNA before the cells were dehydated
during preparation for ehectron microacopic \-znmg
When this procedure was followed, niv mescsames

were observed. Mescsomes, however, were observed in
control spe

= in whiich the DNA had not bees bro-

p by X raduation prior to dehvdration. This sug-

gested that these observed structures were artifacts of

Ctim muTrescopic observation, rather
res of the bacterial ool

T years of mwvestigation, the evidence, thesefoee:

ts the hypothess that mescsomes are artifacts

This i a good exsmple of sehy

« oS, best

their irses-

Vpotheses
pretations until

sETvations

planations fi

—

1 proCessing

be observed




Coution must be used in inferpreting electran micro-
grophs becouse the techniques used in their prepo-
creation have @ high potential for producing

micrescope (SEM) are qui
the TEM. In SEM, a narrowlv focused beam of

tons s mpidly scanned across the surtace
specimen. The primary scanning electron beam
knocks electrons out of the specimen surface. These
secondary electrons are collected by a detector, am-
plified. and used to generate an image on a cathode
ray tube (CRT) screen. The image on the CRT screen
has a three-dimensional appearance due to the shad-
owing effects of the sweep beam (FIG. 3-27). The pri-
mary beam that scans across the specimen is syn-
chronized with a beam that scans across the CRT dis-
play so that the image on the CRT screen is an
accurate magnified representation of the specimen. A
tvpical scanning electron microscope is capable of

the

achieving a useful magnification of 10,000x gy
100,000x with a resolution of 10 to 20 nm. The SEM
is used prim: wing surface deta

ily for v

The scanning electron microscope (SEM) is used pri-
marily for viewing surface structures,

PURE CULTURE METHODS

Many microorganisms look exactly alike. Examin-
ing their physiological characteristics, therefore,
sential for studying and identifving microbial
species. In macroorganisms the metabolism of a sin-
gle organism can be measured. For example, the rate
of respiratory production of carbon dioxide by a hu-
man athlete can be measured. However
lism of a single microbial cell doesn't transform suffi-
clent material for the scientist to measure. A popula-
tion of identical microorganisms, on the other hand,
will transform measurable amounts of materials. Mi-
crobiologists culture (grow) colonies of microorgan-
=ms that contain millions of individuals. This wav
sufficient material to stud ¥ and determine their
metabolic characteristics is provided (FIG. 3-25)

A pure culture of bacteria is a population of iden-
tical bacteria all derived by asexual reproduction
from a single bacterial cell. Bacteria most often repro-
duce asexually by a process called binary fission, in
which 2 single cell divides into two equal-sized iden-
tical progeny cells. Scientists, thus, can grow pure
bacterial cultures starting with a single bacterial cell
{FIG. 3-29). Cultures of bacteria contain millions of
identical bacterial cells. These cultures can be used by
scientists to study the metabolism and growth char-
acteristics of the individual unseen bacterium. Cul-
tures grown in the laboratory can also be used to
study the rates of microbial growth under different
envirommental conditrons

Microbial growth is essentially synonymous with
cell seproduction. The growth of a bacterium, for ex-
ample, s measured 2s an increase in cell number due

5 £S5

FG. 3-28 Microbial cultures are

they can be studied and used |

oW i pure culiure 8

fious PUIPoSEs.

to reproduction. Using cultures, scientists can u!':
serve under what conditions a microorganism Wit
reproduce. For example, they can determine the tem
perature range over which the microorganism caf
grow and the temperature at which the microongam
ism grows fastest. The ability to produce new cells®
often used to determine whether or not a bacteriuf
is alive. Living or viable bacteria will rr]""‘d“‘f
whereas nonviable bacteria will not

A pure culture of o microorganism, o population of
identical bocteria, can be grown to observe the
characteristic properties of thet microorganism.

Agar iz o useful medium for the cubture of bacteria
becouse it melts of 100° € ond resolidifies ot 42° C,
con be poured, can hove bocteric odded when lig-
uid, and remains solid of typicel bacterial growth
temparatures,

in the late nineteent
t Koch and his assistants. They ¢
ple methods for the isolation and
pure c
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Itures of microorganisms. T
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nisms. Before then, microo
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cultures on solid media, individu
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tion of the progeny of a single ce he lid is ne-
ment of pure cultures. It also permitted observat
of populations of single species of r

At first, Koch grew bacteria on solid fru
retabl ;

teria cannot grow on such substances. K

Ciean room,
the suriace

a1t many

such as slices of boiled potato, t
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of the solid medium without much risk of contami-

nation by other microorganisms in the air
It is in this manner that MiCTOOMZAMISIMS Can be
They can be transferred from some

transfermed
mn collected

source, such as a blood or unine specime
from a patient, into a Petri plate with the assurance
that all microorganisms (n the plake came trom that
source. Once introduced, microorganisms reproduce
by using the nutrients in the medium in the Petri
['-LHE 1o support their metabolism If a single micro-
bial species is introduced into the Petri plate, its re-
production will produce a pure culture There will be
no other microbial species. The Petri plate with so-
hidified agar. thus permits the establishment of pure
cultures of microorganisms. Most robiological
studies, including those usad 1o identify the microor-
ganisms causing a particular disease; requure pure
cultures for study to establish that a particular ef-
foct—such as a disease—is caused by a speahc me
CTOOTEANISM

Pure culture methods using ogar medic and Petri
plates ore fundamental techniques used in virtually
all micrebiology laborotories n the world reday.

Sterilization
To establish pure cultures of microorganisms the me-

dia. containers, and all the implements used tor ma

ODS FOR STUDYING MICROORGANISMS

HOrganisms miust initially be free of

nipulating micre
An environment that is .

living MICOOTEANISMS
pally free of all living oy anisms is sterile. Steriliza.
tion procedures are used to kill or to remove all fiy.
ing microorganisms from a specified area. Since liy-
anisms, including microorganisms, cannoj

ise by spontaneous generation, a Ste ile area will
¢ unless a living MICTOOTZANISM enters

remain steril
Iy from somewhere else or unt

that area natural
scientist intentionally introduces a microorg
There are several ways of ste
containers, and instruments used in pure culture
cedures (FIG. 3-31). These methods include: {1)
tion to remove mic TOOTEANISMS] {2) exposure to elp-
vated temperatures aally over 1007 C), {3) expo-
sure to toxic chemicals (such as ethvlene oxide), and
(4) exposure to lonizing radiation (s as gamma ra-
diation) to kill microorganisms. These methods are
discussed in detail in Chapter 11. Sterilization proce-
dures are absolutely essential if pure cultures
later to be obtained for clinical diagnosis, sci
g s0 is essential to
s instruments and materials for other pur-
poses, such asin surgical procedures where it 15 cnit-
ical to avoid the introduction of microorganisms nio
the body, thereby preventing infection and disease
MICTOOTZANIS from liquids and
v is accomplished by pas

sage of the substance through a
um diame pores. Most bacte

filter, t viruses and some

ating theat

te air filters
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michrome or plabnum It can be h\'-.?'l:\} ;

placing it into an electric heater OF the flame of
<en burner to kall all the microorganisms on it T
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Using a loop or ipette, odd 0.1 ml bocterial
nnpension ko dilution in melted ogor

FIG. 3-36 The pour plate technique for fsolating and

DS FOR STUDYING MICROORGANISMS

Colonies develop throughout
affer incubation

wrganisms. A

i hal ‘ ed 1o
e of 8 known dilution is mixed with a liquefied ag ol
I € and poured into a Petri plate. After incubation the numbers of colonies that de

» are counted and the concentration of - micro

caleulated

Conpimons AND MEDIA FOR LABORATORY
GrowTH OF MICROORGANISMS

To culture microorganisms, microbiologists must es-
tablish the conditions necessary for microbial growth
in the laboratory. They must provide suitable envi-
ronmental conditions and the necessary nutrients so
that the microorganism can carry out its metabolism
and reproduce. Under optimal growth conditions,
most microorganisms reproduce very rapidly. Visible
colonies of many bacteria, for example, develop in
less than 24 hours if the culture is incubated under
optimal conditions. The ability to obtain pure cul
fures within a matter of hours is especially important
in the clinical microbiology laboratory where speed
of identification is essential. Many microbial identifi-
cations can be completed in less than a day, This per-
mits the physician to begin appropriate treatment
quickly

Incubators

Temperature is one of the most mportant envi-
ronmental factors to control for optimal microbial
growth. Microorgantsms only survive within certain
temperature limits, Rates of microbial metabolism
are greatly affected by temperature. Each microbial

species has an optimal growth temperature, which is
the temperature at which that microbial species re-
produces at its fastest rate. Incubators are used 1o
grow bacteria in the laboratory, Within an incubator
the temperature can be controlled. The temperature
is usually sel near the optimal growth temperature of
the microorganism of interest

1 are P
which microbiol cultures o

® control ch
o grown.

sms in the original suspension is

s with temperature, different microbial species
will grow best at different concentrations of molecu-
lar pxygen (O.). Obligate aerobes require molecular
oxygen for growth and will not grow in its absence
To grow in the laboratory, microbiologists must use
procedures that assure the absence of molecular oxy-
gen. Like ¢ mperature and oxyvgen, other environ-
mental factors can also be controlled for culturing
microorganisms. For example, some path
croorganisms grow best in an atmosphere with in-
creased concentrations of carbon dioxide. Scientists
can use special incubators that control carbon diow
ide concentration to cultivate such microorganisms

Sci control envi I diti

to grow
pure cultures of microorganisms in the loboratory.

Culture Media

To culture microorganisms, mic robiologists must e
sure that the culture medium contains the variety of
organic and inorganic nutdents that are 1\-qu:ru.l for
microbial metabolism. All organisms require carbof
nitrogen, oxygen, hydrogen, phosphorus, sulfur and
various other substances for growth. These sub-
stances must be available in a usable chemical form
to meet the nutritional requirements of a particula®
microorganism and to permit that organism to grow
Not all microorganisms have the same nutritional &
quirements. In fact, the specific nutritional requir®
ments for different microorganisms vary greatly.
Commonly used culture media contain prowi®
that have been digested with enzymes or acid®
and/or carbohydrates as growth substances that @
microorganism can utilize, These media also gener

N T 1
ally contain sources of nitrogen—such as ammonii?

nitrate, phosphate, and sulfate, Additionally, r

Mg
sium, sodium, potassium

and chloride ions are
metisbolic needs of the
microorganism, Because of the diffic ulty

needed to meet the inorga

in defining
the specific nutritional requirements of individual

microbial species, microbiologists often use complex
media, which are media that contain vario

stane

sub
whose precise chemical ¢ ompositions ar

un-
known. Such complex culture media will &

pport the

ganisms
that require nrganic compounds as their source of en

ergy. Many complex media o

growth of many different types o

un beef extract pep-
tones, and yeast extract. In some cases, scientists
must add specific compounds to get a microor

ism to grow in the laboratory, Clinical microbiolo-
gists otten incorporate blood into media th
signed for the culture of disease-caus

iIsms to provide necessary but u

it are de-
 MICTOOrEan-
ecified nutrients
for the growth of these microorganisms. Some dis-
ease-causing microorganisms, called fastidious mi-

croorganisms, are nutritionally demanding. Some re-

PURE CULTURE METHODS

quire factors in blood or other specitic substances 1o

support their growth, They often are difficult o cul-
ture in the laboratory

A growth medium containg the necessary nutrients

'o suppaort the nutritional requirements of culturad
microorganisms.

Different types of medio are nseded for the cultiva-
tion of different microarganiums.

Fastidious microerganisms have specific and de
manding growth requirements,

scientists sometimes design media to prevent the
growth of unwanted micro
the differenti:
isms. Media a

sMs or o prmh‘
specific types of microonzan

e called selective media if the

the growth of specific microorganisms and differen-

tial media if they it the recognition of specific

types of microorn

| MEDIUM

MacConkey Atk
| MacConkey agar is a differential plating medium for
the selection and recovery of Enterobacteriaceae and
related enteric Gram-negative rods. Bile salts and
crystal violet are included to inhibit the growth of
Gram-positive bacteria and some fastidious Gram-
negative bacteria. Lactose is the sole carbohydrate

Colonies of Escherichis coli growing on MacConkey agar show-
ing characteristic colony morpholegy and colorathon fre-
quently causes urinary tract infections and also 1= a common
cause of bacterial meningitis in infanis

of the neutral red indicator dve (red below pH 6.
from the production of mixed acids. Colonies of pon-
lactose-fermenting bacteria appear colorless or trans-
parent

———
-
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+ METHODS FOR STUDYING MICROORGANISMS

DESCRIFTION

MEDIUM
Eosin Miminviess Buoe (EMB) AGaR

used in place of MacConkey agar in the: isolation and
detection of the Enterobacterinceie and related col-
iform rods from specimens with mixed bacteria. The

DESOXYCHOLATE-CITRATE (DCA) AGAR

DCA agar is a differential plating medium used for
the isolation of members of the Enterobacteriaceae
from mived cultures. The medium contains about
three times the concentration of bile salts (sodium des-
axycholate) of MacConkey agar, making it most

| usefulin selecting species of Safmonella from specimens

EMB agar 5 a differential plating medium that can be

aniline dyes (eosin and methylene blue) in this medium
inhibit Gram-positive and fastidious Gram-negative
bacteria. They also combine to form a precipitale at acid
pH, thus also serving as indicators of acid production,

schericlia oo wing on eosin-methyl-
ene blue (EMB) agar showing character-
Istic colonkes with green metallic sheen.

overgrown or heavily contaminated with coliform bac-
teria or Gram-positive organisms. Sodium and ferric
citrate salts in the medium retard the gml\'lh of E=
cherichia coli. Lactose is the sole carbohydrate, and neu-
tral red is the pH indicator and detector of acid pro-
duction.

Colonbes of Salmonella arizomse growing
on DCA. This bacterium produces char-
acteristic pink colonies on this medium

—_—
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MEDIUM DESCRIFTION
Hexroen Enteric (HE) Acan

HE agar is devised as a direct plating medium for fe
specimens to increase the vield of species of 5

Acids m

¢ be produced from three carbohvdrates,
uchsin thymol blue produces
pH is lowered. Sodium thi
%, and HS gas is detected
nium citrate, producing a black precip-

r Wi

and Shigella from the heavy numbers of normal
microbiota, The high bile salt concentration of
medivm inhibits the growth of all Gram-p:
ria and retards the growtl

flow color when

sulfate 15 a sulfur so

by ferric 2

tive

of many stains of colilc

itate

Sanfrmagan
toen enterie (|
teristic black colomies due to productis
of hydrogen sulfide.

XyLosE Lysing DESOXyCHOLATE (XLDY AGar
XLD agar is less inhibitory to the growth of coliform

bacteria. It was designed to detect Shig
feces after enrichment in Gram-negativ
make this medium

salts in relatively low concentration

he H.5 detechion syster

less selective than the other media included in this

table. Three carbohydrates are available for acid pro

s on aykiose [esine

ng the

black growih due o products

drogen sulfide
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e growing on it will appear different based on
) v is mone species growing N
sample. the stain methylene blue is o £ 2 g e : o
h:\::‘m;;, ssitive bacteria than to Gram-nega- the type of me tabolism thnll I!r.- V' C 1lrr\II : Lt ‘i‘m bac.
2 X 2 1 =l whic stabolizes lactose,
m“‘m : BP‘LI\ wporating 0.5% me hylene blue terium E. coli, W hich metabe :z;- 1C li‘ produces
1 Steria. BY oC . i THEX stallic s SRR et
"~ iture medium, the growth of Gram-positive  colonies W ith a green metallic l‘ ‘“l"l 18N growing
Bes ; s . 5 ¥, Yo SO r bactena ¢ 2 %
b...mk -an be inhibited. This will not interfere with on EMB agar. These lactose-utilizing bacteria can be g il
h‘l'ﬂ-l htl\“-l 5 tive bacteria. Eosin methyl- easily differentiated from any other bacteria growing peRp
the growth of Gram-negative Dac K A ) Il\l
eme blue (EMB) agar contains methylene blue and, on EMB agar. :r_\.\.rll
i : m. Itis ently used e
therefore. is 4 selective medium. It is frequen :
3 * bacte: i i tain substances that favor the
Jective re of Gram-negative bacteria, Selective media con ; s :
B . & % growth of one fype of microorganism ond discour- mixtu MICTOOrganis

ment of the microon
P> - o age the rowth of other rypes. meT r
specimens, that contain both Gram-negative and g g dadiieds

Gram-positive bacteria. EMB agar is also a differen- Diﬁgrcr‘llidl m[:;i_-u contain :ubs;an_wi that permit et e pxon
tial medium because colonies of different bacterial recognition of different types of microorganisms. =

Pure Culture Methods (
* The scientific study
growth of large nu

ture, where the met

MICTOONS

such as Escherichia from samples, such as stool

SUMMARY

Scientific Method and Development of the Science of and the numerical aperture of the ub|u.|;~._¢ lens. The
Microbiology (pp. 39-64) shorter the wavelength m_h;.:ht. and the higher the nu-
» All fields of scence. including mucroblology, rely on merical ure of the objective lens, the better the
the scientific method in which a scientist asks 2 ques- " power
ton, proposes a hypothesis, makes systematic obser- = Stainng increases _thc contrast between a specimen
vations, and conducts controlled experiments to test and its background o it can be seen under the micr-
the validity of that hypothesis scope
Scientists use deductive reasoning (~if-then k- * The Gram stain procedure is a widely used differen-

img) and test their predictions by conducting experi- tial staining procedure that dis between
ments E

Con me oid unam- and species that stain blue {Gram-positive
biguous answers reganding whether a hypothesis & bacteri

Cormect of IncoTTect. * Other ferential staining procedures include the
The results of experime . 2 -fast staining procedure and the endospore st
nlerpreiations of experim 3

cepted only after the: cally . Microscopes

The struggle to disprove the theory of spontaneous ¥ ght-field microscope is most widely used in
generation repoesents a gn.\x‘. e e of the scientific microbiology
method at work

15 the scentific method? How are hype

and what kinds of observations are made u
Define resolution. What is importanc
croscopy? How

ipes are used to observe micooe-
. eck 1l s been stained with a fluorescent
fmnal refutation of the theory of sponta- 1y

Lows Pasteur’s experimer

* Certain immunofl
Microscopy Ipp. 64-T8) escent dyes are coupled with specific and
e =2 < are widely used for the spec diagnosis ¢
Principles of Light Microscopy ( ks E
Toscopy de- * The dark s on the re You are working in the clinical microbiology loboro o ferroris
tory when a blood sample from o criticolly il patent thot was werved ot o bonguet. As
arrives, The physicion wanis to know o3 soon o3 pos- that o pathogenic bocterum has
ey sible whether 1i-e_se are any disease-cauting T:;fay ¢

. Electron, Microecopy (o ganisms in the blood and, if so, the identity of tha in-
tra<t so thae TS and st . The IEATOSCOPY B 4 : F.v'""g ogent. What »mfia you dof " : ’ -
et o be distinguished from the B There is on cutbreak of o mysterious diness in # tend ofl the scheduled 2

wer useful magnities southwestern Uniled Stotes. Sevecal in ool e oiso raising o fumily you ore encbie 15 ofend of the
microscopes  than are native American Indions hove olmody o Iehorotory sessions ardy A‘.'e-_"‘n howe an

Someone proposes that the deaths are due ko o ¥ tencled open ho
¢ MiCTOSCOpPes infaction, How would you go obout proving or dis o microKope ¥

fransmissic : ¢ (TEM) and proving that hypothesis? Assuming it was comect. how home and not foll behind in yoor skaies. Tiow
scannmg electron microscope (SEM) would you go about finding the source of the daeased you go obout purchasing o microscope B woute
Both TEM and squire extensive procedures There is on outbreck of an illness in Philodeliphia. Sev permit you io sxamine hemon fisue pacmens o7
prepare the specimen for viewing, while at the satfé eral individuols who amended o convenfion suddanly cho prepored siined sides of mrorworgemEl
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* The resclving power of the fight microscope depénds ,‘*f‘\_] EM is used to see finely detailed structures. THE wlized Somecne proposes that the deaths are dos 1o scopest
o0 the wavelength of the lluminating lisht souzoe ;m';':r:h—st useful for the observation of surfs®

d image of light striking ¢

oblique angle
* The phase contr
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need stain the spea
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tions
achiey

There are tw

# the microscope
determines the use-




90 CHAFTER 3 SCIENCEOF MICROBIOLOGY: METHO!

ReADINGS

ekl Techmigres for

Aldrich HC and W] Todd {eds ) 1956 U
Flenum ['ress.

i, New York

AHMITIAS PATTSCNY T

current

. Boca Raton,

Beadbury 5: 1984 An [n
Yoork, Ovfond Umiversity Press

Farley J; 1978,
work of Louis F

Howells MR, | Kirz, W Sayre: 1991, X-ray microscopes, 5
American 264(2):88-95

apt

Laodan L= 1981, Scimee and Hypothesis: f.l:-nj

D). Reidel

od of Inpothe

it imfegral part of
: | Intipwrse

awery, New York, Simon and Schus

retnce dndl ¢

loineds ¢ ativty.
Noms JR and DW Ribbons lieds.f: 1969—
New York, Academic Press.

An pngy

i sevies of o

q
specific methods cploye

it teicre

fuctory S
Muthuen

Oldroyd DR: 1986, The Arch o

Delft 5

van Leermenhoek

croscopty, Boston, Science Books In-

pict
Baltimore, University Park

5 f

SCOpY.
Tweney RD et al. (eds.): 1981, O,
lumbia Umiversity P!

Wickramasinghe HK: 1989, Scanned-probe microscopes, Se
Amterican 261 (4)58-10

i filr

Tokunaga, ) Tawara: 1976, Atlas of S¢
 Baltimore, Williams & Wilkins.
[ fron micrograp

ing elevtron micros
= J: 1981, Om the microscopes of Antoni van Leeuwen:
hoek, | Microsc
Ak
firu

ek ft

% used bu Lev

D@5 Chemistry for the
Microbiologist

Preview 10 CrapTER 4

Organization of Matter 92
Chemical Elements
Structure of Atoms

In this chapter we will:
* Review some fundamental chemical principles essential
for understanding microbial structure and function.

lons S - * Discuss the structure of the atom and s relationship tor
Atomic Number and Weight the chemical properties of elements
Isotope * Examine how atom
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Chemical Equations ¥ refate to nbial structure and function.
Equilibrium * Leamn the following key terms and names
Energy and Chemical Reactions

s form chemical compounds by

exchanging or sharing electrons to chb[:l.h chemical
bands that hold molecules together.

* See why water is essential for life and how carbon forms
the backbone of the organic chemicals that comprise
iving systems

* Examine the types of chemical reactions that occur
between molecules that w cells 1o obtain energy and
materials for growth and rproduction

* Discuss the essential role

e Chemmacal
am of gells
that malke up

i P ncid Bomers
Types of Chemical Reactions activation energs lipsds
nzymatic Reactions amino acids AT
Newsbreak: Catalysis by Cell-Free Enzymes anion
Oxidation-reduction Reactions atom
Acid-base Reactions ATP (adenosine
Methodology: Measuring pH triphasphate
Condensation and Hydrolysis Reactions ?.'Jf.;
ML:I:i'uleni of Living Systems 106 Stishidnind
ater s
- ction $
Carbohydrates comnEsnie phosphodiester band
Lipids concalent bonds phospholipads
Proteing deoxvribonuckne acsd
Protein Structure {DNA}
Denaturation of Proteins electrons
Jucleie Act fnavmes
i\:llt‘l;:\\.\‘ ids Sietiovial Aok
RNA hystrogen bond

ionic bond

Other Nucleotides




ORGANIZIATION OF MATTE

Eathy biological studies centered on the observation
of Hving u;}',,d.ll'l.'-nl:-—-\\'h.'lt they htni.ud like, where
they lived, what they ate Naturalists ‘.:n‘[-\ll‘l\.‘.l‘\! tlu;
species of plants and animals in a region, mu-rd.m.
their distributions, and observed their appearances
and behaviors. Early microbiologists continued in
this tradition, I:-oking at  microorganisms and
morphologies and move ments.
xample, recorded
he

describing ¢
Antonfe van Leeuwenhoek, for e
the shapes and movements of the “animalcul
lvbg'n'e.\i Such microscopic observations revealed
the existence of the living microbial world, but gave
only limited insight into how microorganisms inter-
act with their environment, or how they obtain the
matter and energy needed to sustain life

In the first half of the nineteenth century chemists
developed a fundamental understanding of matter—
the physical material of the universe. With the recog-
nition that all matter in the universe has certain uni-
fying chemical and physical properties and that liv-
ing organisms are manifestations of their underlying
chemical composition and the chemical reactions that
they carry out, the fields of chemistry, physics, and
biology began to be drawn together. Biologists soon
recognized that to understand living organisms they
had to investigate the chemistry of life. Microbiolo-
gists realized that the scientific understanding of the
microorganisms, what they are and what they can
do; necessitates the understanding of their underly-
ing chemistry. So they incorporated chemistry as an
integral part of the field of microbiology. To under-
stand the chemistry of living systems, it is necessary
to learn the “language” that chemists use for com-
municating information about chemicals. It is neces-
sary to become conversant with the chemical terms
and principles that are applied to the descriptions of
microorganisms and their activities

CHEMICAL ELEMENTS

An element is the fundamental unit of a chimigg)
that cannot be broken down further without destroy.
ing the properties of that pure chemical -"“b-‘fﬂnr‘-{‘_
Ihere are 92 different naturally occurring elements—
such as carbon, hydrogen, nitrogen, and oxygen,
Chemists have assigned each element a chemica)
symbol that is a one- or two-lette bbreviation of il
English or Latin name. The chemical symbol for thy
element hydrogen is H, oxygen is ( ), carbon is C, and
so forth. The same chemical symbol is used regard-
less of the element’s name in the language of the
country in which it is being used. Thus, even though
nitrogen is called azoto in Italy and stickstoff in Ger-
many, its chemical .~'_\'m!.1ui is always N. These sym-
bols for the chemical elements form the “alphabet” of
the language of chemistry. Biologists, generally, are
only concerned with the 26 elements that form the
major components of living systems. The most abun-
dant elements in living systems are carbon (C), hy-
drogen (H), oxygen (O}, nitrogen (N), phosphorus
(P}, sulfur (S), sodium (Na), potassium (K}, magne-
sium (Mg), calcium (Ca), iron (Fe), and chlorine (Cl)
Of these, carbon is the element that forms the back-
bone of all molecules that comprise living organisms

STRUCTURE OF ATOMS

The smallest unit of an element that still retains the
chemical properties of that element is called an atom
(Greek, meaning that which cannot be cut). Atoms
were thought to be the smallest particles into which
matter could be divided. It was not until the twenti-
eth century that physicists showed that atoms are
composed of vet smaller subatomic particles
Chemists subsequently discovered that the number
of an atom’s constituent subatomic particles deter

Meutron
Deuterium

AG. 41 Atoms are the fundamental units of ch

emical elements, They are composed of

subatomic particles (negatively © c i
sgatively charged electrons, positively charged and, with
92 the exception of hydrogen, neatrally charged |\|_'|Ills|:ll‘|]. : e

mines the characteristic properties of the atoms of

different elements, such as their capacities to com-

hine with other atoms
These subatomic par

icles of atoms carry a posi
tive or a negative charge, or no charge (FIG. 4-1), Pos-
itively charged particles are called protons,
charged neutral particles are called neutrons, and
negatively charged particles are called electrons. The
anized with the protons and neutrons ina

atomisc
central region called the nucleus. The electrons move
in regions of spa

around the nucleus

The nucleus of an atom has a net positive charge
because it contains positively charged protons. How-
ever, because the number of protons in each nucleus
is equal to the number of electrons, the total positive
als the total nega-
e each atom has
a net charge of zero. An atom 1s said to be neutral. As

charge of the nucleus’s protons e
tive charge of the electrons. There

discussed later, the chemical properties of atoms,
which allow them to participate in chemical reac-
tions, depend on the number and arrangements of
their electrons.

m 1

Atoms, which are the units of y
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and Weigh

Chemists have assig

ned cach element a unique
atomic number. The atomic number of an eleme
determined
No two el
Therefore «
atomic numbs

is
y the number of protons in its nucleus

ments have the same number of protons.
ch chemical element has a different
iT.

The otoemic number of an ctom of an element is the
number of protons in the nutleus,

The atomic weight of an element is the total num-

ber of protons and neutrons in each atom of that ele-

ment proton and each neutron has one unit of

atomic weight negligibl
to the t an Therefore the atomi
weight is calculated by adding only the numbers of

protons and n

itrons

The otomic weight of an atom of an element is the
sum of the numbers of protons and neutrons in its
nucleous,

contain positively charged protons, uncharged neu-
trons, and negatively charged electrons; an atom
has a net electronic charge of zero because it con-
tains equal numbers of protons and elecrons.

lens

The number of electrons moving around the nucleus
of an atom can increase or decrease. Some atoms
have a tendency to lose one or more electrons. Other
atoms tend to gain electrons. An atom that has lost or
gained an electron is called an jon. It is no longer
neutral. When a sodium (Na) atom loses an electron
it becomes a positively charged sodium ion (Na®)
Such a positively charged ion is called a cation. Other
examples of cations are the potassium ion {K'), mag-
nesium ion (Mg®*), and calciumion (Ca®*). Atoms of
hydrogen can lose an electron and become a stable
positive ion (H'). The formation of hydrogen ions is
very important because this is what causes acidity in
the watery solutions that are an integral part of bio-
logical systems

When a chlorine (C1) atom gains an electron, it be-

comes a negatively charged chloride ion (C1 ). Sucha
negatively charged fon is called an anion, ¢ Mther éx-
amples of anions are the iodide ion (I ) and sulfide
fon (S¢ ). Notice that the symbol for an ion is the
chemical abbreviation followed by a superscript des-
ignating the ion’s number of positive {+) 00 negative

(=) charges

An ion is an atem that has gained or lost one o
more electrons.

Atoms that gain electrons form negatively charged
ions (anions) and atoms thot lose electrons form
positively charged ions (cations).

element have varying numbers of neu-
ment have the same

nuclei. Hence, they all

sotopes of a

number of proto

ir

differ b
trons. T
examg
isotope of carbon (*C)
trons

Many isotopes are st
spontaneously nto other atc

They do not change

for SO0me 180~

topes, tho have unstable combinations of pro-

It was the eghtermth century when the soonce

|
chemistry d from the of ks |
Antaine Lavolsier introduced quantitative methoids |
in chemistry by d g that sulb L
crense in weight during combustion. He began the
use of + I T . and & e T rahen] b= l
twern o | el ts and pounds. Lavoiser |

also explained he provess of f on ard sl
rafion by showing the mole of cxygen and catbon

dh“wmwmwm-

ing the Fronch Revolution in 1794 beoaiise he Wi &
ruﬂdhm-mﬂmﬂnshmud&lm )
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jons and neutrons in their nuclel. Such isotopes are
called radivactive isotopes. A radioactive isotope
breaks down or decays by ing off subatormic par-
fickes and energy (radiation). For example, ca bon-14
£C) is 2 radioisstope of carbon because it has too
many neutrons in its nucleus to be stable. The msta-
pality within the nucleus of *C nesults in the breakin
apart of a neutron Energy and a beta pa le
med by the decomposition of a neutron)
1 1s. Radivactive isotopes,
biological sub-

ily detected

electron §
arw emitted from the nucleu
such & “C, are useful for labe
stances because beta particles can be eas
Caution must be used, however, whenever handling
raclictsotopes because the energy they give
damage biclogical systems

Atoms of the same element thot have different num-
bers of neutrons ore called isctopes.

Electron Arrang: and Chemical R Y

The protons and neutrons

the nu

The regions of space wh
be found are called shells
senis an energy level Sh
have the lowest energy. Shells furthest from the nu-

away from
the number

ns. Electn

closest to the nucl

PG. 42 The dlectroes of an a
Eanch bl teptesenits & differy

filled do electrons occupy the shells with higher o
ergy levels.

The outermost shell is called the valence shell
The number of electrons that can occupy the valpne
electron shell establishes in large part the cap,

other atoms. The bag
sactivity is that when its outer.

that atom to combine wit
principle of atom
wt electron shell is completely full an atom is s
oms. By inte

mao
ble. It will not react with othe

in, lose, or share el

on shells o

shells. The outer elec
alements in biologic

'stems—hydrog,

carbon, nitrogen, oxygen, phosphorus, and sul

are all incomplete. The atoms of these ele
e, readily re

lectron shells

therei other atoms 10 ac

stable outer

The fullness of the cuter electron shell (volence
shell) of an atom determines the copacity of that
atom to combine with other otoms.

Atoms react with eoch other by losing, gaining, or
shoring electrons to fill their outer eleciron shells.

nts are present
vortion. For example,
has a fixed 2:1 proport
gen and oxygen. Because
in compounds never va
1 mixtures. In a mixture t

present in different and
proportions. A mixture can be separated

v are distinct fro

more elements can

in

v phys

ans, such as filtering or sorting, A compound
wt be split into its component parts by such

means

of a compounc

simplest for
the prop

es of that comg
formed toms combine v
rite molecular formulas to d¢
many and which specific atoms form #
ecule. For example, lar formula of
water (H,0) commu hat this m .
s formed vdrogen and o
3tom of o ewise the molecular ¥
ucose (C.HO,) tells us that this st
combyir ve by

Chemists

mole
icates the fact
N two atoms of

combine. Lik

mula for

ng six carbon atoms,

and six oxygen atoms. If
wents are the

w chemical alphabe
1 the molecules of compoun

are the “words ¥

;h‘- language of the chemist. Like atoms, molecit®
el ‘F_""-”"' physical properti such as density
Molecules also have chemical properties, such 2% the

ability to react with other molecules

atoms combine by

stable bonds occur when a

cul
up that molecule. The number
form depends on the number
ired by that atom to fill its outer elec

gL
carbon atom, for example, has f
otuter electron shell that can hol

ld 8 max
elect

yur bonds with other elements

Stable chemical bonds occur when otoms Fill their
outer shells with electrons.

Maolecules—the fund i units of P ds—
are specific combinations of ogtoms formed when
ctoms form chemical bonds. They form these bonds
by sharing or transferring electrons.

A molecular formulo specifies the numbers and
kinds of otoms of elements that ore bonded to-
gether to form o molecule of o compound.

Three types of chemical bonds can
atoms. fonic bonds are based on attractic
with opposite electronic ges. Covalent bonds a
based on sharing of electrons. Hydrogen bonds

Opposin

tronic charges, Es

portant in establishing and determir

ties

of the molecules that make up living svstems

lonic Bonds

Two fons with different cf
by the mutual attraction of these «
called electros A c

ms. A carbon atom, therefore, can establish up

In on ionix bond, two ions with
ore held together by the mutucl oftroction of the
opposite chorges of the two jons.

Ioniz bonds typicolly dissodicte in woter.

Covalent Bonds
Covalent bonds

of carbon contains four elec-

T e

\ethane s 3 simple organic compound,
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Electron

G, 44 The formation of the cov
sharing of electrons, In meth
shares an electron with a carbon
bitals of the carbon and hydrogen atoms

nt bond involves the
ach hydrogen atom
tom, completing the or

that is, & molecule that contains carbon and hydro-
gen, In the methane molecule, the carbon atom
shanes four electrons to complete its outer shell, It
shares one electron with each of the four hydrogen
atoms. A hydrogen atom has one electron and can
hold two in its only shell. Each hydrogen atom com-
phetes its shell by sharing one electron from the car-
ban atom. A carbon atom can also form a covalent
bond with another carbon atom, as well as with hy-
drogen atoms to form a chain of carbon atoms linked
toeach other. A chain of carbon atoms with hydrogen

RG. &5 The spatial arrangen

because of wnedqual distribution of ¢

charged Lans

THE MICROBIOLOGIST

atoms attached to the carbon atoms is called a hydy,
carbon, Similarly, carbon forms covalent bonds wigy
other atoms o establish the large and complex mole
cules of living systems,

$table covalent bonds ore formed when atoms com.
plately fill thelr outer sloctron shalls as a result of
sharing slectrons with other atoms.

The number of covalent bonds that a particular
atem can form depends on the number of electrong
in its outer electron shell and the number of elec-
trons needed to complate that shell,

Water is an essential molecule for life, When water
(H.0) forms from the elements hydrogen and oxy.
gen, the outer electron shells in both elements reacha
stable configuration (FIG. 4-5). The oxygen atom inj-
tially has six electrons in the outer electron shell that
can hold eight electrons, It completes its outer shell
by sharing two electrons—one with each of the two
hydrogen atoms, The hydrogen atoms each share an
electron with oxygen so that they completely fill their
auter electron shells

In most cases only one pair of electrons is shaned
to form a single bond. A covalent single bond is rep-
resented as a line (=) In some cases, atoms share
two pairs of electrons. This gives rise to a double
bond, which is expressed as two lines (= ). Double
bonds oceur most frequently when carbon is double
bonded to carbon (€ = C) or when carbon is double
bonded to oxygen (C==0), They are found in many
biologically important molecules. Carbon dioxide
(CQy), for example, is the molecule from which
plants, algae, and most photosynthetic  bacteria
obtain the carbon to build cellular structures. It cons

tains two double bonds between carbon and oxygen
(O =C==0),

+ +

W u]i atoms In a water molecule results in a dipale moment
ectrons between hydroge

i ogen and

T 18 a goad polar solyent because water can sarround both pos

ater. As a result, wa
sitively and neg

rairs of electrons can form a t iple bond. To
form a triple bond, three dlectron pairs are -.h.m-lllln-
tween two atoms, A triple covalent bond 18 CXpness
as three single lines (=), Molecular nitrogen (N3] is
an example of a biologically important molecule with
a triple bond (N==N) This triple bond structure is
very stable and difficult to break Although it consti
tutes
not be used by most orgar

8% of the atmosphere, molecular nitrogen can

ns in their metabolism
A few bacterial species, however, are able 1ot

may
lecular nitrogen. Such species are called nitrogen-fix-
ing bacteria, They incorporate the nitrogen atoms
from N into proteins and other chemicals that make
up their cellular structures, Thise nitrogen-fixing
bacteria are extremely important because they form
nitrogen-containing  nutrients that can be used by
other bacteria and higher organisms.

By sharing one, two, or throe pairs of electrans,
atoms can form single, double, and triple covalent
bonds,

Covalent bonds are strong. A relatively large
amount of energy is required to break them. Atoms
held together by covalent bonds generally do not dis-
sociate in water as do ionic bonds. The covalent
bonds between carbon atoms are strong enough to
form the backbones of the major molecules of living
systems, The fact that carbon atoms can form four
single covalent bonds is important. This allows car-
bon to form backbone chains of covalently bonded
carbon molecules, It also allows carbon to bond with

other atoms; such as hydrogen, oxygen, or nitrogen.
Covalent carbon-carbon bonds provide much of the
stability needed to establish the very large molecules
essential to the operation and reproduction of mi
croomganisms and other living organisms. Such lar
molecules are called macromolecules and include
DNA and proteins

Biochemists have concluded that of all the naturally
oecurring elements only carbon atoms can form the
bends that will hold together the large molecules of
living systems.

Hydrogen Bonds

When hydrogen forms a covalent bond with atoms of
oxygen or nitrogen, the relatively large positive nu-
cleus of these larger atoms attracts the hydrogen elec-
tron more strongly than the single hydrogen proton.
This establishes polarity within the molecule. This
means that one end of the molecule has a positive
charge and the other a negative charge. The posi-
tvely charged end of the molecule is the end w ith the
hydrogen atoms. The positively changed end can be
altracted o the negatively charged end of another
mulecule: Tn this way a hydrogen bond is formed

When molecules of water (H,0), for example, come
close to vach other, a hydrogen atom of one of the wa

ter molecules s attracted o the negatively ¢ harged
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= Woater
Chloride ion  molecules

FIG. 4-6 Water forms hydr

pounds. This ;

lows wai

substances readily dissolve in w

oxygen atoms of another (FIG. 4-6). The result is a lat
tice of water molecules that are held toge by
these hyvdrogen bonds established by charge interac-
tions. Such hydrogen bonds do not link atoms to-

gether as strongly as do covalent bonds

A hydrogen bond is formed when o hydrogen atem
that is covalently bonded te an axygen or a nitro-
gen atom is oftracted to a polar atem in another

molecule.

5% of the

v bond has only abou
valent bond. Although such hvdrogen
se they

A hydro,
strength of a
bonds are weak, they are imports
hold different molecules together. They help estab-
lish the three-dimensional structures of lange maole-
cules by forming weak bonds between atoms with
v bonded atoms. They also

nt beca

long chains of covalen
establish important chemic
molecules. For example, the capacity of water to dis-
solve many substances is due to water 's polarity and
its capacity to form hydrogen bonds with jons and
polar molecules. Hydrogen bonds are also important
in the formation of helical malecules

Hydrogen bonds are relatively u_--nh bonds that

help estoblish impertant properties of molecules.

I propertics of van
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isomers and the Three-dimensional Structures of
Molecules

Molecules that contain identical types
of atoms, but that have different arrangements of
those atoms, are called isomers. The isomers of a
malecule can have very different properhies because
the ability of each isomer to interact with nlqcr.h..'n\-
jcals depends in part on the precise pm[lmn_vl its
constituent atoms in three-dimensional space. For ex-
ample, glucose and fructose—both of which have the
molecular formula CHO,—are somers that have
different chemical properties (FIG. 4-7). Some bact
fia can e glucose but not fructose as a source of en-
ergy for their metabolism, Other isomers can be dis-
hr;\;':slt.«hmi based on how they rotate light: those ro-
!‘!I;.m; light to the left are called 1-isomers and those
rotating light to the right are called D-isomers (1
stands for levorotary [left turning| and D for dextro-
rotary [right turning]). The amino acids that make up
proteins are all L-amino acids; D-amino acids oo
only in rare and special molecules of living organ-
isms, such as the cell walls of bacteria.

and numbers

Molecules with different arrangements of the same
etoms (i ] often have diff chemical and

physical properties.

FG. 47 The sugars glucose an
They have the same
ame arrangad different

d fructose are isomers.

Functional Groups
When certain atoms are bound i wrether and b
chemically as a unit that is part of
lhc_\_ are called a functional gre ip. Functional groups
.xll in H:I(_' same way regandless of the molecules in
which they occur (FIC. 4-8). Functional gre aps deter-
mine some of the characteristics, such as solubility,
and chemical reactivity of the molecules to which
they are attached

ehave
a larger molecule

Bonding of specific otoms that behove o P
- 2] it
$orm @ funchional group within o moleculs,

E MIC ROBIOLOGIST =

Functional groups have specific chemical propertieg
even when they are attached to very different mgj,

ecules.

The hu[\d!n}.‘, of an exygen atom to a hnirns_m._
atom forms a polar hydroxyl (-OH) functiony)
group. The hydroxyl group has polarity becaus
shared electrons of a covalent bond are drawn close
to the oxygen atom than to the hydrogen atom. This
gives the hydroxyl group a slightly negative oxygen
atom and a slightly positive hydrogen atom. Alep
hals such as ethanol and glycerol are organic mole
cules that have hydroxyl functional groups. They
tend to be relatively soluble in water. Alcohols dis-
solve in water because of the hydrogen bonding be
tween water molecules and the hydroxyl group of
the alcohol

The bonding of a nitrogen atom with two hydm-
gen atoms forms a polar functional group, called an
amino (-NH,) functional group. The bonding of car-
bon with oxygen and a hydroxyl group forms a pc
carboxyl (-COOH) functional group. Amino ac
which are the building blocks of proteins, have both
amino and carboxyl functional groups.

Functional groups are important because they per-
mit molecules to react with each other in predictable
ways. In some cases, reactions between functional
groups form bonds that link molecules together. This
is how small molecules can be joined to form large
molecules. Proteins, for example, are large molecules
that are assembled by linking smaller amino acid
molecules, Other functional groups have characters
tic properties and engage in chemical reactions that
Wl

are essential for sustaining microorganisms

other

Ving systems.

Hydroxyl

Alkoxyl

Sulfhydryl

|
| Amino
|
o
Corboxylote R—C
o
e R
Imiduzole WMo N
o
FAG. 4-8 The chemical characteristics of a substanc®
determined in lange part by its functional groups

CHEMICAL REACTIONS

So far we have considered molecules as if they were
fixed structures thal remain stationary and do not
change. In reality, molecules are in constant motion
They possess kinetic energy, the energy of mot
The faster molecules move, the more kinetic ene

they have. When moving molecules collide, l.'i'l»-;-
may be sufficient kinetic energy to break bonds apart
When this occurs, the atoms can form new bonds
This permits new arrangements of molec
During ical
bonds are broken and new chemical bonds form to

h chemical reaction, existing

yield different molecules. When molecules
form new molecules, the combinations ¢
arranged. The total kinds and number of a
ways remain unchanged. Atoms can be neither
formed nor destroyed in any chemical reaction. This
conservation of matter is a fundamental law govern
ing the universe.

res

Kinetic energy, the energy of motion, is used to
break chemical bonds.

The law of conservation of matter states that otoms
cannot be created or destroyed in chemical reac-
tions.

CHeMICAL EQUATIONS

The conservation of matter always applies
chemical reactions, including the ch
occurring in living systems. The
between what goes into a chemi ction, the reac-
tants, and what is produced by that reaction, the
products. The chemical equation describes the
tionship between the reactants and products. The re-
ctants are shown on the left side ar @ prod
are shown on the right side of the equation. If ¢
ments are the “letters” of chemistry and
are the “words,” then chemical equations are the
“sentences” in the langy ]
equation identifies the reactants and products by
name or chemical formula. It permits « Sts 1o de-
scribe the changes that occur dur
tions

In a balanced chemical equation,
atoms of each element in the reactant molec
equal the number of product molecules o

chemical reac-

number of

= st

ment. For example, the equation for the
sodium chloride (NaCl) in water to form sodium
(Na*) and chloride (C1 ) jons is written:
NaCl aNa®+

The numbers of sodium and chlorine atoms on
both sides of the equation the same. The equation
15 properly balanced. Water is sired for this
Hon to occur. [t is not shown in the equation :
1tis not changed or transforme the process of the

reaction. When a substance acts as a solvent and
not participate directly

e
n the reaction, it is not shown
within the equation. Sometimes, h
the arrow to sl

ver, the sol-

for the reaction to occur

Nt - (]

Chemical equations show the thonges that oceur
during a chemical reaction.

The chemicol equotion shows the balance between
reactonts and products.

nts and prod:

Chemical reactions ore reversible ond chemxol readc
tiona tand toward o stote of equilibrivm.

At oquilibrium, the rates of the forward ond the re-
verse reachions are squol and there is no further nel
change in the concentrafions of recctants and prod-
ucts.
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These & only @ finite amount of energy in the uni-
verse. This energy cannot be created or destroyed
finerey, bowever, can be converted from one form 10
another The various forms of eneriRy include the
dwmical enengy stored maolecular bonds {
o stoend eyl kinetic energy (eneTEY of motion),
ehectrical eneTgy (enerEy produced by movement of
clectrons), and radiant energy (heat or light energy)
froen the sun. During chemical reactions chemical
bonds are broken and new bonds are formed. Energy
hese reactions. In a chemical
rractom there ahways is a net balance between the en-
emgy requured to break chemical bonds, the energy
Jeased by the new bonds that are formed. and the en-
ergy—auch 2s heat energy—that is exchanged with
the surmundings

i transformed durin

Emergy is neither crected nor destroyed in chemical
reachions; however, energy con be converted from
one form ‘e onother.

ad. Some chemical reactions release energy. O
require the gy Energy-requir
mly when extra energy enters ir

ut of &

=xira energy must come from some

other svstem,

Chemicel recctions invelve energy changes.

Most often the energy needed to drive energy-re-
quiring chemical reactions in living systems i sup-
plied by ATP (adenosine triphosphate). ATP is
called an enengy-rich or high-energy compound. It
fe_\nt.;;ne- chemical bonds that can release a relatively
large amount of energy (FIG. 4-9). The release of this

v from the ATP maolecule can be coupled to en-

encry
In this fashion

ergy-Tequinng reactions
" ans drive the energy-requinng

TRV-Te-

actions

leasing res ?
s cell growth, movement and transport. ATF serves

binlogical systems as the en-

almost univ ersally ir
Crgy Source tor L"E!L‘I'_\l'-"ft'\l”]:'.ﬂ‘,:. r\‘l.h". -
Processes requiring energy most likely depend on the
use of ATP. As such, ATP can be termed the ersal
in biological svstems.

ons. Cellular

curre

Y. Of ETETy

ATP has a central role in the flow of energy through
living systems.

Tvpes OF CHEMICAL REACTIONS

Enzymatic Reactions

For a chemical reaction to occur, the reactant mole-
cules must collide with sufficient kinetic energy to
bring -about the reaction. The amount of en
needed is called the activation energy. The activation
energy is the amount of energy needed to start the re-

action. It is not the amount consumed or released by
the breaking and forming of chemical bonds. A
chemical reaction can occur only when the ene
activation is provided to start the reaction. Chemi
often heat chemicals with a Bunsen burner to provide
the energy needed for chemical reactions to occur
But cells operate at nearly constant temperatures
Cells employ other methods to overcome the energy
barrier to starting a chemical reaction presented by
the activation energy

Biological sy
the activation

tems depend on enzymes to lower
srgy of a chemical reaction (FIG. 4
10). Enzymes are proteins that act as biological cat:
ts; some RNA molecules, called ribozymes, can
similarly act as biological catalysts. A catalyst speeds

Bl -

| / ) Activation energy
| oY ___ withoutcatalyst |
i A:_fimri:n energy ‘

with cotalyst

| Reociants

|

|

| Products
FG. 4-10

is needed An input of energy called the activation ene

ol to start a chemical reaction. A catalyst lowers the
activation energy. In biological s -
the: catalysts to lower the ac

10N cneTgy.

Catclysis by Cell-Free Enzymes

Jons Berzelius discovered the principle of catalysis,
Based on the recognition that certain substances have
a catalytic force that enables them to decompose
other compounds and rearrange the decompesed
products without being chemically allered in the
process. The German chemist Eduard Buchner re-
cefved a Nobel Prize in 1907 for his demonstration of
an aloholic fermention without yeast cells He
showed that sugar could be changed into alcohol by
soluble proteins from yeasts. He called the active
proteins “zymase,” from which we derive the term
enzyme. Today many cell free enzymes are used, for
example, in detergents to help remove proteins and
in the production of high-fructose com syrup sweet-
ener for soft drinks
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s chaan

3 1
permits the establishment 0
orientation so that the nu-
of an organism can occur

and substrate molecules
evactly the right spatial
merous chemical reactions
with grester speed

wmmmmmmim“"“"

. » i of their
& o3 ore highly specific, both in I
ey and the reactions they cataly

B R

Onidati Jucti cti are based on rh_e
transfers of electrons between molecules (FIG. 4-12)
Dxidation is the process of removing one or more
electrons from an atom or molecule. Reduction is the
of adding one or more electrons to an atom or
molecule. Oxidation and reduction are coupled be-
cause they involve the simultaneous removal of an
electron from one substance and the addition of that
electron to another: Often in biological systems a pro-

it

ton or hydrogen fon (H) is transferred with the elec-
tron during oxidation-reduction reactions. Oxidation
reactions that involve the removal of an electron and
hydrogen ion are called defydrogenation reactions. Re-
duction reactions that involve the addition of an elec-
tron and hydrogen ion are called Iydrogenation reac-
hons,

AG. l-l:‘ Omidstion-reduction. reactions involve an ex-
change of electrons. The substance that Aoepts an electron
bernmes reduced mlhe substance that donates an elic-

An example of biological oxidati
: . idation-reducti 2
actions is shown in the following equ.ltinn'mmm .
Ftsns + NAD I
L ADr— Kostind + NADH + H*
Sample, molecyle
:ura electrons and g prot
Molecule of nicotinasm)
(NAD-), Molecule X

X serves as the

ot "
ot addind). AL the same timg

source nf
tons that re transferred to
ide adenine dinucleotide

trms are femioved) and NAD“ oxidized Illwu elec-

+ FWO protons
X, One of these is added

D" (sothat the reduced form o s written

NVADH and the other proton (H) s released into

as
the medium.

n is the removal of electrons and reduction
ition of electrons.

ne substance must always be
duction of another.

Oxidatio
is the ad

The oxidation of o
coupled with the re

Oxidation-reduction reactions are important in the
metabolism of cells for energy changes and the for-
mation of new cellular material {.‘.\1L‘]J\tli‘l'l'.l.'t'_'i'illctlun
reactions can release energy that is psed to form ATE
For example, during cellular rcs].ﬁrat_h_\n .llu- oxida-
tion of glucose to form carbon dioxide is co.uplcd
with the reduction of oxygen to form water. This pro-
vides the energy to drive ATP pmductiunl. Living or-
ganisms use the energy released from such
oxidation-reduction reactions for growth, reproduc-
tion, and other life processes—such as movement.

Onxidation-reduction reactions also are used by liv-
ing systems to store energy. Thus, when carbon diox-
ide is reduced to glucose during photosynthesis, en-
ergy is stored within the organic molecules of the or-

ganism. This stored energy can later be released
when organisms oxidize sugars during cellular respi-
ration.

Oxidation-reduction reactions can release energy
and are used to fuel cellular reactions, to store en-
ergy, ond for biosynthesis of the macromolecules of
the call.

Acid-base Reactions

Another important type of chemical reaction is the
acid-base reaction. An acid is a substance that disso-
clates into one or more hydrogen ions (H*) and one
or more negative ions (anions), Thus an acid can also
be defined as a proton (H°) donor. A base, on the
other hand, is a substance that dissociates into one of
more positive ions (cations), Plus one or more anions
l'hal. can accept or combine with protons. Thus
:-nh.l]lum hydroxide (NaOH) is a base because in water
: dll.f\-nxmkw ta release hydroxyl jons (OH ), which

d:l\L: .:1:::::.1;,\‘:_;1::‘:({|U|1 for protons, Bases that pro-

il S are among the most important

ceplors,

Acids increase the conce

skiion: niration of hydrogen ions in

Bases decrea

in solution, " oNcentration of hydrogen ions

The a i
l“mﬁ“;::mh;l of H* in a solution is expressed by 4
o Pt scale that ranges from 0 to 14 (FIG. 4

13). The solution i
15K bawﬁ::‘:'l; solution is the negative logarithm t0
e hydrogen jon concentration.

Concenirafion in moles/liter Examples
[CH] [H] pH
107" 0 r Hydrochloric acid
10" 1 |- Stomach acid
1
107" 2+ lemon juice
107" 3 Vinegar, cola, beer
107" 4 - Tomatoes
107 5| Black coffee
107 & Urine
I | Saliva (6.5)
10 7 - Distilled water
| Blood (7 .4)
10° 8 Sea woter
10° 9 Baking soda
10 10 :' Greot Salt Loke
4 |
10 11 + Household ammeonic
107 12 - Bicarbonate of sodo
10 13 Oven cleaner
107 14~ Sodium hydraxide
(NaOH)
FIG. 413 The pH scale showing pH values of some com-

mon substances

pH = ~log/H"|

The greater the hydrogen ion concentrahon the

lower the pH. Because the pH scale is logarithmic. a
thange of one whole pH unit represents a tenfold
change from the previous concentration of hvdrogen
ons. Thus a solution with a pH 1 has 10 times
more H* jons than one with a pH 2 and 100 times
More H- jons than a solution with a pH 3. Acidic so-
lutions contain more H* jons than OH  ions and

|

INDICATOR  pH RANGE COLOR
Acid Base
Cresol Red Red Yellow
Thymol Blue £ Red Yellow
Bromphenol 348 Yellow Blue
Blue
Methyl 3144 Red Yellow
Orange
Bromoresol 456 Yellow Blue
Green
| Methyl Red 4462 Reed Yellow
| Bromeresol 52408 Yelkow Purple
Purphe
| Bromthymol BO0-T5 Yedlow Bhue
Blue
Phenol Red o480 Yellow Red
Phenol- 58100 Coloriess Ruesd
in
Tht:::?—lt 4106 Colores Blue
hthalein
.-\IE',mn 100-121 Yellow Rud
Yellow

It often is critical 1o determine the pH of 2 solution
Micrarganisms grow anly within certain. PH mnge
Adjusting the pH of a growth medium is sssential s
provide & favorable condition for microbiat growth
Adjusting or maintaining the pH of many foods so s to
ensure unfavorable conditions for microbial growth s
used a5 a food preservation method Closiridiss
botulimum, the bacterium that causes a fatal form of fued
poisoning called botulism, for example, will not s
al low pH (acudic conditions). Acidic foods such as red
tomatoes are unsuitable for fhe growth of this
bacterium. Other foods sach as kow-acid vellow
s provide ble conditi l'uri:m;nba(
C. botulimim when they are preserved hy‘ canning
Therefore higher temperatures are used when canming -
yellow tomatoes 1o profect against botalism
Several methods ane wsed 10 determine pH. The pH
cin be determined electronically using & pH metes The
probe of a pH meter 1 placed into a solution and the
nstrument responds to the hydrogen jon conceniration
by registering the pH. pH meters are sintplo to use and
rapidly provide information on the pH of 4 solution.
Various chemical pH indicatoes ane 2lso used by
determine pH (see Tablei These indicators change colos
at different pH values. A drop of & solution can e
added to the pH indicator and the color reveals the
approcimate pil

Color Reactions of Some pH Indicators
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= Basic or alkaline solutions

Jower than 7. Basic or A

B um. PHON jons than H* jons and a pH h.l\ght.z

m" In water the concentrations of _H ‘\mi

&T a:thi:.ln;m] the pH 7. This pH level is called
neutral

pH desirbes the concentration of hydrogen ions.
Adidic solutions values less than 77 basic
solutions heve p'::::: gr:nr then 7; water is
neutral (pH = 7)-

When an acid reacts with a base, there isa t\gchun
between the hydrogen ions produced by the |'IL.‘l\t and
the hydronyl jons produced by the base. Acid-base
reactions result in the formation of water and a :'-.?Il.
For example, when hydrochloric acid reacts w_llh
sodium hydroxide, the products are sodium chloride
and water.

HCl + NaOH NaCl + HOD
H® + € + Na” = OH ——s Na* + C1- + HO

If the amounts of acid and base are balanced, all
the free hydrogen ions react with all the free hy-
droxy] jons. This is known as a neutralizalion reac-
tion because it results in a neutral solution of the salt.
The hydmgen ion and hydroxyl ion concentrations
are halanced and thus achieve a neutral pH of 7.

As living organisms take up nutrients, carry out
chemical reactions, and excrete wastes, they may
change the balance of acids and bases. This change
may occur both within their cells and in the sur-
nunding solution. When bacteria are grown in labo-
ratory medium, for example; some of the chemicals
produced by their metabolism are acids that can alter
the ]_\H of the medium. Unchecked, the pH of the
medium would become too acidic for the bacteria to
live. To prevent this, microbiologists add PH buffers
to the mim.r\ medium. A buffer limits the change of
PH by reacting with acids or bases to form neutral

- 5

OR

FIG. 4-14 Polymers
units join together in
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<alts. Phosphate buffer containing K;HPO, ang

i\'l-l I-'O is often used to maintain a pH near 7.0 jp
20 15

culture media.

Condensation and Hydrolysis Reactions
Condensation reactions mwl\?' the bonding of twg
molecules into one. Condensation reactions are very
important in forming li_lu large ‘mulu'ullﬂ- of I|\'1_ng
systems. In a condensation reaction, a hydrogen ion
(H*) remaved from one functional group of a I'lh.\ll.’v
cule and a hydroxyl ion (OH") from another combine
to form a molecule of water (H.0). The component
molecules are joined by a covalent bond (FIG. 4-14)
For example, glucose molecules combine into larger
molecules containing multiple glucose subunits
Large molecules formed from the bonding of many
subunit molecules are called polymers. The paoly-
mers produced by condensation reactions may con-
tain millions of individual subunit molecules, called
monomers. These monomers may or may not be
identical. As a rule polymers are less soluble and
maore stable {long-lived) than monomers. Polymers
are important components of many biological struc-
tures (Table 4-1),

The reverse reaction is hydrol A hydrolytic
reaction breaks down polymers into their component
manomers (FIG. 4-15). Covalent bonds between parts
of molecules are broken and H- and OH~ ions from
water become attached to the component subunit
molecules Hydra \ reactions, such as the hy-
drolysis of ATF, are important for the extraction of
enetgy from molecules. They vield the energy
needed to support ‘-‘n‘-'fti_:_\'-rt’qlu.rin;: reactions in cells
Hydrolysis reactions also produce the small mole-
cules that are used by cells for the synthesis of the

large molecules that make up the structures of or-
ganisms

Condensation and
linking and break;
some of the very |

hydrolysis reactions permit the
ng apart of molecules, including
orge molecules of living systems.

are tormed when smaller chemical

& condensation repctic n.

POLYMER MONOMER SUBUNITS
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BIOLOGICAL FUNCTION

Polysaccharides  Monosaccharides

Cellulose Glucose

Starch Glucose

Glycogen Glucose

Chitin N-acetylglucosamine

Peptidoglycan N-acetylglucosamine
and N-acetylmuramic
acid

Nucleic Acids Nucleotides
DNA Deoxyribonuclectides
RNA Ribonucleotides

Proteins L-Amino acids

FIG. 4-15 Large molecules are broken down into smaller
molecules in hydrolysis reactions.

Structural components that support and protect cells; nutrient stora

within cells 8"
Structural component of cell walls of algal and plant cells; protection |
of cell
Storage

of carbon as nutrient source within some algal and plant cells

Storage of carbon as nutrient source within some protozoan and ani-
mal cells
Structural component of cell walls of many

fungal cells; protection of
cell; structural component of skele

tons ar shells of some animals
Structural component of

cell walls of most bacterial cells; protection of
cell

Storage. transmission, and utilization of cellular hereditary informa-
tion

Storage and transmission of here ditary i
tion to the next in living cells and some viruses

from one genera-

Structural component of ribosomes: transfer of genetic information
from DNA for use in directing protein synthesis in living cells:
hereditary informational molecule in some viruses

tructures; enzymes that cat-
port of most chemicals into
ruses

Structural component of almost all cell
alyze cellular chemical reactions: tra
and out of cells; protective coat of

St ok

Enzyme
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MOLECULES OF LIVING SYSTEMS
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Many monosaccharide units can  likewise be
linked to form polysaccharides (FIG. 4-19). Polysac
charides, like starch and glycogen, ane composed of
many wrats of glucose that are link
function as important carbon and er
bacteria, plants, and animals. Other polysaccharides,
sich o6 cellulose, function as structural SUpports as
i the cell walls of algal and plant cells

d together.

Carbohydrotes serve os sources of wnergy for colls

ond moke up key structures, such as the walls that
surround some cells.

Livtors

Like carbobhydrate, lipids are R,
composed of aoms of carbon, by,
wen. Lipids, howover, are mo
and Hydmgen. They have + litthe o
Pared 1o carbobydrates, Therfore lipid
Lar anct hydruphobic, Being by
they o ot readily dissolve in
lipidy :I\‘ imsiiluble in wae ¥ in
Natpolar selyeniy wuch an ether, chilop 1
aohal. Somm Tiplds tunction n ““‘PM”NI:r.rr‘r:;'..ml %
PO of emerzy, Others, amw key comp ok
braties, protictiy ' ;

Anic compounds
drogen, and oy
ly made up of carbon

AU COR-

b are nonpo-
drophobic means that
water. Although mast
% ey dissolve readi]

| trans-
onents of mem.-
A ither struchunes of ¢

Upids are Hydrophobic Nonpolar Molecules
Many fioids haye

A latty aig
HCOO0H) funcy,

W Covts,

fatty acvd oy
moleculy
)

Mponents (F1C;, 4-20),

: Comsists of 4 carboxy)
il group attached ap fhe end of 5

P Y

f numerous monosaccharide

long hydrocarbon chain composed only of carbon
and hydrogen atoms, Thus fatty acids contain a
drophobic hydrocarbon chain, usually 16 to
16 carbon atoms lon

highly
and a carboxyl functional

group that is highly hydrophilic. Being hydrophilic
means that it is attracted to water molecules. This

gives fatty acids interesting chemical properties, such
as the ability of part of the fatty acid molecule to as
sociate with water molecules while the other part 15
pushed away. The carboxyl functional group can dir
nate hydrogen ions in a chemical reaction with the al-
cohol group of another molecule. In this way fatty

3 ]
acids can combine with alcohols such as glycerol 10
torm fals

Fals consist of fatty acids bonded to the 3-carbon
alcohol glycerol (FIG. 4 21). In the fat maolecule the
fatty acid is usually stretched put like a flexible tail. A
fat molecule is formed when

a molecule of ;:l\.‘n‘i.'rl‘l
combines with ane

« two, or three fatty acid molecules
glyceride, diglyceride, or triglye
Iy, The chemical bond formed be
fatty acid and an alcohol group of glyc SO
called an ester linkage. Plants and animals stor
ligrids ay triglycerides, Glycerides are the most abur-
dantlipids and the richest source of energy in the hu*
man body, They are insoluble in water and tend 10
clump into fiyy Blobules,

Complex lipids haye

to form a mono
eride, respective
tween

: additional components such
ﬂ’-- Phosphate, mitrogen, or sulfur, or small HY¥
i mi‘:"h‘ carbon Compounds such as sugars. For o8
ar ¢t the cell w. g

ple, the cell wall of Mycobacterium tuberculosis, the
bacterium hay

ST 3 o
Hauses tuberculosis, is distinguisht
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FIG. 4-20 A fatty acid is an organic acid. The
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CHMAPTER 4
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RG. 423 A stervid is a nonpolar lipid with four rings
Chelesterol is an example of a steroid

able to flow through the hydrophobic fatty acid por-
tion of the bilayer. Phospholipids, thus, enable the
plasma membrane to restrict the flow of materials
o and out of the cell.

Phospholipids, which | Ppcrophilic and hy-
drophobic portions, form an integrol part of the
plasma membrane,

Steroids are also lipids but they are structurally
very different from the lipids described previpusly
Cholesterol s a steroid compound that contains a
—OH group, making it a sterol (FIG. 4-23). Choles-
terol is an important component of the plasma mem-
brane of eukaryotic animal cells, Other eukaryotic
olls such as fungal cells contain different sterols in
their plasma membranes, Cholesterol and other
sterols wedge between phospholipids in the
metnbrane, maintaining membrane
teol and other sterols

Plasma membrane of

Protenes
Proteins

plasma
fluidity. Choles-
generally are absent from the
a prokaryotic cell

ane large molecules made up
of amino acid subunits, Amino aci
R E 3 acids are
tlt:..“hnidxx blocks of Proteins. An aming acid o -
- :“md 5t one. r.artm\gfl I=COOH) Functional
group 3 O amino (—NH,) Tunctional group at-
tached to the v, <carbon atom, This carbg

of hundreds or

" atom is
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The structural formulas o
acids, Eac

20 common amind

h is an L-a-amino acid The structures differ M
this other constituents

called the alpha

J - ¢ 20
- carbon (a-carbon). There are only 2
amino acids n,

aturally found in proteins (FIG. 4-24)
Amino acids exist in mirror
mers. They
4-25). The

Images called stereoiso®
are designated as either | o p forms (FIG

AMIno acids found in proteins are alway$

i
0 the alpha-carbon ¥

L-amino acids, Aley attached
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sideor R group. These R groups are the aming .hih.l ‘:-
\EI-Hu-,:uh-hnu' factars. The R group can be a hydn

Ben .\l‘um. an ;ml- ched or branched carbon ¢ s
or cyclic ring structure. It can .|!~a.nmm..1;n m‘“:h”\‘\
groups—such as the _.“||-|,.\.‘h-\| (—SH), hwdroxyl
\

3y FrOUpS.
OH), or additional carboxyl or amino grouy

vhen the C
viewer, The
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single-ring structures. They are called

A ller,
ms,memthnhw il
in midines. , Sl % Ty s ; Other N "
of lh‘; e [Et::":'iﬁshl:!It;rn, ”R single strand of a nucleic acid consists of ny- ”uflﬁf‘m:"‘bfh‘jl";“h contain one of four nucleic acid Tt u‘lo.nhd“

the Joss of proper function of the Pt 7 © cleotide units strung into long chains, A phosphate bases: adenine (A), guanine (G), cytosine (C), and "¢ nucleotide adenosine triphosphat
tein is an enzyme, denaturabion results in the Il;ss o Sridge connects their sugars. Bases stick out to th thymine (T). The ordering of the nucleotides 5 tn principal energy-carrying molec F]' a ?Mf;rPl is the
antalytic capacity. The critical three-dimensional con- TiCRe 1‘ A7 1‘. ks th Jeotides 5 mines the hereditary information contai s e stores the chemical energy ecule of all cells. It

¥ - T without side. Tht-typeofbnm that links the nucleotides in 5 ; AT B A ntained in DNA. e ! nergy released by some chemic
Wﬂ: o F:m"u" ﬁl} :Onddlsr:ﬁ{hefﬁﬂ\"'l’t?‘ nucleic acid is called a phosphodiester bond (FIG. 4- :Iuc:f,lt:::: -:l:Ld = [d- _:JK.t.'lhr_-r by phosphodiester :.::I']a:-:;"r‘l' e '.ﬂ“'“ provides the energy for rn(.':;?!‘-r:!
nde d‘l&!— > l; I'lr.lg]'l tures lv;;icallv 30). The backbone of the nucleic acid molecule is al- h:?l:t;n 5 UF DN :Ux]-?}:' ose, the sugar found in the nine ;;:Emm’:i""h"" needed. ATP cansists of ade-
! . . . : i - £ i) o 1 ; - . -
above 80" C, t'armhm chemical agents can disrupt ways the same. I! cunsfst:- of alternating sugar and Beld togethies by h\'(lr:_.rrlx arli two strands of DNA e higj\-:-: ; !!jrut phosphate groups. ATP is
the hydrogen bonds, sulfhydryl bonds, and hydro- phosphate units. The nitrogenous bases attached to R llata dl-luhl:;nl'wnd“ to form a coiled faree amaiit “E‘ rh_\hlmi lecule because it releases a
bobic tions on which secondary, tertiary, and the sugar portion of the nucleotides vary in the chain, e een acloniing e |'|)=drn3en bonds can phosphate gre “:_}‘1 ¢ energy upon hydrolysis of a
structures are based. This is one reason Hence, when chemists refer to a specific sequence of PR 'Uminr:‘{('; 1\‘[:'5 f:l\.! fnd th_\r‘mme (T) or be- e (ADE] ‘:J'_’r‘l‘ h\;jpn_kiuct is adenosine diphos-
that high temperatures can be used to Lill microor-  nucleotides in a nucleic acid, they really are describ- EH =) and cytosine (C). SEp R th: Ft:‘ uction and utilization of ATP
H » e ; . Hho oo s P = al to the bicenergetics of y

High salt_ar high H* concentrations can ing the sequence of nitrogenous bases. I']ut sequence The four nucleic acid bases in DNA are adeni metabolic pathways of n:h!::‘of‘ of l?‘l(‘.‘ _cc]i All of the
also denature proteins. They alter the weak bond in- of bases in a DNA or RNA molecule carries the ge- guanine, cytosine, and thymine. A in producing or consuming Mfﬁ""“‘"“ are involved
Nucleotides also serve as coenzymes. A coenzyme

netic information necessary to produce the proteins

teractions that maintain the structure of the protein

molecule, required by the organism. i
5 4 T8 RNA :;-1 temporary carrier of substances such as electrons
Proteins lose their functional capabilities when they Ribonucleic acid (RNA) differs f; e uring metabolism, coenzymes transport hydrogen
i p— - i e eic acic rom DNA in several SR T 26 port hydrogen
three-dimensionol ration disrupts critical Nucleic acids are polymers composed of nucleotide respects, The five-carbon sugar in the RNA nu | _d T e . e ORI
ages, held tog by phosphod link- cleotide is ribose. Ribose has one more oxygen atom :I-‘\Uit;} SIPNAEN o o eshiei e

" 2o ; 3 . /3 are tw G - i -
Nucec Aaps than does the deoxyribose in DNA. One of RNA's  gain VS ARo0i e ansyees, Ceat e
!:m:.es is uracil (U) instead of thymine. Whereas DNA f - LL_'“‘“'L and hydrogen during some chemical
S bt aeiils e polymes cmnposed of monocweric. DA is normally. double stranded, RNA is usually single ]:“)“‘“—‘\“"d donate them during other chemical re-
nucleotides. Each nucleotide has three different Al cells contain hereditary materi stranded. : actionss Mucl of the metabolisn of microtganibms
part: & nitrogen-containing base, a pentose, and a byl 7 ereditary material called genes. involves chemical reactions requiring ATP and/or
* 5€, £ a ene is a segment of a deoxyribonuclei i coenzyvmes. This acc = S 2
phosphate group (FIG. 4-29). These three parts of the (DNA) molecule. Genes determ . 2 all ol _aud The four nucleic acid bases in RNA are adenine, nucleotid " rh;- -dLLULmL\ o B Tnpoiiorol e
ine all hereditary G e il hael = ade y Py qu t, e molecules in the chemical reactions of liv-
g systems.

ide are ok 2 ;
nucleotide ) spmhhgt;?::;l::‘:i:gnd:;nﬁel nitro- traits. They _mnlrnl all the potential activities that
gem-containin base 8 e, cyto- take place within living cells. When a cell divides, its

" ine, or uracil. Adenine and guani . pot
double-ring structures, Collectively lhcy?m: n’,fﬂa:{ he“fd“"“'}' l_'\furmntlnn is passed on to the next gen-
to as purines. Thymine, uracil, and cytosine i eration. This transfer of information is possible be-

Y are cause of DNA's unique structure. DNA contains four SUM
T MARY
Organizati
rganization of Matter (pp. 92-98) # There are three principal types of chemical bonds:
ionic, covalent, and hydrog onds

Chemical Elements (p-92)
: 3: I‘-‘EE‘_m'.-‘Ill is the fundamental unit of a chemical.
emists use letter abbreviations (symbols) for the
_ chemical elements (H, C, O, N, and sor forth)
Structure of Atoms (pp. 92-94)
* All matter is made of atoms that are composed of a
central nucleus, containing protons and neutrons,
: _';_ft‘d electrons moving around the nucleus.
e atoms of each element have a unique number of

s When atoms form ions by gatning or losing electrons,

thev can interact to form ionic bonds based on charge
interactions

s Covalent bonds are strong bonds formed when two
atoms share electrons.

o If atoms share electrons equally they form a nonpolar
covalent bond s

 If atoms share electrons unequally they form a polar

¥ atoms has a rela-

covalent bond in v

protons,
. »
The number of protons is the atomic number of an <) tive negative charge and the other atom has a relative
ement positive charge
s o
The sum of protons and neutrons is the atomic weight ¢ A hydrogen bond is the attraction between charged
atoms of different molecules or distant parts of a large

of an element,
molecule that result from polar covalent bands
ferent arrange-

&

429 The

f

9
g hﬂ!mmmmh of a nucleotide—ipe

* Eloc
Electrons are arranged in electron shells of differing
:>nl‘r}:\ levels

® Fal ;
“ach shell can contain a fixed maximum psmber e
electrons

L]
:\: atom {8 most stable, and therefore least neactive,
when its outermost shell is cither completely full or
completely empty;

Molecules and Chemical Bonds (pp. H4-98)

« Isomers are molecules that contain diff
ments of the same tvpes and numbers of atoms,
which gives the molecules different properties.

+ Functional groups are specific combinations of atoms
that act the same no matter to which molecules they
are attached. They determine the characteristics solu-
bilities, and reactivity of the moleciles

Systems. The carpan macro
atoms molecules
Gueritial numi Poritamg of the Augar ane am;:‘:-:tnﬂ linked by y. e :
- and pol 5 Dy phosphate diester Moms combine to form molecules, which ane fixed Chemical Reactions (ppos105)
ymetic units (A, adening T combinations of elements in which atoms are held to- hemical Reactions {pp.55-153
Y s- « In chemical reactions, molecules combine, break up.

form long chains in DN

?"le by chemical bonds formed when atoms fraf
e or share electrons,

ar transfer atoms or electrons
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« Ax & sessilt o chemical reactions, new molecules ane and for l'unni.r_\g the subunit molecules that are useq
s s . can be relsedd from the bonds of for biosynthesis. CHAPTER REVIEW
smolecules 1 support the energy-nequiring activIBES e cules of Living Systems (pp. 106-115) ReVIEW QUESTIONS
dhw_sy*_u:: ==Y Water (pp. |u¢'~-|urr_
"h’. ""I_ _;‘q‘" mEm: symbolic representations of # The properties of water allow it to act as a solvent fyr 1. Describe the four levels of protein structure 3
sehat changes take place in a chemical reaction polar molecules and to modulate temperature; these 2. Describe the chemical composition of carbohydrat Describe how the chemical nature of wat ;
Ealibenies (p. ) properties are critical for supporting life processes lipids, proteins, and nucleic acids il properties relative to living system t'. h s oo
.9 i : (e 107108 i = 2 stems. Why & t
« Chemical teactions ane reversible and tend to move Carbohydrates (pp- 107-108) 3. Why are most enzymes active only over a particul sential for life? What properties of water o % : e
foward a state of equilibrium » Carbohydrates include sugars, and large polysaccha- range of temperatures? Why are most L‘:V‘_HL J L,|“ o functions in - er contnbute to
i jons {p. 100 rides, such as starch and cellulose. Bk e above 100" C3 of ac- 8
Energy and Chemical Reactions (p ; : ' F 100° €
» Sugars (monosaccharides and disaccharides) are used 4. What are the most common elements in livi
ng sys-

# Chemical reactions involve energy changes.
Types of Chemical Reactiors (pp 100-105)

+ Encymes are proteins that act a5 catalysts.

= An enzvme lowers the activation energy, that is, the

tems? What are their chemical sym|
Compare and contrast covalent, ic
bonding.

for storage of energy and for the construction of other

u

. and hyd

molecules,
WhET

» Starch and glycogen are polysaccharides that serve

¢ meedied 1o start & reaction. By Jowering the ac- for long-term energy storage in eukaryotic cells. 6. What are the differences between atoms, jon {
tvation energies of chemical reactions, enzymes per- * Cellulose and related polysaccharides form the cell topes? PR
mit chemcal reactions to oocur rapidly at tempera- walls of bacteria, fungi, and other organisms.
nue; where living systems can maintain their struc- Lipids (pp. 108-110) .
g m;ﬁl\n‘m: ﬁ?::l:;:;ms AN . I.lipids .Im‘ \\'alorvin_-:uklubl;- molecules of diverse CRITICAL THINKING QUESTIONS
p-di- chemical structure, and include oils, fz 1 i f
mensional shape. which allows it to bind with a sub- lipids, and steroids Sy PR Poshe 1. Describe the different roles that are ployed by covo- which fik t form #
strate and catalyze a chemical reaction g A i lent and noncovalent bonds in biological e% like carbon can farm jour covalent bands wih
: ’ chom. * Lipids are used for energy storage and as the pri i iongical. sysems. offy

L tion is the loss of electrons; naduction is the gain | or eriergy starage ancl ag the princt Why do living cells require molecules with both o

ml-'!_udat s the g g p: n‘mpr-nlun}t oFcell membranes (phospholipids) S i el il covo- 3. In oxidofionreduction reachions some substance be-
1 . . roteins (p; 10- L M 3 .

* Oridation-neduction neactions are always coupled, so . Lp:l[,.lt.‘“llﬂ.‘, .lh l-HI X 2. All living cells are based on organic molecules that m;nes =L o rer becomes reduced. ff one
that as one atom or molecule is oxidized another pe \lld‘- 1‘ e cona s i acls ke Woin ey confain carbon afoms. Why is this 502 Why couldn’t fsu fovied mu# < che® R packesc, il
R e peptide n_lmb s iy # Why.cou irst substance is colled o reducing ogent, Will o r=

Sibune of the themic * The function of each protei : ’ can establish only @ single covlent duci 1 be oxi aekiced 3 .
sy chemical reactions m cells are acid-base Ju of ami w2 1pn ASEER deenuinad by the e bond with another atom, form the basis for arganic Wh:'gd:w th SkpoTas in e prced
Peactions s quence of amino acids in the chain . ik . [ 1 do you think an oxidizi doas

= g 3 ules? Could life h ! 4 o+ RS : zing ogent # Will an
. ﬁmk hpdropen o buses sccept hydrogen . i::\ t‘hTt:-“.-'J!ﬂ:‘!.‘r\:-mn.il shapes ‘of proteins, deter ite hove evolved based on silicon, oxidizing agent be oxidizad or reduced?
* The concentrati mir;:- ? their primary structure (covalent bonds)
Iy ;"';;"1 of hydrogen jons in a solution is :t\\:\ “-‘an‘:.k‘ht.‘! order interactions (weak hydrogen
= m“m““ﬁd P s and hydrophobic interactions), are especially ReADINGS
pH of a solution = - [H-] important in establishing
* Cond wiH) 4 stablishing the specificity of roles
=Hion reactions in which small molecules played by enzymes. =
mw_ 10 form large 2 3 s * When the R ¥
fo he Biosym ‘:ﬂ'x;hr:to]\w];-, are very important dsnrl; ! .la tilu'_n Lilﬂlk. nsional structure of a protein is
Sructimes of coll e molecules that make up the ; Pied, it cannot function,
cells, pihe Nucleic Acids (pp. 114115,
 Mest seal mod * Nucl PP- 114-115)
o=t large baological mo — ucheic ac i
finking many smaller ruht::.h:rf synthesized by . F_‘n-er:Lu T:’::ﬂ chains of mucleotides.
e e e olecules; chains of e .\ eotide is compased of a phn»‘pln\h-uruup.a
Condersation reactions covalent bonds through . 'L'u.r 8roup, and a nitrogen-containing base
AT 2 W0 types: of rackeie s s o :
ydeolysis rmactions that v ; ; nucleic acids are deoxyribonucleic
Smualler molecules beeak down molecules into acid (DNA) and ribonucleic acid |R.k\t-\1. R

are imy _ » Other rg
Poriant for releasing energy ther nucleotides include enen

(AT Fv carrie Tocules
(ATT) and coenzy mes. B e
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Preview 10 CHAPTER 5

In this chapter we will:

« Examine the structures of the cell and see how the
chemical composition of each structure relates to the life

it carries out.

L] the relationships between form and function
and see that even minor, seemingly trivial, differences in
chemical structure can have a profound influence on the
ability of a cell to survive.

+ Compare prokaryotic and eukaryotic cells and examine
how each meets the essential requirements for
sustaining life.

) m practical implications of the structural

between eukaryotic and prokaryotic cells,
such as why certain antibiotics can be used to kill the
w causing infections without also killing human

* Leamn the following key terms and names:
bacterial ch i

o e
0SMOSis
chemiosmosis outer md:lf{‘?ur:m
ive diffusion
chloroplasts x;s“dos]_‘.m
chromosomes periplasmic sgm:e
SE peritrichous flagella
diftucon esiadee
endoplasmic reticulum phagolysosome
mdoq:o:m p T
s "“‘nm‘n!' glasma d;nembrane
mﬁﬁ!ﬂ diffusion polar flagella
x Protonmtive force
protonmotive
apparatus %
Gum-m”u muuwhumi.] Eibe;?m
ba slime layer
wall | ol spheroplast
p translocation E 7
ysaccharide (1Ps) Y hkl ""d':e
vegetative cells

CELLS

All living organisms are composed of cells, which are
the fundamental units of all living systems. A cel] is
a self-contained system capable of independently
carrying out metabolism. Cells also are the units of
Teprnductil!n for living organisms. They house the
hereditary information that is passed from one gen-
eration to the next. Cells come only from pre-existing
cells.

All cells have certain common functional and

structural pr.npu_-rlil-:-::

1. Each cell has a plasma membrane that sur-
rounds it. The plasma membrane forms a
boundary layer between the living cell and its
surroundings. The plasma membrane regulates
the passage of materials into and out of the cell.

. Each cell contains a fluid substance, called the
cytoplasm. Chemical reactions take place in the
cytoplasm. These reactions transform the en-
ergy and material needed for cell growth and
reproduction. The cytoplasm consists of a solu-
tion, called the cytosol, and various particulate
structures.

. Each cell contains a copy of the hereditary in-
formation stored in molecules of DNA. The ge-
netic molecules of DNA direct the activities of
the cell and pass hereditary information to new
cells formed as a result of cellular reproduction.

o

(7]

4. Each cell has thousands of small particles
called ribosomes, where proteins are made, l'hn
dt‘l%.!.il transfer of genetic information from
DNA involves the formation of another infor-
mational molecule, RNA, Several different
types of RNA are involved in the transfer
process: messenger RNA (mRNA), transfer
RNA (tRNA), and ribosomal RNA (fRNA).
Messenger RNA carries the genetic information
to the ribosomes where that information is used
to direct the synthesis of proteins. There are
structural proteins, regulatory proteins, and en-
Zymatic proteins. an_vmc‘s are proteins that are
the action molecules catalyzing the metabolic
functions of the cell
Each cell utilizes energy from ATP, the “univer-
sal energy currency” of living cells. Cells carry
out metabolism through which they genemté
ATP and cell constituents for growth and repro-
duction

o

Every living cell is surrounded by o plasma mem-
brone, contains @ fluid called cytoplasm that has o
solution portion called cytosol, contains hereditary
information in les of DNA, pr genetic
information, employs RNA intermediates to form
proteins at ribosomes, and uses ATP as the cellular
form of energy.

PLASMA MEMBRANE: MOV
AND OUT OF CELLS

The plasma membrane that surrounds the cell acts as
a semipermeable barrier, regulating the flow of mate-
rials into and out of the cell. Its ability selectively to
control which materials enter and which leave the
cell is essential, since exchanges with the external
surroundings must be selective and restricted to
maintain life functions, Cells grow and reproduce by
acquiring energy and materials from their surround-
ings and they also must discharge wastes into those
same surroundings. The plasma membrane regulates
the flow of materials into and out of the cell. It also
allows the maintenance of the highly organized dy-
namic state that is characteristic of living systems.
The pl brane reg 1

als into and out of the cell.

the flow of materi-

The plasma membrane, which is almost always &
l_ipill bilayer with various proteins distributed \_\'lthl”
it, has a limited capacity to handle the essentia
L'_h““};es of materials with the cell’s .\urn\un.dln_\:.\'.

is is because of the plasma membrane’s Iumteld_
Surface area and, hence, limited passageway®
through wwhich materials may pass. Most cells are

al ex-

EMENT OF MATERIALS INTO

very small—less than 100 wm in diameter. The size of
a cell is limited by the relationship between the cell’s
surface area and its volume. If a cell grows too large
in volume, the surface area of the plasma membrane
becomes small compared to the volume This is be-
cause volume of a sphere increases much more
rapidly than surface area as the diameter increases. If
the diameter increases by a factor of 10, _rhe volume
increases by a factor of 1,000, but the surface area in-
creases only by a factor of 100.

This does not provide sufficient surface area for
substances to move across. Then rates of exchange
between a cell and its surroundings are not fast
enough to meet the needs of the cell. On the other
hand, cells must be large enough to house their ge-
netic information and proteins that are rEqulm:_l m:‘-
metabolism and reproduction. The smallest celi:-. are
about 0.1 pm in diameter Ruce‘r_lll\'. anew hlctmur:t
has been discovered that is 0.5 mm.l_.wﬂ pm) 1nrn1}:
However, most bacterial cells have diameters of (0.2
to 2 pm

Enclosed within the
plasm. Cytoplasm is a semi

plasma membrane is the cyto-
fluid substance contain-
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i jous embed | structures and solutions
e e the cytoplasm is

: on o
of chemicals: The fluid partion © us dissolved sub-

called the cytosol. It contains vasious dis Ve
stances such as amind acids and sugars. The concen

i chemicals within the cytosol are very dif-
m those ofl:}n‘ outside environment. The r_v;
tosol receives row materials from the exlorln.:
environment that pass through the plasma mem-
brane. Enzymatic reactions within the cytosol then
degrade them to yield usable energy and new sub-
stances that are used for the synthesis of new cellular
materiats 1f the plasma membrane breaks, the cy-
tosol leaks out and the cell dies.

depend i ity of the plasme mem-
th and LL’::;’I‘;‘&TZI a um"::rmecblp
barrier, regulating the flow of materials inte and
out of the cell.

STRUCTURE OF THE PLASMA MEMBRANE

The plasma membranes of most prokaryotic and eu-
Kkaryotic cells are composed of phospholipid and pro-
tein. The chemical nature of a phospholipid explains
how it contributes to the ability of the plasma mem-
brane to regulate the flow of matenials into and out of
the cell. A phospholipid molecule has two parts. It
has a phosphate portion, which is hydrophilic and at-
tracted to water. It also has a fatty acid {lipid) portion,
which is hydrophobic and repelled by water. When
phosphelipids are sur ded by water, hydropho-
bic interactions cause their fatty acid tails to move
away from water and to cluster. When a thin cross
section of a cell is viewed with a transmission elec-
tton microscope, the plasma membrane appears like
& railroad track completely encircling the cell (FIG

PG, 51 A, The o
4 lipid bilayer, 2 3!‘!.‘:\;‘[

POTons (phosphate

brane. B, Colorized elertron
Becilhan subeify, neveals the ¢

S pl;a;na membra
aled here, showing

tnd hydrophobse (hlack) ends u:;-h:_;;;ltn;"
repholic portions (formed fae 1" AT
MCTOgrap,
haractersyic

e Structure of

dark rail-like portions ¢ f the n.ltim[\r.m.- oore
respond to the electron-dense h_\-\lruphll:\ ;_‘hlh\r»plmtr

srtions. The clear space between the “rails " corre-
to the lipid portions of the phospholipid mol-

5-1). The

sponds

ecules.
The basic structure of the plasma membranes of

eubacterial and eukaryotic cells is a lipid _L‘”ﬂ\""’ In
this structure, the hydrophobic fatty acids of the
phn:phulipid are sandwiched in the middle of the bi-
laver. The hydrophilic phosphate portions of one
laver of Ph‘)sph:!’iplld molecules interact with the
water outside the cell and those of the other layer in-
teract with the cytosol within the cell. The individual
phospholipid molecules within the bilipid layer
move about. They » sideways, spin in place, and
flex their fatty acid tails. These movements prevent
the lipids from packing tightly Iuguthur. They also
impart fluidity to the membrane. This is important
because it allows some molecules to pass through the
plasma membrane without destroying its integrity,

The plasma membranes of most cells contain phos-
phelipids that contribute to their ability to act as a
semipermeable barrier.

Whether or not molecules pass through the
plasma membrane is determined by their size and
polarity. Nonpolar molecules, which dissolve easily
in lipids, pass through the phospholipid portion of
the plasma membrane more readily than do polar
substances, which do not dissolve in lipids. Rela-
tively small uncharged molecules, such as oxygen
(Oy), nitrogen (N,), and hydrogen (H.,), usually pass
through the plasma membrane easily. lons and other
charged molecules pass through the membrane only

rubacteria) a
entations of the }

nd eukaryotic

t the bacterium
lipid bilayer

PLASMA MEMBRANE:

5L MOVEMENT OF MATERIALS INTO AND OUT OF CELLS 123

very slowly. Their electrostatic charges prevent them
from interacting with the lipids in the middle of the
pilaver. Large molecules  with  high  moleculay
weights, such as proteins, cannot pass thr wgh the
phn'-['i“'“i“‘l portion of the plasma membrane
However, proteins that compose part of the
plasma membrane provide passageways throug
which polar and relatively large molecules can i
Proteins are distributed in a patchiike or mosaic pat
tern in the plasma membrane, Some of the proteins
span the bilayer and others are partially embedded in
it. The Fx,‘irli\lll_\ embedded proteins are ex posed only
to the internal cytosol or the external surrounding en

vironment. Since some of these proteins move in the
plane of the membrane, scientists hayve proposed the
fluid mosaic model for the plasma membrane. This
model explains most of the functional and structural
aspects of the plasma membrane (FIG. 5-2). The pro-
teins that span the membrane create channels that
connect the outside of the cell with the inside. The
passage of some, but not all, materials across the
plasma membrane is thus allowed

Proteins form channels and serve os carriers 1o
move materials across the plasma membrone.

Several antimicrobial agents work because they
disrupt the structure of the plasma membrane, caus-
ing the death of the cell. These include the polymyxin
antibiotics that destroy the phospholipid bilayer of
the plasma membrane. Leakage of intracellular con-
tents then occurs, followed by cell death. Various al-
cohals also destroy plasma membranes and are com-
manly used to kill microorganisms, stich a
cohol is applied before puncturing the skin with a
hypodermic syringe

hen al

s ane assoctated with one
Proteins) and do not completely

Comparison oF Anc

ACTERIAL AND
CTERIAL PLasma MemBrAnES

The plasma membranes of ar haebac

al cells have
lly different

il
a lipid composition that is fundam

from all other organisms (FIG, 5-3) The chemical
composition of the archasbacterial plasma  mem.
brane indicates that the olved

separate King.
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Couparison OF EUBACTERIAL AND EUKARYOTIC

PLasMA MEMBRANES

Fukarvoli have sterols in the
l‘nhn“\::c?-iﬁ generally do not. Sterols _mnl\c mru
ekaryotic membrane stronger. They permit eukary-
otes to survive without cell walls in environments
where Bacteria cannot survive unless they have other
protective structures, such as a bacterial cell wall
Oinly a few bacteria, such as Muycoplasma. h-‘l.\'g' sterols
in their plasma membranes. These bacteria are re-
stricted to cerfain environments. Sterols are an inte-
ggral part of the eukaryotic plasma murfnhmmm' of dis-
ease-causing  eukaryotic microorganisms such as
pathogenic fungi. They are often the targets of an-
timicrobial drugs. Amphotericin B, for e ple, is
used to treat some fungal infections. It reacts with the
specific sterols in fungal plasma membranes, such as

ssterol, disrupting membrane function and caus-
ing death of the infecting fungi. Amphotericin B has
a lesser affinity for the sterols in human cells, such as
cholesterol, which is why it can be used therapeuti-
cally in individuals with fungal infections.

ir membranes

The plasma membranes of eukaryotic cells
contain sterols, whereas those of most prokaryotic
cells do not,

TransPORT ACROSS THE PLASMA MEMBRANE

The structure of the plasma membrane permits the
selective movement of substances into and out of liv-
tnlg. cells by several different mechanisms (Table 5-1).
Different cells have different mechanisms for trans-

ces into and out of the cell,
pabilities of a cell determing
rowth and reproduc-

porting specific substan
The specific transport €
what substances it can use for g

tion.

Diffusion

The concentrations of many substances differ inside
and outside a cell so that there is a concentration gra-
dient, that is, a region of high relative concentration
on one side of the membrane and a region of low rel-
ative concentration on the other side. Unless pre-
vented from doing so, substances will move from re-
gions where they are in relatively high concentration
to regions where they are in relatively low concentra-
tion, This process of moving from high to low con-
centration is called diffusion. To understand how
diffusion works, let us consider a simple example. If
a drop of red dye is added to a pool of water, it ini-
tially can be seen as a red spot where the dye is in
high concentration. Soon, however, the dye begins to
disperse, spreading out by diffusion from the initial
region of high concentration, forming a concentra-
tion gradient from the region of highest to the region
of lowest concentration of the dye. The diffusion of
the dye continues until the dye is equally distributed
throughout the water. If unrestricted, all chemicals
will naturally move toward a state of equal concen-
tration,

Diffusion s the movement of molecules down a
concentration gradient, moving from a region of
relatively high concentration to a region of
relatively low concentration,

TABLE 5.1

Comparison of Transport Mechanisms Across the

TRANSPOKT PROCESS _ DESCRIFTION

Plasma Membrane
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. to the concentration di
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Rate of solute flux
across membrane

SO|U1E concentration —

FIG. 5-4 Diffusion across a membrane occurs 3

brane and when there is a favorable cono
sents the downhill flow of a substance alo

Some substances move across the plasma mem-
brane and enter or exit the cell by a process called
passive diffusion, so named because it does not re-
quire an input of energy or the use of special carriers
m the membrane (FIG. 5-4). Substances will tend to
move by passive diffusion from a region of higher
concentration to one of lower concentration at a rate
that is determined by the concentration gradient The
Breater the concentration difference across the plas-
ma membrane, the more rapid the rate of diffusion
Many small molecule: (including water) can enter
and leave cells by passive diffusion. These substances
re able to diffuse into and out of cells because there
S aconcentration gradient across the membrane. The
Plasma membrane does not prevent their movement

h!.‘ structure of the plasma membrane, however, re
'f‘l"(l_‘- movement of large and charged molecules, in-
Suding ions such as H* and Na*.

“:p rate of passive diffusion into ond out of o cell
sty nds on the relative concentrations of o sub-
Nt on opposing sides of the membrane.

.n::]:v‘u::;mv cases, substances move more r.np\dl\‘
by |.l . el explained
p[“.ﬂ]; ::\;Ih-'-nlm.tmn ;;r.n_iim“ ‘_‘]‘,".. l?‘b‘:_.‘t‘lh;ll‘._.:hz
fite of " ed facilitated diffusion that increases & 5

Passage across the membrane. Like passive
, facilitated diffusion involves the move

asma membrane than can be

1Iiflu_u;'n,”

ment of chemicals dow

Faster movement occurs be
span the pl
the permes
stances. Such prote

asma

for specific
i permeases. P
ases act as carriers,
move throu

specific and v

the plasma memb
modified by a permease a ¢
brane. The p se simply picks up the s

I'he

the other side

membrane

Focilitated diffusion involves permeases that carry
substances across the plasma membrone and
thareby increase the rote of diffusion when concen-
tration grodieats cre small.

Osmosis
While water can move across the plasma membrane
wvement

through channels without restriction, the 1
of many substances dissolved in water is restricted.
Substances dissolved in water are called solutes
When a solute cannot move across the plasma mem-
brang in re
will mov
the presenc

sonse o a concentration :_,r \-.'J]\'I'“ water
s the membrane. This occurs because
¢ of solute changes the concentration of
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CELL SURFACE

The plasma membrane defines the outer Timit of Lh.l»
cell. Many culls have external |.'r.']|ll1..ll' :-Inn.'iur\r-\ t ‘1
are critical to their survival Some of these structures,
such as the hacterial cell wall, protect the pJ._umn
membrane from physical disruption. Others; H“Eh as
flagella, move the cell in search of food or to escape

hestile environments.

Cell War

Becanse the plasma membrane is a selective barrier
that maintains cell viability, it is necessary to protect
this structure. Prokaryotic plasma membranes are
relatively fluid. Bacterial cells tend to expand under
the foree of ssmotic pressure until they burst. The
plasma membrane must be protected by an external
structure against excessive expansion. The cell wall
provides such protection (FIG, 5-8). Only bacterial
cells growing in regions of high external solute con-
centration, such as in the fluids that cccur in the hu-
man lungs or the high sugar concentrations of some
Jnhlralnrl\' solutions, can survive with a defective or
missing cell wall

Protection of the bacterial cell against osmotic shock
is the main function of the bacterial call wall,

The cell wall also establishes the shape of a bacte-
ral cell. Bacteria occur as spheres called coced, cylin-
ders called rods or hacilli, and helical shapes called
spirilla, as well as ather diverse forms (see FIG. [-4).
The morphology (shape) of a bacterial cell is an impor-
tant characteristic used in its identification. Each b
terial genus has a characteristic shape. For e
Staphylococcus, Streptococeus, and Neisse
ooccl, whereas Escherichin, Entero}

AC
xample,
are all
» Bacillus, and

RG. 58 Colorized o

3 {1
This cell wall {pgry fctran m

el complitel

lcrograph of fhe
1y surrounds and

Clastridium are all rods, and Rhiedospirillum and Spir
illum are all helical cells (spirilla)

The shape of a bacterial cell .\Hi.urlu its ability 1o
survive and grow n different environments. Cocg
are round and can usually survive more severe dry-
ing than can rod- or spiral-shaped bacterial cells
Hence, many of the bacteria living on the surface of
humnan skin are cocci. For example, staphylococei can
withstand the dry conditions that often exist on the
skin, Rod-shaped bacteria, on the other hand, have
more surface -‘xpu:-ml per unit volume than coeci
Therefore they can take up nutrients from dilute so-
lutions more readily than cocci. Most bacteria that
live in lakes, rivers, and oceans are rod shaped.

The bacterial cell wall protects the cell ogainst
osmotic shock and gives the cell its shape.

The cell walls of most eubacteria consist in large
part of peptidoglycan. Peptidoglycan is a polymer
that is part peptide and part carbohydrate. Its chem-
ical structure gives it the physical strength to with-
stand osmotic pressure and prevent lysis. Peptido-
glycan is a biochemically unique substance that
is found only in eubacterial cell walls, Many archae
bacterial and eukaryotic cells also have cell walls
However, the chemical composition of their walls
is different. They do not contain peptidoglycan
Archacbacterial cells have a substance called
pseudopeptidoglycan, plant cells have cell walls
nt\;u!\- ellulose, and many fungal cell walls contain
chitin.

Chemical Composition of the Bacterial Cell Wall

The peptidoglycan polymer of the eubacterial cell
wall has a peptide portion and a glycan, or sugas

cell wall of the

Proticts the bacterium Bacillus subtitis,

Plasma membrane ( fan),

portion (FIG. 5-9). The peptide portion is composed
of amino acids connected by peptide linkages. Some
of these amino acids are found only in the pep-
tidoglycan of the bacterial cell wall. For example,
p-and L-amino acids oceur in Peptidoglycan whereas
only L isomers of amino acids occur in protein. The
glycan portion that forms the backbone of the
molecule is a complex polysaccharide composed of
two amino sugar molecule subunits, N-acetvlelu-
cosamine (NAG) and N-acetylmuramic acid (NAM)
The sugar subunits are linked so that they form an al-
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ternating and repeating  unit—NAG-NAM-NAG
1 Al =MNAL-
NAM and so forth.

Short peptide chains are covalently linked to some
of the I\ d groups. These peptides
hang s from the glycan backbone of this struc-
ture. They are |
peptides. T
pepti
rigidity 3 » form bridges between adjacent
peptidog vmers. The

N-ocetylglucosamine
Glycosidic
bond f

G}
[sensitive fo
Wmﬁl-ay
linkage =)
GHoH
LJOH

CH{OH

)

N-acetylmuramic acid

Cell woll =
[peptidoglycon]
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penicillin i N X

Penicillin bincs ranspeptidase,
preventing cross-lin

- B
e e X5
Infection

proliferates

Call death Infection stops

AG. 510 The mode of action of penicillin involves inhibition of the
mal cross-linkages in the peptidoglyean layer of the baci
Inactive complex with transpeptidase, a key enzyme in cell-

tide cross-linkages do not form

Enzymes are involved in cross-linkage of peptides
during cell wall formation. Bacterial cell wills are
weakened by substances that inhibit these enzymes
When this happens, the cell wall is defective. It can-
not adequately protect the bacterial cell against os-
motic shock. Such inhibition of pepide cross-linkage
formation is the basis for the action of penicillin and
cephalosporin. It is the reason that these antibiotics
are effective in controlling many bacterial infections
(FIG. 5-10). Since human colls lack pPeptidoglycan,
Penicillins and cephalosporins will selectively inhibit

1al growth without adversely affecting
cells. This seloctive toxicity is why these
are of high therapeutic valye '

Penicilling ang

human
antibiotics

cepholosporing work

i . by blocking for-
::!I;on of paptide “ross-linkages in the 'b«derl:l call
The enz

¥me lysozyme

glycan portion of the

breaks apart the b,
5113 Lysaay

Peptidoglycan molecyle (FIG,
YME 0CCUTS as part of various normal iy

Arious al hu.

l;:'r SETetions, such as tears 4ng saliva and within

P Rot;.yﬂc White blood culs. It provides protection

BRinst would-be bacterial invadirs, Lysozyme ang

ackbone

formation of the nor-
terial cell wall. Penicillin forms an
wall sythesis, so that the pep-

cell wall-inhibiting antibiotics prevent the ';.“‘“"_h
and /or kill many species of bacteria. However, these
agents will not attack the few species that do not
have p\-ptidug!\'v.m-c'nnt.|inmg cell walls, Fnr__n'\d_m'
ple, penicillin and cephalosporin are ineffective

against Mycoplasna, a bacterial genus that lacks a cell
wall entirely:

The enxyme lysoxyme will destroy the poptidogly-
ean of the bocterial eall wall and kill bacteria.

! o Jys0*
In the laboratory, scientists somelimes use 1yse
Zyme o remove bacterial cell walls, so they can Iy

bacterial cells and recover their internal contents:
g 3 i
When bacterial cells are treated with lysozyme, all ¢

only a part of the cell wall may be destroyed. 1f a lm'-.
tion of the bacterial coll wall remains after lysozyme
treatment, the remaining cell is called a ?»I-‘l“’"'pl"ﬂ.'
1f the cell wall js removed completely, the remaininé
cell is called a Pratoplast (sce FIG. 5-11),
Comparison of Gram-
ram-

positive and
negative Bacterial Cell Walls
The cell walls of ¢
bacteria are

ram-negative and Gr nn-p:“‘"'l“:
Structurally different (FIG. 5-12), Thi

CELL SI.I&FAC? m
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FIG. 5-11 Lysozyme
graded but as long as 1
cells do not lvse (rup!

membrane

Tewchok oo

Penplasmic
spoce

Lipoprotain

Cell wall
(peptidoglycan]

i Plasma
i membrane

L

Grom-posifive cell woll

FIG. 5-12 The Gram
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dilference in ool wall structure i critical. It umt: IIl‘:;

survival of hacteria in natun and the -,‘nwh\m{m\ :

antibiotics against bacterial p;uhngrr\:_i 1t is also o
tnal -¢ becanse of the use of the

further practical importance becanse of t :

Caram stain in identifying bacterial species,

Over 9% of the Gram-positive cell w..\ll is made of

Jdvcan (see FIG. 5-8). This pm\'!dos a strong.
relatively thick protective layer that profects the
plasma membrane from lvsis b\. f‘.-imull{ shuck..ﬁe—
sides peptidoglycan, Gram-positive cell walls con-
sain teichoic acids, which are acidic polysaccharides.
Teichoic acids make the Gram-positive cell wall
acidic, This is important because cells pm_ducc en-
svmes that break down peptidoglycan. These en-
svmes are called autolysins, At relatively low pH.
however, autolysins do not degrade the cell wall. Au-
tolysins are normally involved in cell wall growth
and restructuring. Teichoic acids regulate autolytic
activity so that autolysins can perform their neces-
sary function without causing self-destruction (autol-
vais) of the cell

Gram-negative cell walls are far more complex.
Two distinct structures make up the Gram-negative
wall: a peptidoglvean layer and an outer membrane
(FIG. 5-13), The peptidogiycan layer of the Gram-
negative cell is very thin, often comprising only 10%
or less of the cell wall. It does not contain teichoic
acids as in Gram-positive bacterial cell walls. The
peptidoglycan laver and outer membrane are held
together by lipoproteins (lipid linked to protein mol-
ecules).

The region between the plasma membrane and the
out?r membrane is called the periplasmic space, or
periplasmic gel. Some substances get trapped within
the periplasmic gel. Various chemical reactions occur
'L!wm The periplasmic gel occurs only in Gram-nega-
tive bacterial cells. Additionally, there :
where the plasma membrane and the
brane are attached to one another.

are. Tegions
outer mem-

PG. 513 Colorized electron m
o
wall surrounds the

The entire cell

Fad 1 TORTADh of the
Excherickda culi, (155,000, The oute: mfm?,,l‘:'““l_ 'lt.l,lf.h"“ of the ¢
Plasma membrang |

The outer membrane is located at the outer gy
tremity of the Gram-negative cell \\'.Il.| The outer
membrane; like the plasma membrane, is a semiper.
meable structure. The outer membrane restricts the
passage of materials based largely on pore size
Manv harmful chemicals are excluded from the cel]
by this structure, The region is unigue to L'.r.nn-m-l\;.
ative bacteria. The outer membrane is a phospholipid
bilaver that contains a unique lipopolysaccharide
(LPS), LPS is called an endotoxin because it is part of
the bacterial cell and can cause a toxic reaction in
mammals. The symptoms of some infections caused
by Gram-negative bacteria are the direct result of the
action of endotoxin. Endotoxin causes fever, lysis of
red blood cells, and coagulation of blood in capillar-
jes when it is released from dead Gram-negative bac-
terial cells and enters the circulatory system.

The call walls of Gram-positive and Gram-negative
bacterial cells are chemically different.

The Gram-negative bocterial cell wall is a complex
structure that has an outer membrane containing
the end in lipopaly haride (LPS).

The outer membrane can render a Gram-negative
bacterial cell resistant to antibiotics. It has channels
made of proteins called porins. Small polar mole-
cules freely pass through porins. The outer mem-
brane blocks the passage of very large molecules,
such as lysozyme, or molecules that have both polar
and nonpolar ends, such as penicillin, Some antibi-
otics cannot cross the outer membrane. They cannot
reach their targets at the cell wall's puptiﬂngl_\cdr\
layer or gain entry into the cell itself Consequently.
for treating infections caused by Gram-negative bac
teria, physicians often must select different antibi-
that can cross the outer membrane of the Gram-
negative bacterial cell wall and can work against
other targets within the cell

an ARm-negative bacterium
;Il’::u«n the Peptidoglyean (puerple)

pacteriAL CAPSULES AND Giycocalvces
In addition to a cell wall and an outer LR
some bacteria form ¢
called a capsule (FIG. <
Jayer that surrounds the cell outside of the cell wall
It is almost always composed of polysaccharides

ane
ther protective structune
-14). A capsule is a surf

Negative staining with India ink and phase-contrast
microscopy neadily reveal the presence of a capsule
in bacteria having this structure Capsules occur only
in some Gram-positive and Gram-negative bacterial
species, such as the pneL

monia-causing path

cumaniae, Kl LTS

Strept s

mopliiles i

The capsule is especially important in protecting
bacterial cells against phagocytosis by some eukary
otic cells. When most bacterial cells J:I‘.'Lin: a capsule
infect human tissues, they are engulied by pl
cytic white blood cells and digested. Phagocyvtic
white blood cells are one of the major d

u
Hi

against infections. Bacterial cells with capsules
much more difficult for phagocytic white blood
to engulf. Bacteria lacking a capsule are easily d
stroved by such cells in the lungs. The presence of a
capsule, theretore, can be a major factor in dete
ing the virulence of a bacterium, that is, the abi
that bacterium to cause disease. Capsule-produci
bacteria such as Strep | and
a prenmoniae are relatively resistant to the p
cytic white blood cells that protect the lungs a
infections, which is why many of the bacteria that

(4

Chis

cause pneumonia have capsules. Capsules also pro-
tect the bacteria they surround from desiccation (dry
ing) and virus attack.

G, 5.4

*iles iy

Colorized electron micrograph show
Miry A4 of the bacterfum
SRS and protects the ¢

R wlis. The

_ CELL SURFACE

A capsule is o polysaccharide layer that surrounds
some bacterial cells external to their coll wolls and
protects the bocterial cell agoinst phogocytosis.

In some bact

the haride surface
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of polysaccharide and surrc wnds
was not ob-

satle, s often made :
ame bacterial cells The glveocalyx .
. rv recently. This structure has a very

enit. This makes it difficult to view by
It also makes it easy to destroy dur-

served until ve
high water cont
TOSCOPY.
g I!Pr:“:h'h\ d!m:mn steps used in [‘FI'F‘-IHI";: spec-
mens for viewing with the electron microscope
The glycocalyx allows the bacterial cell to attac h I-.w
solid surfaces. By attaching to surfaces, bacterial cells
themselves in a location that has favorable
acteria in

maintak
conditions for growth and survival. Some b i
aguatic habitats seem to attach to rocks through their
}:]1.“‘-;"““:,, These bacteria obtain nutrients from
it flows by, They do not have to expend en-
ergy in search of food. Other pathogenic bacteria ad
here to the animal tissues they invade via a glyvcoca-
Iyx. This enables them to obfain nutrients from the
animal

Some bactenia adhere to the surfaces of teeth via
their glycocalyees, These bacteria produce a glycoca-
hyx that consists of sticky polysaccharides made from
sucrose. This extensive polysaccharide material at-
taches the bacteria to the tooth surface. It also entraps
other oral bacterial cells. This layer of polysaccharide
and entrapped bacterial cells is called dental plaque
(FIG. 5-17). When dental plaque secures bacteria to
the surfaces of teeth, it also traps lactic acid produced

RG. 517 Glucan fred) production
forming denta) py

Ph thow =

tix of plaque. (10,200 .t.mu

7
; allows bacteriy hiy
bque. This

by the adhering bacteria. The trapped lactic acig i
away at the enamel surface of teeth and may regyy) in
dental caries, that is, tooth decay, Treatment of tewth
with fluorides helps make the enamel more resisg
to the action of lactic acid, reducing the frequency g
tooth decay:.

The glycocalyx allows bocteria to attach to surface

P

Some bacterial cells produce short (less than 1 um)
hairlike projections made of protein (FIG. 5-18). Sy
projections are called pili or fimbriae. Pili are i
volved in specific attachment (adhesion) Processes

For example, pili permit some bacteria to adhere
rocks in flowing rivers. Pili also permit some bacteria
to attach to cells and to grow on the sur

ces of the
cells. Sometimes there is sufficient growth to caus

disease in the host organism. For example, Vibri
lerae attaches to the surfaces of cells lining the hy
man gastrointestinal tract via its pili, where it repro-
a (FIG: 5-19)
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duces, causing the disease chole

A special type of pilus called th
is involved in mating between bacteria. During m
ing, DNA is passed from a donor to a recipient bac-
terial cell. In the absence of an F pilus, mating be
tween bacterial cells cannot occur. F pili are found ex-
clusively on the donor cells that donate DNA during
this process, Recipient cells lack F pili

Pili are hairlike surfoce projections that attoch
bacterial cells 1o other cells and surfaces.

FIG. 518 Colarize
anating from the
(16400 ),

d electron miere raph of pili f

urface of a cell of Escher

B

Flagella are structures that project from the
tace and propel the cell. Bacteria wi
to move. Some bacteria have o

gellum, whereas others have numerous fl.

armangement of the fagella on the bact

is characteristic of a particular genus a
portant diagnostic characteristic used in 1
ing bacteria (FIG, 5-20). In some bacteria such as
Psen

is. one or more flagella em
pole, of the cell. In other bacte
. flagella may project from bo
cell. Whether they emerge from one or both

nds of

FIG. 5-20 A, (
|

ritrichous flagella.
Flogella are structures that propel bocterial cells.
Poler flogella emanate from the ends of ceils.

Peritrichous flogello emanate from points all around
the cell
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AG. 521 The flagellum is anchored to the cell via a hook and basal body structure, There

are rings that join the fla ;
cell. This structure permits the fagellum to
protenmotive force.

fimes longer than the length of the cell, Each bacter-
ial flagellum consists of a single tubelike filament
compased of a protein called flagellin. An individual
flagellum does not Brow from the base, like an anj-
mal hair; rather, it grows from its tip. Flagellin mole-
cules formed within the cell Pass up through the hol-
low core of the flagellum and add on at the tip,
Each flagellum is attached to the bacte
a hook and basal body (FIG. 5:21), The basal body
15 3 complex structure consisting of a small central
rod that passes through a system of rings. In Gram-
negative bacteria, there are tWo pairs of rings
outer pair of rings in the cell wall and
of rings in the Plasma membrane, ¢
teria, which lack the oyter lipopolysaccharide ayer,
only have an inner P of rings attached 1o the
Plasma membrane. The hook is a tubular structure
that passes between and extends just beyond the
rings of the basal body. The hook has 5 wider diame-
ter than the filament of the fagellum so that the fila-
ment fits into the hook and is thereby attached 1o the
bactenial g,
The attached flagellum cap 5
It spins much Jik,e the
ning within SUrToun,
ttire of the bacteria)

I cell by

an
an inner pair
ram-positive bac-

Pin within the rings,
shaft of an electric motor spin-
ding magnetic coils. The stryc
Magellum allows it Spin. The

ellum to the outer and plasma membranes of 3 Gram-negative
5 rotate. The energy for rotation comes from the

propeller-like rotation of the bacterial ﬂng.eﬂum pro-
pels the bacterial cell from place to place. This .'ld.\F-
tive feature increases the bacterium’s ability to obtain
nutrition or to escape from hostile ;nicnn}n\.‘lﬂ)ﬂ'
ments, Bacterial flagella propel the cell by rotating.

Bacterial flogella rotate to propel the cell.

The bacterial fagellum provides some bacteria
with a mechanism for swimming toward or aw
from particular chemicals. This behavior is known as
chemotaxis (FIG, 5-22), Some bacteria move 11'“""“.1
certain chemicals (aftractants) and away from others
(repellents), Sensory Structures associated with the
cell wall or plasma membrane of the cell, called
chemosensars, detect certain chemicals and signal the
flagella to respond, The chemosensors permit the de-
tection of concentration gradients as the bacterium
moves so that the bacterinm can detect whether it 18
moving toward "egion of higher or lower concen-
tration of a specifjc substance,

Seme bacterio o
move in res,
dients; chap
can sense
ment,

xhibir chemotaxis in which they
Ponse to chamical cancentration gra-
Motaxis indicates ther sams bacteria

and respond o thejr chamical environ:

FIG. 522 Chemotactic behavior is readily demonstr
and measured by placing the Ii|\_ of a thin ¢
comtaining an attractant solution in a suspens
Es I bacteria. The suspension is plac ;
under a cover slip. A, At first, the bacteria are distributec
atrandom throughout the suspension. B, After
they have congregated at the mouth of 7,
C, After about an hour, many cells have moved u]l' inti |1
capillary tube, If the capillary tube had contained :

lant, few bacteria, if any, would have entered. L -m_.‘ ;
technique, it js possible to show which chemicals attrac
bacteria and which do not

1 - ange di
When bacteria maove, they periodically \|I‘ -
] . ; by swim-

Tection. They do not reach their destination by

i : ment con-
ming in a single straight line. Their movement ¢
Sists of

e ) il
A series of runs (straight line movemen
tumi,

. ockwise mtation
® (turning motions). Counterclockwise 1 i)
: % roocurs whe
of the Hagella produces runs: Tumbling o« ‘” Jiree

o s Tl Y
the flagells ratate in a clockwise direction. T

sneth of a run
tion of flagella rotation, and hence the k ngth i
v chemusen
' determined by the interactions of the G I
ther s P
00 with attractants or repellents in the cel

Membrane, or in the periplasmic gel. An i

mple
SNeentration of attractant tor exampic i f
; .+ frequency of
With thy chemasensars to decrease the fre I“'t otant
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. fer funs
SSeS inere and hence shorte
The pe
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here Increasing concentration of the this
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t of Bacteria

Magnetotaxis:

A few bacteria can senve and respond to magnetic
fiekds, The movement of bacteria in response 1o 3 mag-
etic field & known as otais. These bacteria ori-
et their movemenis in relation to th Earth's magnetic
ek The bacteria were discovered by
Richard Blakemore while viewing the movement of
o tive bacteria obtained from sulfide-
rich luke mud. He observed that the bacteria were all
moving in the same direction across the microscope’s
el of view. Even when he tumed the microscope
around or moved it to another Jocation in the room
these bacteria continued to swim in the same geo-
graphic direction.

The bacteria did not appear b be swimming in re-
sponse to any particular chemical stimulus. They con-
tinued to swim in one direction even in a darkened
oo, Blak hypoth i that the bacteria might
be orienting their movements to the Earth's magnetic
field. To test his hypothesis, Blakemare placed & mag-
net adjacent to the microscope slide. He observed that
the bacteria instantly began to swim toward the end
of the magnet that attracts the north-seeking end of a
compass needle. When he turned the magnet around,
the bacteria also tumed around. They began to swim
back toward the same end of the magnet that they
fuad been i moving toward. These observa-
Hions clearly showed that these bacteria could orjent the

is: Specialized Mo
in Response to Magnetic Fields

direction of their movements in response to a magnetic
field

Blakemare then hypothesized that if he collected
bacteria from the Southern Hemisphere they would
show the opposite responses to magnetic fields, When
he examined magnetotactic bacteria from New Zealand,
in the Southern Hemisphere, they swam toward the
south pole and away from the north pole of a magnet,
Magnetotactic bacteria from the Northern and Southem
Hemisph swim in opposite directions in response to
a magnetic field.

Blakemore continued his studies by observing the
cells of these bacteria with an electron microscope. He
observed dense particles within the bacterial cells of
these bacteria. He did not observe such particles in bac-
teria that did not exhibit magnetotactic behavior (see
Figure). Analysis of these particles showed that they
were composed of iron oxide (Fe,0,), a magnetic metal
compound. The iran oxide is stored in structures, called
magnetasomes, that act like magnets and allow bacterial
cell ining them to d to magnetic fields and,
thusin their natural environments, to orient themselves
along the Earth’s magnetic field. This enables magnelo-
factic aquatic bacteria to point their cells downward to-
ward sedimenis where nutrients are more abundant
and where oxygen concentrations are favorable for their
Erowth

_~—Cenfrol
microtubules

_— Pairy of
peripheral
microtubules

—————— Membrans

?+2

™ Membrone

cavsir
of the

w flagellum o
liate protozoan M.

Both eukaryotic flagella and cilia consist of a series
of microtubules (FIG. 5-25), These microtubules are
hollow eylinders composed of proteins surrounded
by a membrane. The protein that makes up the
microtubule is called tubulin. The arrangement of
microtubules in eukaryotic flagella and cilia is
known as the “9 + 2” system. It consists of nine pairs
of peripheral microtubules that form a circle around
two single central microtubules, Attached to each of
the peripheral pairs of microtubules are molecules of
A protein called dynein. Dyvnein is involved in the
conversion of chemical energy from ATI into the me-
chanical energy of flagellar movement. The move

ment of flagella or cilia is based on a sliding micro-
tubule mechanism. The peripheral pairs of micro-
tubules slide past each other, resulting in bending of
the flagella or cilia. This causes the fagella or cilia to
bend and propel cells with a whiplike motion

h.'k_n'rom flagella flex to propel cells based on the
sliding movement of microtubules.

Cilia may also be involved in mos ing materials
Such as food particles past the cell surface w hile the
Cukaryotic cell remains stationary, Paramecia usé
Such movement of cilia to obtain food. Some human
Issues have cells with eilia, For example, the cells lin-
" the: human respiratory tract have cilia that beat

™ Microfilaments

Pairs of micretubules

body via the respiratory

with an upward wave-like motion Th

cus outward and prevent particles such @
and viruses trapped in the mucus from e

lungs. Cilia thus help to defend the humi

tory tract aganst microbial infections | FIG




STORAGE AND EXP

DNA i somehmes called the "master nlnl_wulu"l of
all living cells. 1t contains the hereditary lllll1rﬂ1-;P.:'1C
thal is F“‘“"d from generation to generation. Di
determines the potential metabolic and morphologi-
cal characteristics of the cell. It also regulates t.ho X
pression of genetic information. The total genetic ma-
terial of an organism is called the genome. The
genome is divided into functional segments, or
genes. Each gene specifies the amino acid sequences
of specific proteins or regulates when particular pron
teins or RNA molecules are to be made. The DNA in
a bacterial cell typically contains about 6,000 genes.
Passage of replica copies of the DNA to progeny cells
during reproduction transmits the hereditary infor-
mation from one generation to the next.

The genetic information (genotype), which is
stared in the DNA, is expressed through the produc-
tion of functional proteins. It controls the phenotype
{appearance] of the cell, that is, the cell’s morphology
and metabolism. In this way, the genetic information
determines the properties and structural characteris-
tics of the cell. The actual steps in the expression and
transmission of genetic information, which are two
essential life functions, will be considered in detail
when we examine microbial genetics in Chapter 7.
Here, we will only discuss the way in which genetic
nformation is stored in prokaryotic and eukaryotic
ﬁ‘;ﬁ the structures involved in the expression of

rmation.

BacTeriAL CHROMOSOME

h." the bacterial cell, almost all the genetic informa-
tion is confained within a single DNA macromole-

RG. 527 Colorissd electron microgr,

shonw 3
. “ll‘\ﬂ the nucleoid region (green) wi

140

h of a section of the bacterium My
in the cytoplasm whers the

RESSION OF GENETIC INFORMATION

cule called the bacterial chromosome. The cytoplas.
mic region occupied by the bacterial chromosome ig
referred to as the nucleoid region. This region is not ac
tually surrounded by a covering or membrane, It can
move within the cell (FIG. 5-27

The bacterial chromosome is compi wed v irtually
exclusively of DNA. The DNA forms a double he.
lix—twi strands wound around each other, giving
the appearance of a -spiml staircase  with two
handrails. The bacterial chromosome is a closed loop
of DNA. If this circular bacterial chromosome were tn
be cut apen, the linear DNA molecule formed would
be approximately 1 mm (1,000 pm) long. Since most
bacterial cells are less than 5 pm in length, bacterial
DNA must be extensively coiled into a twisted mole-
cule. This twisted molecule is called supercoiled
DNA. Supercoiled DNA is very compact and fits
within the bacterial cell. This molecule houses all the
essential information that determines the structural
and functional characteristics of the bacterial cell

The bacterial chromosome is circular and houses the
essential genetic information of the cell.

Puasmins

Some bacterial cells also contain one or more small
circular macromolecules of DNA that store addi-
tional specialized information. These are known as
plasmids. Plasmids contain a limited amount of spe-
cific genetic information, This information supple-
ments the essential genetic information contained in
the bacterial chromosome. Plasmids contain only 1%
to 5% as much DNA as is in the bacterial chromo
some, that is, about 20 genes, Nevertheless, the sup-

acteriim phiei
bacterial chromosome

_ STORAGE AND ixﬂuS_smu OF GENETIC INFORMATION

I‘]""“'“l".l genetic information contained m plasmids
can be quite important. They can establish such chy
acteristics as resistance to antibiotics and tolerance 1o
heavy metals. The gene products of plasmids may
F“'”"“ the survival of the bacterium unde condi
tions that are normally unfavorable for growth and
aurvival. Having a plasmid that codes for resistance
1o an antibiotic, for example, can mean 1000, supviy al
for a bacterium. Plasmids can be transferred from
one bacterial cell to another, sometimes even from
one bacterial species o another. Thus plasmids con

ferring antibiotic resistance can become prevalent
among bacteria surviving in areas where antibiotics
ane widely used, such as within hospitals. For this
reason physicians limit the use of antibiotics to situa-
tions where they will be especially useful in treating
a specific disease.

Plasmids are small circular DNA molecules that

contain supplemental genetic information that can
h survival potential, includi

to antibiotics.

g

MNucieus oF THE Eukaryonc Ceu

The DNA of eukaryotic cells is contained in a spe-
dalized organelle called the nucleus. The nucleus is
segregated from the rest of the cell because it 15 sur-
ounded by two membranes, the nuclear envelope
(FIG. 5-28). The nuclear envelope is rather porous so
that exchange of molecules such as RNA and pro-

FIG. 5-28 A, The mucleus that contains

omal
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RG. 5-29 A, A nucleosome showing how DNA is wrapped around histones |l‘<_r-u-lpn_x
h:mlsr establishing coiling of DNA within the nucleus of eukaryotic cells. B, (.ulnn-.'u mi-
\“\‘:r.;ph of a region of a chromoseme showing the beadlike appearance of nucleosomes.

be seen within the nucleus is a grainy material, called
chromatin. Chromatin is composed of strung-out
DNA and its associated proteins. The DNA of the
chromatin directs the metabolic activities of the eu-
karyotic cell. Some proteins of the chromatin, called
histones, maintain the highly coiled shape of the
DNA macromolecule. The DNA wound around the
histones forms subunits of chromatin known as -
clevsames (FIG. 5-29), Each nuclepsome is composed
of about 200 nucleotides coiled around sev eral differ-
ent histones. When viewed by electron microscopy,
nuclecsomes appear as spherical particles, like beads
on a string,

Chromatin consists of DNA ond associated proteins,
including histones that help maintain the shope of
the DNA moleculs,

DNA in chromatin is colled eround the histones 1o
form nucleesames.

Rizosomes

The expression of Benetic
formation of Proteins—particularly enzymes that are
the action molecules that determine whata cell is and
what it does. All clls use the genetic nformation
stored in their DNA 1o direct the production of spe-
cific proteins, First, the information in the DNA is
transferred 1o RNA in 5 process called transcription
Following franscription, some  RNA molecules
called Messenger RNA imRNA), carry the genetic n
irr‘ﬂmrkm 1o the ribosomes in the .'-)-Iupl.mn of the

m_bnmmu are the structures within
Proteins are made. |t js o the

information requires the

: a cell whers
ribosomes that protein
Buring tranalation the

15 of

cell. A typical prokaryotic cell may have 10,000 or
more ribosomes. Eukaryotic cells contain consider-
ably more.

Ribosomes are the structures within cells where
protein synthesis sceurs.

Functional ribosomes are made up of two sub-
units, a larger and a smaller one. Each subunit is
made up of specific RNA molecules and a group of
different proteins. Protein synthesis can occur only
when the subunits are joined. In eukaryotic cells the
ribosomal subunits are produced within the nucleus
They then are exported through the pores of the nu-
clear envelope to the cytoplasm where they are as-
sembled into functional ribosomes.

Ribosomes of bacteria are different from those
of eukaryotic cells, Bacterial cells have 708 ribo-
somes. The ribosomes in the ¢ ‘toplasm of eukaryotic
cells are 805 ribosomes (FIG 30). (Eukaryotic cells
also have 705 ribosomes  within specialized or-
ganelles involved in ATP generation: mitochondria
and chloroplasts.) “S" stands for Svedburg units
Svedburg units fepresent a combined measure of
molecular weight and shape derived fr yn the rate of
sedimentation in an ulirnwnn-ifu,_:.»_ An ultracen-
trifuge is a centrifuge that spins at very high specds,
In excess of 25 000 revolutions per minute

Bacterial colls haye 705 ribosomes,

Eukaryotic calls haye 805 ribosomes in the
cytoplasm,

The difference between eukaryotic and prokary
otic ribosames is significant. Various antibiotics dis
criminate between 708 and B80S ribosomes, Antibi-
otics such as erythromyein, tetracyclines, and many
others are effec tve for treating human bacterial in-

T’JOR_A_GE A?Jl_) I._:KP‘R.E_SEION OF GENETIC INFORMATION

—_—
Prokaryote (705) |

Evkaryote (805) |

235 rRNA |
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l Lt k)

FIG. 5-30 A basicd

ribosomes in th

305 subunits. The 30

Ing approximately 1.5

teins, a 235 rRNA,

having only about 1

composed of 605 and 405

and the larger 608 subuni

form the {

"ections because they are able to block gl
thesis by specifically binding with the 705 ribosomes
of bacterial cells. These antibiotics do not bind to 805
eukaryotic ribosomes in the cytoplasm, They do not
disrupt protein synthesis at the 805 ribosomes of hu-
man cells. Therefore they can be used to selectively
nhibit protein .

synthesis of infecting bacteria and can
be used ther

rapeutically in the treatment of human in
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B
SELLULAR STRUCTURE AND
TRANSFORMATIONS
Besides having mechanisms for storing and expross
’:R EENCtc information, cells must have a m_e'-‘ll“;‘-
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Proton concanbition
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AG. 531 The protonmative §
are extruded acro v
meable ¢

he

ergy & transferred to form ATP

idea and awarded him a Nobel Prize in 19
reasoned that transport of sul
membrane and the semipermeable properties of bio-
logical membranes have a special role in the genera-
tion of ATP by many organisms. He proposed that
protons (hydrogen ions) are extruded ACTOSS mem-
branes as 3 result of oxidation

that oocur when electrons are tran, ferred between
compounds embedded within the membrane, The
metabolism of the cell is thus connected to the estab-
fishament of 3 proton gradient ac the membrane
(FIG. 5-31). The concentration difference between hy-
drogen ions on the OPposing sides of the membrane
FEpresents 4 potential energy called the protonme-
tive force. The protonmotive force can be used o

78, Mitchell
wToss the

fances

-reduction reactions

the gen-
ied chemiosmosis. In chemips-

%3 membrane, establishing 5
Diffusion of H- back across
Hhe membrane g coupled to the synthesis of ATP,

Chui-m s the proces n which the Protoame-
Fve force {mrotemriz) Nergy ocross o mambrane

Sl ATP, m-ndprmm}i.

rives the formation of
to establish a p

TP by chemiosmosis. Protons

Sires OF CHEMIOSMOTIC GENER
Prokarvomic Cruis

asma membrane is an
important site of chemiosmotic generation of ATP.
Protons are moved across the plasma membrane out
from the cell. The concentration gradient of protons
establishes the protonmotive
erate ATF. When protons

plasma membrane, ATP
sis. In some spey

In bacterial respiration the pl

force that is used to gem
diffuse back across the
1s generated by chemiosmo-
cialized groups of bacteria, internal
membranes are similarly involved with chemios-
motic generation of ATP (FIG.

5-32). Such specialized
bacteria include the

nitrifying bacteria and the photo-
synthetic bacteria Nitrifying bacteria are bacteria that
oxidize inorganic mitrogen-containing compounds (o
generate ATP. Pholosynthetic bacteria use light en-
€TBY to generate ATP. In photosynthetic bacteria the
internal membranes are the sites where light energy 1
converted to chemical Energy in the form of ATP ¢ A
ing photosynthesis. These specialized photosynthetic
membranes can be simple extensions of the plasma
membrane (as in the purple sulfur bacteria), cy 5"“{“:
cally shaped vesicles (s in the green photosynthetic
bacteria), or an extensive multilayered system Of
membranes (as in the Cyanobacteria) (FIG. 5-33)

Mitochondria are important sites of uhulmu-?m_u-
ATP generation in respiring eukarvotic cells (FIC

). These organelles appear to have arise :
of endosvmbiotic evolution and, like |:‘!u.‘|\d}'\|.'.l'|-_'
cells, contain 70S ribosomes and a circular DNA
Macromolecule. Some veast cells have as few as two
mitochondria per cell. Other eu :
many maore. Many animal cells, for example;

L0 mitochondria. A mitochondrion i :
membrane-bounded compartment. It has an interior

asanx

FG. 5-34 A, A mitoch
e calll Thie are o
brane. Protons are pumped 3

and outer membranes. This o
ATF: B, Colori electron mi
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channels mentbrane allow passage of

any nwll\::‘ltﬂ: mulxr weight less than approxi-

mately 10000 This permeability permits the ATP
within the mitochondria to move into the

dm where it is used in energy-requiring reac-

tors.

Misochondria are the sites of chemiosmotic genera-
tion of ATR in evkaryotic cells.

Chloroplasts
Chloroplasts are the tures where photosynthetic
wﬂt‘un of ATP occurs in algal and plant cells
(FIG. 5-35). They are quite similar in many ways to
mitochondria in structure and function. They appear
to have arisen as a result of endosymbiotic evolution
Chloroplasts are composed of extensively invagi-
nated membranes, contain 705 ribosomes, and have a
cincular DNA macromolecule—as do the mitochon-
dria. Like the mitochondrion, the chloroplast con-
lains an outer membrane that separates the organelle
from the cytosol and an inner membrane.
Chloroplasts also have an additional complex
mternal membranous system, known as the

thylakoids. Thylakoids are sac-like membrangy,
vesicles that contain various photosynthetic pig-
ments. These pigments mclmlie the rhlnrqph_\'lls that
are the primary phmus_\'nlhuhc pigments involved i,
the conversion of light energy to cellular chemical en.
ergy. Groups of thylakoids may be organized to fory,
densely stacked piles called grana.

The fluid within the chioroplast, called the strom,
is where the fixation of carbon dioxide occurs during
photosynthesis. The thylakoid membranes of the
chlun‘[-‘lﬂ!*l:"* are highly impermeable to protons, sg
that protons moved across the membrane cannot
freely diffuse back across the membrane. The proton
gr.ni-ieni and associated protonmotive force estab-
lished across thylakoid membranes is used to drive
the synthesis of ATP by chemiosmosis when protons
move through ATPase channels in the membranes
This chemiosmotic generation of ATP at the thy-
lakoid membranes of chloroplasts is analogous to the
synthesis of ATP in the mitochondria

Chloroplasts are the structures where photasynthetic

chemicsmotic generation of ATP and carbon fixation

oceur in eukaryolic algal and plant cells.
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SEGREGATION AND m
CELLS

In addition to generating ATF as a usable form of cel-
lular energy, cells must move substances from ope
place to another w i.li.'lin the cell. In prokaryotes this is
relatively simple. The lack of internal 'nwmbr.mu
bound organelles means that substances can freely
mix within the cell’s cvtoplasm. To compensate for
the. lack of ‘internal compartments, some functions
occur extracellularly or within the cvtoplasmic mem-
branes of the prokaryotic cells that occur within the
organelles of eukaryotic cells. Some bacterial cells
form relatively insoluble reserve materials, such as
the fatlike molecule poly-G-hydroxvbutyric acid
(PHB), the phosphate-rich }‘\li_\phu.r:-ph;lh' :
called volutin or metachromatic granules), and ele-

A, Polyphosphate
s such as B

micrograph; 44,100%). B, The poiyt
5300 (pink) of a Vibrie Species nearty
bacteriym (codorized electron micrograph
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EMENT OF MATERIALS WITHIN

mental sulfyr granules. Because they are nonpol
!l1i\'-l‘(u|le~ and hence do not readily -di.smi\u If:‘:::f
:\rs_-:.:]. t'nc- reserve materials naturally srgreg.;te
om 1.. other components within the cell and
cump, forming granules (FIG. 5-36),

CYTOMEMED &ac [
~TTUMEMERANE SYSTEM OF Euxaryonc Ceus

to the prokaryotic cell, the eu-
d with membranous organelles -
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fi). These membrane-
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17 The endoplasmic reticulum & compysed of 2 se-
147




CTURE
pTER & CEASRC -
sas TABLE 5-2

EUKARYOTIC
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ries of intom\nnected_ membranous tubes and sace.
These tubes .m.d Sacs torm compartments within the
cytoplasm This muml_'r.mnu:- network appears tg
provide a communication system that helps coordi-
nate the metabolic activities of the cell. The ER shows

reticulum (ER)
and Golgi

AG.5-37 The endoplasmic reticulum (ER) is an extensive
membrane network that runs throughout the eukarvotic
cell. Regions of the ER that have attached ribosomes are
called rough ER: those lacking ribosomes are called smooth
ER. These names are derived from the appearances of the
ER when viewed by electron microscopy.
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two distinct morphologies when examined by elec
fron microscopy. One type of ER (rough ER) looks
“rough” because ribosomes are attached to it The
other type, smooth ER, appears smooth because it is
Not associated with ribosomes. The attachment of ri-
bosomes to the endoplasmic reticulum permits the
coordinated svnthesis and sequestering of certain
protemns. Proteins made at these ribosomes can be
sent through the channels of the endoplasmic reticu-
lum to other organelles within the cell for storage
use, modification, or export Prokaryotic cells have
no analogous membrane structure to which ribo-
somes can attach. They have no system comparable
to the endopl
ment of mate

nic reticulum to coordinate move-
ials within the cell

The endoplasmic reficulum is an extensive mem-
brane network that coordinates the synthesis
segregohon, and mevement of proteins in the
euvkoryotic cytoplasm.

Golgi Apparatus

The Golgi apparatus is a series of flattened membra-
nous sacs. It forms a continuc ;

rough endoplasmic reticulum (Fl
are’ packaged at the Golgi and tra
plasma membrane or orgar
cles, denved from
protein and lipids h
materials can be chemically incorporated into mem-
brane-bound vesicles

5). Substances
nsported to the
lles within the cell. Ves-

the enduplasmic reticy

from the cell. Secretory vesicles are

rogra
out of the cell. B, Colorized electron microgrip

glema, (30,400}

FIG cdhotances for expott
38 A, Th it 3 » packaging of substances for &xp

- ratus is involved in the packag e e

o R oains “PFJ““ : formed at the Golgi apparatus that carry substances

h of the Golgs apparatus iban) of the alga Ew-
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Repackaging tnaterials into special secretory
vesicles acurs :ﬂw Golgi apparatus, The secretory
vesiches move to the plasma mimbrane m_\flu-m they
nedease their contents through exocytosis. Such a
process is important for the construction of structumnes
external to the plasma membrane, such as the cell
walls of eularyotic cells. Digestive enzymes that are
used extracellularly (outside the cell) are also pack-
aged ot the Golgi apparatus. They are -aubsrqumll}'
secreted from the eukaryotic cell, Thus materials are

and routed by the Golgi apparatus for dis-

tribution to specific sites.
The Golgi opp is involved in packaging and
distribution of materials.

Lysosomes

Lysosomes are specialized membrane-bound or-

ganelles produced at the Golgl apparatus, The lyso-
somes contain various digestive enzymes that are
used within the cell. It is essential thal these enzymes
do not mix freely with the contents of the cytoplasm.
They could digest the substances found there. The
Iysosome membrane is impermeable to the outward
mavement of digestive enzymes. It also is resistant to
their action. This segregation of digestive enzymes
within the lysosome prevents these enzymes from di-
gesting many of the cell's structural components. A
Iysosome can fuse with a membranous sac, bringing
together the contents of each, thus digesting selected
materials.

Lysosomes segregate and store digestive enzymes.

When a white blood cell captures a bacte
phagocytosis, it encloses the bacterial co
branous sac, called a phagocytic vesicle or phago-
some {FIG. ‘5-_39}, This membranous vesicle, L'Enlaﬁn-
ing the bacterial coll, fuses with a lysosome. A single
ﬂ':‘nclun,' called a pimgn!ymm\mrl is formed. Within the

rium by
1l in & mem-

phagnly : the 1y ymes can dige
:: bacterial cell without simultaneously dmi}\:l::;
Imwll-'dr.lrjﬂmu: cell. The remaing of the bacterial cell
wmh digestion are small enough to be trans-
wcross  the  membrane surrounding  the
Mm g m\:r: ul:;lﬂ the tyltfph;;-n f\:)““ there, they
metabo sm of the cell. Some bac-
ﬂ;::;:]::'muruu Hyphi, Legionelly Preumophila,

m fubercalisis, "
somal digestive mymu‘ PRt O lyvg.

of membrate b,
= ‘ und sacs servie differ.
Purposes within the colly of eukaryotic mirn:l:r-

FIG. 5-39 Colorized electron micrograph showing the

hagocytosis of the bacterium Sireplococeus pyogenes by a
Rumﬂn polymorphonuclear leukocyte, which is a white
blood cell that helps defend the body against infection
(15,000%). One bacterial cell is free (S,); one is in the

process of being phagocytized (5,), and one is

ithin the
phagosome (5,)

organisms, These membrane-bound sacs are called
vacuoles. One type of vacuole segregates reserve
materials from other cytoplasmic constituents of
eukaryotic cells. This is the storage vacuole. Other
vacuoles fuse with the plasma membrane to move
malerials out of the cell by exocytosis. In other cases,
endocytosis of a food particle results in the formation
(!f a vacuole that fuses with lvsasomes. This estab-
lishes a u._iiguﬁti\'._- vacuole within which the ingested
food is digested to small molecules, These small mol-

veules can diffuse across the membrane of the vac
uole into the cytoplasm,

Cytoskeleton
gp}t?ﬁ.:uk:ry:"c cell also has a cytoskeleton (FIG- i+
tnlil-d mcgnogl eleton is composed of flexible lenf“h'
and rnicmh:h' ‘:“Tl'm.‘-_!which are about 5 nm 'I'.'.L'H
rnicmlilmr.vn:I ée [wh'_Ch are about 25 nm thick). ,l bys
i s and microtubules gre otganized into
dimensional netwerk through the cytoplasm

The cytosk
skeleton i involued i and
MOvement of membr, ved in the support

the plasma s ne-bound structures, including
Mbrane and the various organelles 0!

the euka otic e ¥
chnhgcihxh':;n:di' I h"lPK the cell maintain o

Microfilamenta - -
to cnn:lnr::iltMT‘;:I: ontain a protein that allows them
materials within ll:'?ll involved in the movement “.‘

chloroplasts 5. For example, mirrul’il.m‘t"‘_'.'_
H I response to changes in the post

- SEGREGATION AND MOVEMENT OF MATERIALS WiTHiN cilis

FIG. 5-40 The cytoskeleton is a complex network that links the organelles of the eukary-
otic cell. Organelles are attached o microfilaments of the cytoskeleton

tion of the sun. During division of a eukaryotic cell,
microtubules pull chromosomes apart. Microtubules
thus aid in the distribution of chromosomes to prog-
eny cells. Microtubules are also involved in cellular
movement. For example, microtubules located just
beneath the surface of the plasma membrane appar-
ently provide the basis for vesicle movement during

endo- and exo-cytosis. The movement of micro-
tubules permits the extension of the cytoplasmic
membrane to form the “false feet” (pseudopodia)
used by some protozoa, like Amoeba. These protozoa
move by extending their cytoplasm in a particular di-
rection as they continuously change shape (FIG.
5-41)

FIG. 5-41 Colorized micrograph of L% 2 g

zoan Paramecii

n Amoehy consuming the ciliate probo-
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SURVIVAL THROUGH THE PIODUCTIOH OF SP )

AND CYSTS

e

iali Jls that e
Some organisms produce specialized cells o
mg;ﬁr survival potential. These specialized cells
sre calied spores. Spores may be involved in repro-

duction. dispersal, or the ah{Iit}- of the organism 10
dthstand adverse enviror tal conditions. They @ fafng cell
enhance the overall survival potential of the organ- Spory

Vegetative cell

ism. For example, spores involved in the dispersal of
microorganisms usually are quite resistant to desic-
cation (drying), enabling some microorganisms to
survive extended passage through the air Many
spores are dormant (nongrowing) with minimal me-
tabolism. They are distinguished from the normal
segetatioe cells of an organizm, which are the cells in-
volved in growth.

Germinating spore

Bactemal EnpOSPORES

The bacterial endospore is a heat-resistant spore
formed within the cells of a few bacterial g a
(FIG. 542). The bacterial endospore
tant to elevated temperatures, desic
and radiation. It can survive at temperatures as
as 100 C for extended periods, whereas bacterial
el are killed by brief exposures 1o such high tem-
peratures. Placing an endospore in boiling
even for several hours, often doesn't kill
Several structural and chemical factors contribute
o the relative resistance of endospores & -
that il vegetative cells The end(;a,,-\—.,-c- 2 co
mmitilsyersd structure :
2 contex. The cortex con
bm!mje‘wal-_m witich contributes to its abilit
VIVEe under adverse cond

; ond)
e first observable “t2ge of spore formation
'&11!,_3 Rewhy replicated bacteria) chrome

e .'r»rvrrp_.a_m:
= endospore
and the en

mat

S produce hin the origina) o form endospon
ed. Thick Lvery o mj‘-gh';u.q‘i:; Prence . :F ‘I‘N
s bic ¥

T betw
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killed, it s necess ary to heat hiquids to a temperature
C

id hald that temperature for at
It is especially important to use suf
v kill endospores when cannir
Te-producer C

Vegetotive cell

L

DA condenses S can Kowl's

Tronsverse wall .
begins o form FunGal Seomes

e their sur-

Spore moterial separoied;
formation of forespore

Vegetofive cell grows
around spore

Spore forms muliiloyened
coafing

Cell bysis Frees spore

The process of encystment reprasents o fype of cell
difimrentiotion. Cysts olten aid in the proad of &y
ease pothogens




SUMMARY

. lving oeRAnISm s made up of one oT e
oells. The ¢ ™y fundamental unit o living sys
o el is the it

. mm el arises anly from cells that already exist.
Plasma Memb of Materials into and out
of Cells (pp. 121-127) p ]

* Al cells are fed by plasma £oe:
tain cytoplasm, have DNA and ribasomes, nnd utilize
energy from ATP. The plasma mqmbram-_u:‘. a semi-

ble barrier that separates the orga (living
wystem) from the surrounding environment, serving
2 the boundary layer between the fluid around the
vell and the cytoplasm contained within the cell Il'ht'
plasma membrane controls the fow of materials into
and out of the cell. allowing some substances to pass
and preventing others from entering or exiting the
cell.

Structure of the Plasma Membrane (pp. 122-123)

* The plasma membrane of eubacterial and eukaryotic
cells fs composed of a phospholipid bilayer and pro-
eins.

* The fluid mosaic model explains the structure of the
plasma membrane.

Comparison of Archaebacterial and Eubacterial Plasma

Membranes (p. 123)

hachactenial plasma ik

have ether link-

apes.

* Eubacterial plasma membranes have phospholipids
with ester

* Eubacterial and archaebacterial plasma membranes
serve identical functions.

Comparison of Eubacterial and Eukaryotic Plasma

Membranes p. 124)

* Plasma membranes of sukaryotic cells contain sterols.

. mﬁawu membranes of eubacterial cells generally lack

Transport Across the Plasma Membrane (pp. 124-127)
. &mm substances enter and leave the cell by diffusion,
meving from regions of high concentration on one
side of the membrane to Tegions of low concentration
on the other side of the membrane. When water
manes by diffusion, the Process is called osmosis. The
Tate of movement by simple diffusion is dictated by
ﬂ&:rmmhm gradient across the membrans,
- move across the plasma membrane
ancgim._ ted rates—called facititated diffusion—dye
tnll\spud Uses ¢p-
rough the Plasmi
n gradient. In ey

Cell Surface (pp. 128-13%)

AL 28-132)

the plasma membrane that protects “'_"-' cell against [\
sis due to osmotic shock. Cell walls give bacteria their
;har.tch»ris!ic shapes. I’cpt_|dn_s;l_\'can _mnkun the cel)
wall rigid, but if the peptidoglycan is nx.!l ]m.np‘-.n_\
formed or if it is digested, the cell wall is defective
and cannot protect the cell from lysis. The Gram-pos-
itive cell wall is composed almost entirely of peptido-
glycan, a unique l\i[\chi'lnh.‘ﬂl that.xlnc*_- not occur in
other organisms. The Gram-negative cell wall has 3
relatively thin layer of peptidoglycan and also addi-
tional material, including lipopolysaccharide (LPS).

* LPSis known as endotoxin and can cause adverse re-
actions in humans.

Bacterial Capsules and Glycocalyces (pp. 133-134)

* Some bacteria have a specialized structure, called a
capsule, that surrounds the cell and makes such cells
relatively resistant to phagocytosis.

* The glycocalyx, which surrounds some bacterial cells,
is responsible for the ability of some bacteria to attach
to living tissues and inanimate surfaces,

Pill (p. 134)

* Fili are short hairlike projections that are involved in
various attachment processes, such as the mating of
bacteria and the attachment of bacteria to human
cells.

Bacterial Flagella (pp. 135-137)

Many bacterial cells are motile by means of fagella

Peritrichous flagella occur all around a bacterial cell

Polar flagella emanate from the ends of the bacterial

cell. Bacterial flagella rotate 1o propel the cell. Motile

bacterial cells are able to respond to chemicals, mov-
ing foward some and away from others, by a process
known as chemotaxis,

Some very specialized bacteria navigate along mag:

_ metic fields by magnetotaxis.

Eukaryotic Flagella and Cilia (pp, 137-139)

- p q 1li i
The flagella and cilia of eukaryotic cells undulate in
wave-like motion, i

Storage and Expression of Genetic

Information (pp. 140-143)
Bacterial Chromosome (p. 140)
* In bacterial cells the DNA is
restof the cell, All of the ut‘.ﬁ.mti
of a bacterial cel] 5 cnnl.”
Hal chromosgmg,
* The bacterial chiros

not se;

regated from the
genetic information
ned within a single bacte

MOsome is a circular loop of double

heelical D

PP- 140-141)

S0me bacteria| gl

lements that oy

Nucleus of ghye Eu

*In eukaryotic ¢
cleus,

Plasmids
i u
“’i.h""t' plasmids, which are geneti®
tain ancillary information.
h‘lr}'uru(_‘vllipp 141-142)

#ls the DNA s contained within a 1%

» Chromosomes of eukarvotic cells are linear

« Eukaryotic cells often contain multiple pairs of chro-

SOMES.

« The DNA of a eukaryotic chromosome is wound
around specialized proteins called histones, which Ay
tablish the tightly coiled structure of the chromo-
some.

Ribosomes (pp. 142-143)

+ Ribosomes are the sites of protein synthesis.

« The ribosomes of prokaryotic cells are 705, The
ribosomes in the cyvtoplasm of eukaryotic cells
are 805. Various antibiotics, such as tetracvelines and
erythromycin, bind specifically to 705 ribosomes,
thereby selectively inhibiting bacterial protein syn-
thesis.

Cellular Structure and Energy

Transformations (pp. 143-146)

* Pumping of hydrogen fons across a membrane to es-
tablish a hydrogen ion gradient forms the basis of
chemiosmotic ATI' generation. Mitochondria and
chloroplasts are organelles of eukaryotic cells where
ATP is generated.
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Segregation and Movement of Materials within

Cells (pp. 147-151)

* Eukaryotic cells contain various membrane-bound
organelles that establish a compartmentalization of
tunction and permit many different and sophisticated
specialized activities to pocur within an integrated
Iramework. Eukaryotic cells have an extensive inter-
nal cytomembrane system that includes the endo-
plasmic reticulum, the Golgi apparatus, lysosomes,
vacuoles and the cytoskeleton.

Survival Through the Production of Spores and

cysis (pp. 152-153)

Members of a few bacterial genera, most notably
species of Bacillus and Clostridium, produce a special-
ized structure, the endospore, that has great survival
value.

Some endospores can withstand boiling for more
than 1 hour.

Most fungi produce spores that facilitate their dis-
sermination

Some protozoa produce resistant resting stages called
cysts.

.

CHAPTER REVIEW
REVIEW QUESTIONS

l. Eubacteria and archaebacteria are prokaryotes. De-
scribe their similarities and differences

2 Compare and contrast simple diffusion, facilitated dif-
fusion, and active transport.

3. Draw and label the parts of a typical eubacterial cell
Describe the function of each part

4. Draw and label the parts of a typical fungal cell. De-
scribe the function of each part f

5. Draw and label the parts of a typical algal cell. Describe

the function of each part.

=)

o

= o

Describe the cell walls of Gram-positive and Gram-
negative bacteria.

7. How do bacteria move? How do they respond to their

chemical environment?

Describe the structure and function of cilia, flagella,
and pseudopodia

Why are endospores known as resting cells?

What advantages does having endospores bring to bac-
teria? \ X
What are functions of the bacterial plasma membrane

CRITICAL THINKING QUESTIONS

4, Since sukaryotic human cells hove 705 ribosomes in
mleir mitochandria, how con drugs that forget the 705
ribosomes—such as erythromycin—be usad o treal
bacterial infections? ; .

How long can endosporeforming bacterio w\m:n
Could there be o millionyearold boclerium thot
could ba grown in the lc_:.borulnr;r?

1. Why hove organelles been hypothesized to be nec-
essory for eukaryolic cells and nol for Pf°“°“-"°"‘[
cells? How has the finding of a bacterium with cells o
0.5 mm altered this view? d

. T'ow do bacteria adapt to their e-mrir\:u;mﬂ12 How do
they find places whera they can grow :

: E”nl‘}’;")fuﬂfand pmkulwh?ce“s have several d.FFnr_!ﬂ:
siructures, How do these differences relale to medical
proclice and, in particular, the use of diugs fo freal
diseases caused by microorganisms? Why 18 it B
ally easier to cure o patient of a bacterial diseate
@ profozoan disease?

w0

4]

ife on earth? How do the physiclogical properties
::zth:“ebo:hﬂn allow them to survive in exireme an-
vironments?
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CHAPTER 6

Cellular Metabolism

Process of Metabolism Within a Cell 158
Role of Enzymes
Coenzymes and Oxidation-reduction Reactions
ATP and Cellular Energy
Metabolic Pathways and Carbon Flow
Autotrophic and Heterotrophic Metabolism
Autotrophic Metabolism
Heterotrophic Metabolism
Metabolic Pathways 164
Respiration
Glycolysis
Krebs Cycle
Electron Transport Chain and Chemiosmotic
Generation of ATP
Aerobic Respiration
Anaerobic Respiration
Highlight: A Microbial Explanation for Ghosts
Lipid and Protein Catabolism
Fermentation
_ Ethanolic Fermentation
Newsbreak: Intestinal Yeast Infections Cause
Intoxication
Lactic Acid Fermentation
Highlight: Production of Cheese
Propionic Acid Fermentation
Mixed-acid Fermentation
Butanediol Fermentation
Butanol Fermentation
otosynithetic Metabolism
Pho!muto}mph,
hotoheterotrophs
otosystems and ATP Generation
Calvin Cycle and CO, Fixation
Emoautotrophic Metabolism
Sulfur Oxidation
_ Nitrification
Nitrogen Fixation
ethanogenesis
Nesbreak: Explosions That Destroy Houses Traced to
Methane from Landiill k

In this chapter we will:
* Study the chemi
o T
* Learn about the diverse

enable cells i

: functions
* Examine how a cell meets its energy needs by
ATP

g fe
I ) nd
* Leamn the following key terms a

¥

chemoautotrophic
metabolism

chemuolithotre

substrates
Viges-Proskauer best

nsport chain

electron tra




PROCESS OF META

The evohation of living cells began with fhe use of the

v neleased from a chemical bond. Early organ-
fsms evolved that were able to convert l"i-“l energy
mto ATP Proteins evolved diverse catalytic func-
tioms, muaking possible the retention of a I.\Ir;;cr por-
sion of the chemical bond energy available in abiotic
[monliving) organic molecules. Breaking a :af-rin.-.w of
chemical bonds in successive steps enabled this to oc-
cur and allowed cells to carry out metabolism.

Metabolic processes are believed to have evolved
in the essentially oxygen-free atmosphere that char-
acterized the atmosphere of the Earth during the time
life began on Earth. Primitive life forms are thought
to have oblained chemical energy by breaking down
organic molecules formed by non-metabolic reac-
bons.

The totality of all of the chemical reactions that a
cell carries out is called cellular metabolism.
Through the process of cellular metabolism, cells
bring about chemical changes through which they
obtain energy and materials for growth and WP,.;.
duction. Energy is required for living things o sus-
tain life processes. Cells can store energy or use it for
the synthesis of new molecules by con trolling the sta-
tus of chemical bonds. Adenosine triphosphate (ATP)
i the central chemical in the energy transformations
of cellular metabolism. ATP cannot be stored for long
peniods l:l time and therefore must be continually
made. Within a living cell, the flow of energy in-

AG. 61 Ay

put of Vo
action. A catalysy hm-.:m‘“ b,
Catalysts 1o krwer the actival

158 Hon energy,

ACEVAON dier

activation Chiergy: In biolog;

BOLISM WITHIN A CELL

volves the formation and consumption of ATP, Celly,.
jar metabolism transforms the energy stored in light
or chemicals into ATP. Cellular metabolism alsg
transforms starting materials into the numerous car-
bon-containing chemicals that make up the structura]
and functional components of the cell.

Energy and materials are transformed within living
cells through a complex integrated network of
chemical reactions that collectively constitute the
metabolism of the cell, or cellular metabolism.

Rote oF ENZYMES

Cellular metabolism is based on chemical reactions
catalyzed by enzymes. Enzymes are biological cata-
lysts, which are substances produced by cells that ac-
celerate the rates of chemical reactions. Almost all bi-
ological catalysts are proteins but a very few are
RNA. Virtually every step in cell metabolism in-
volves an enzyme. Enzymes increase the rates of a
cell’s chemical reactions by more than a million
times.

Energy is required for a chemical reaction to occur.
Enzymes bind to molecules and bonds in such a way
that the energy required to initiate a chemical reac-
tion, called the activation energy, is lowered (FIG. &
1). This lowering of the activation energy is critical
because it permits reactions to occur at life-support-

BY, i noedid |
al S¥stems,

Y start a chemical -
EREVIMES serve as the

Sugar
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FIG. -2 The fit between the enzyme and the subsir:
plex has been likened to that of a lock and key. Actually
dimensional structure of the enzyme so that the sub:

precision of fit is responsible for the h
substrates

Ing temperatures. The result is that the reaction oc-
curs more rapidly than it otherwise would at those
emperatures.
An ijlpul of energy—the activation energy—is
o hitioie o dhaitat .

Em_ymes are biological catalysts that lower the acti-
Vetion energy so that chemical reactions can occur
within living cells.

Some molecules can bind to a particular enzyme
50 that the enzyme can catalyze a chemical reaction.
Such molecules are called the substrates of that en-
“¥me (FIG. 6-2). Enzymes can bind to substrate mal-
:.:‘_ul“: E“"_C“U“'l‘ the three-dimensional _‘-|'I.I[‘|:'.l‘f the en-

YMe fits the substrate molecule, sort of like a lock
in the re-

-"I:i:;tu:i Enzymes exhibit great specificity
S that they catalyze, When an enzyme binds to
‘!]C:Irs::m_lt' it forms an enzyme-substrate cumpl\."\
lL'IL‘ﬂkinll‘ ‘:\l_-‘ﬁuhhlm te complex then t‘:l'\‘dk:i \I‘Ju:\ n
i .rh|,: llw \-nz_\':.nu and the product{s) of | j‘ lr]: .1\”
action "L‘ ;rf”-"““ Lot consumed in the overall re
g can continue to act as a catalyst
bty

ate + Enzyme 7= Enzyme-substrate complex ¢
Enzyme + Product

"n:”ttl:l,:': f enzymes are needed to bring Jh'-“lt 1“!‘:
p‘-!l.llld»; .I_;-‘nt'.rn M even very :\II“I|..!I' chemica “1;“.
Metabolic \ousands of enzymes involved in i
ular L'.n.: -m‘lut"‘“h of each cell a re necessary for c :

¥th and reproduction. Enzymes catalvzing

ee Of spec

= govern whether
enerating energy
1thesis.

ey reactions in metabolic pathw
molecules are degraded as an ATT
source or converted

The actual site of the enzyvme that is responsible
ion 1s called the active site. Because

tor use in blosy

for its catalvtic act
protein shapes are not rigid, when some enzymes
bind to their substrate, there may be a shight alter-
» of the enzyme molecule so that

ation in the shaps
there 15 a good ht
tial for the enzymatic reaction to oocur.

between substrate and enzyme.

The fitis e
1f the shape of the enzyme is altered so that it can no
e enzyvme is said to be

nction as a catalyst

longer h
denatured. Heating and certain chemicals can dena-
talvtic activities.

ture enzymes, destroving their ¢

Enzymes exhibit a high degree of substrate speci-
Ficity.

The enzymes o particulor cell synthesizes will deter-
mine which chemical reactions occur in cellular me-

tabolism of that cell.

CoENZYMES AND OXIDATION-REDUCTION
REACTIONS

Many of the chemical reactions in cellular metabo-
lism are oxidation-reduction reactions in which elec
trons and protons ane exchanged between molecules
Many of these reactions are used 10 extract energy
from organic compounds. In these reactions elec-
trons and protons often are transferred to a molecule




NADH + H*
o —I

Reduced coenzyme

! : reduced coenzyme NADH
i s oxidized coenzyme NAD® to the ned lcoenzyme NAL
b M T}:mn;ﬁr:::tﬂ::;\:l:;‘t‘#\e; ;:-:'uup!cd with the oxidation of substrates within a cell
;ht: r::t:\ln can be written as NAD® — NADH.

called a coenzyme (FIG. 6-3). A coenzyme is an or-
ganic molecule that serves as a carrier of electrons
and/or protons during metabolism. The coenzyme
NAD® (nicotinamide adenine dinucleotide) is the
common temporary holder of electrons and protons
in many metabolic pathways. An example of such a
reaction is:
malate + NAD" ——s oxaloacetate + NADH + H

The reduced coenzyme NADH formed in this reac-
ton can then donate an electron and a proton to an-
other molecule so that the coenzyme is reoxidized,
Other important coenzymes used in cellular metabo-
lism are NADP fnicotinamide adenine dinucleotide
phosphate) and FAD (flavin adenine dinucleofide),

ATP AnD Ceuiar ENsgy

A central concern of cellular metabolism is the flow
of energy. All of the activities of liv
use energy. Living systems can neither create nor

¥ energy. Rather, living systems transform en-
CTEY. capturing energy from one source
that energy to drive the essential chemical reactions
that enable cells to carry out the life functions of
growth and reproduction, Some cells capture
dnm:ﬁv from sunlight; others obfain energy from the
oxidation (“burning”) of Qrganic or inorganic chemi-
b Regardless of the source of energy. all clls

strategy of carrying out metabolic

ing organisms

and using

Eﬂﬂfgy

AG. e ’
bﬂnd?‘:\'f:n A-g-p'-m' triphosphate (ATp

s
Band is ceaved, rpjees T iEd 10
actions

denosing

leasing about 7,

reactions that transfer energy to n‘u}h.‘n:lllt.‘s of ATP.
Then ATF serves as the molecule for transferring en-
ergy within the cell. A growing cell of the bacterium

Escherichia coli must synthesize approximately
million molecules of ATP per second to support its
energy needs.

During metabolism, energy is transferred to and
stored within molecules of ATP,

ATP is the universal energy carrier of all living cells.

In particular, the energy from ATP is used to drive
the energy-requiring reactions of biosynthesis that
are needed for cellular growth and reproduction.
ATP contains a phosphate functional group joined to
the rest of the molecule by a high-energy bond (FIG.
&4). Breaking this bond yields an inorganic phos-
phate group (P} and a molecule of adenosine d iphos-
phate (ADP) and releases a large amount of energy—
approximately 7300 calories for every 6.023 = 1F
m"l‘-‘rUI(‘b[mnllﬂnf."\TT‘(UH\'DJ’[‘L-(‘] to ADP + P.. This
“nergy can be used to drive the cell’s energy-requir
Ing chemical reactions,

In collular metabolism,
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FIG. &5 In substrate-level phosphorylation an energy
vield reaction directly provides the energy for the genera-
tion of ATP; this occurs via a coupled reaction,

ring, energy-releasing reaction, however, the synthe-
sis of ATP from ADP + P, does take place, because
energy Is now available to drive the synthesis of ATP
The generation of ATP by coupling energetically fa-
vorable reactions to the synthesis of ATP from ADP
plus either an organic or inorganic phosphate source
s called substrate-level phosphorylation (FIG. 6-5).

In other cellular reactions the chemical formation
of ATP is driven by a diffusion force in a process
known as chemiosmosis (FIG. 6-6). Protons are

N PRPC_E_S?_‘_)F_ME‘I’ABOUSM WITHIN A CELL 161

pumped out of prokaryatic cells across the plasma
membrane or the membrane-bound organelles (mito-
chondria and ¢ hloroplasts) of eukaryotic cells as a re-
sult of oxidation-reduction reactions that transport
electrons and protons through membrane-embedded
carriers. As the proton cg ncentration across the mem-
brane becomes higher on one side than the other, the
Protons on that side of the membrane are driven back
across the membrane. The force exerted by these pro-
tons to drive n back across the membrane is
called the protonmotive force. The passage of these
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catabolic (meaning to break down), A cata I.mlilc_ WH[;
way Is ome in which larger molecules are split J[n'n
smallee cnes. Such pathways can be used to ob 1._1]1 ’
epergy from ofganic chemicals, for 9\{g1ple.‘ e
pn\v;ﬂs that expend energy 10 synthesize ur;,nrlns
malecules are said to be anabolic (meaning to buil
up). The catabolic and anabolic pathways of .!_cel! are
interconnected so that the substrates used to feed the
cell can be changed into the molecules that make up
a living cell

Catobolism means degradative process and anabo-
fism means biosynthetic process.

Cells must be able to process matter from available
starting material into their own structural and func-
fional components. As with energy, the chemical re-
actions. of living systems can neither create nor de-
stroy matter. Cells obtain matter from their sur-
roundings and the chemical reactions the cells
perform can change the combinations of atoms
within that matter to form new molecules. Thus the
various available starting substrate molecules are
transformed by cellular metabolism into the many
different macromolecules of the cell. These macro-
molecules include, among others, proteins for en-
zymes, lipids for membranes, carbohydrates for var-
ious structures such as cell walls, and nucleic acids
for the storage and expression of genetic information.
Carbon is the backbone atom of all organic chemi-
mis.‘ln terms of carbon flow, the basic strategy of the
coll isto form relatively small molecules that can
as the basis for the carbon skeletons of larger macro-
molecules (FIG. 6-7), When a MICrooTEanism uses an
¥ to break that molecule

down into smaller compounds; these
pounds then act as buildin,
sors—for the biosynthesis of macromaole
the microorganism uses an anabl
transform small molecules into |

act

smaller com-
& blocks—called precur-
cules. Then
lic pathway 1o
arger molecules.
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FG. 67 The metabolic strategy of a cell is to break down
substances into smaller compounds via catabolic path-
ways. The small compounds that are formed are used as
the substrates for binsynthetic reactions in anabolic path-
Ways.

AUTOTROPHIC AND HeteroroPHIC METABOLISM

Microorganisms exhibit differing st rategies of metab-
olism for meeting their common needs. These needs
include synthesizing ATP and transforming carbon-
containing molecules into the macromolecules that
constitute the cells of the microorganism. Two dis-
tinct modes of microbial metabolism have evolved
for accomplishing these tasks: autotrophy (meaning
seli-feeding) and heterotrophy (meaning other-feed-
mg).
Autotrophic Metabolism

Microorganisms with autotrophic metabolism are
called autotrophs (T,

able 6-1). The cellular metabo-

evanobiacte ik
f\walar ma, which gain re

ducing
YRen; carried out by
slfur bacteria, and un-
ng power (H*) from HS

- C.E, freen and purple

» Which gain red e

ch s sulfur, nige

: « ilrite, nitrate, and hydmogen
i i ate, and hydrog
¢ acrogs membrang that results in generation of

Jigm Of autotrophic organisms uses inorganic carbon
dioxide as a source of carbon for the biosynthesis of
ihe molecules of the cell. Also, autotrophic metabo.-
lism almost always generates ATP from the oxidation
of inorganic compounds or through the conversion
of light energy to chemical energy—not from OTganic
compounds. Photoautotrophic (photosynthetic) mi-
croorganisms use light ene

r and l'hl'l'l]l!.l[llu!I'I1]|h||
\'rhg'm\|ii1]mtmphn'] microorganisms use the energy
derived from oxidation of inorganic compounds to
supply energy needed for synthesis of ATP

Carbon for the macromoelecules of autotrophic mi-
eroorganisms originates from inorganic carbon
dioxide.

Autotrophic metabolism does not use organic com-
pounds for the generation of ATP but rather cap-
tures light energy or energy from the oxidation of
inorganic chemicals; the cellular carben of au-
totrophs comes from carbon dioxide,

In heterotrophic metabolism the generation of ATP
is based on the use of an organic substrate molecule
(Table 6-2). The conversion of the organic substrate to
end products occurs via a metabolic pathway that re-
leases sufficient energy to be coupled with the syn-
thesis of ATP. The catabolic pathway involves reac-
tions that break down an organic molecule into
smaller molecules. Besides using organic compounds
!0 provide energy for ATP generation, heterotrophs
obtain their cellular carbon from organic substrates

In heterotrophic metabolism, organic compounds are
broken down into smaller molecules, called interme-

diary metabolites, that subsequently are used for
l‘ll"'i_\'m!\vhiu.

| TYPE oF METABOLISM
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HG"‘-‘N'I’PPM: metabolism uses organic chemicols 1o
supply the energy for ATP generation; the cellular
carbon of heterotrophs also comes from organic
compounds.

Heterotraphic metabolism occurs by either of two

I on or kermentation. Respiration
links the metabolism of an organic substrate with the
utilization of an inorganic compound. Respiration is
tabolis

Processes: respir

defined as a

reduction re
that com

cule. Often the cular

ndent on air

respirabion
OCCurs in

ATP is fc

viration)

Respiration requires an inorganic substance. offen
molecular oxygen. to complete the metabolism of
an organic substrate; ATP is generated by both sub-
strate level phosphorylotion and chemicsmosis dur-
ing respiration.

Types of Heterotrophic Microbial Metabolism Used to Generate ATP
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acd Lactic acid
wm‘l Lactic acid + ethanol + CO:

Ethanolic Ethanol + C{f:, &
Propionic aci ionic acid + LU,
Mlddmd !E‘::sml + acetic acld + lactic
acid + succinic acid + formic
acid + H, + CO,
Butanediol Butanediol + CO; |
Batyric acid Butyric acid + butanol + acetone |

+ €0y

Fermentation does not require an inorganic sub-
stance to ulilize an organic substrate for generating
ATP o3 a form of usable cellular energy and materi-
als for growth; fermentation does net require air;
ATP is generated exclusively by substrate level

phesphorylation.

Microorganisms can be grouped into categories
based on their requirement far or intolerance of oxy-
gen. Aerobes grow in the presence of air that con-
tains molecular oxygen. They generally grow only by

metabolism.  Other microorganisms,
called microaerophiles, grow only at reduced con.
centrations of molecular oxygen. Such SFEEIAMIA 1
quire oxygen for growth but only at c‘mﬁ'mr““t“{’m
(about 5%) lower than atmospheric levels (20%),
Generally, microaerophilic organisms will not grow
in air. Some microaerophiles prefer to grow at ele-
vated carbon dioxide concentrations to 10%) and
are called capnophiles. Campylobacter jejuni, a bac-
terium that causes gastroenteritis and diarrhea, is
mp]mphiljr (FIG. 6-8).

Facultative anaerobes can grow in the presence or
absence of air. Many facultative anaerobes, such as
Escherichia coli, switch between respiration and fer-
mentation, depending on the :l\'ni|af‘ility of molecu-
lar oxygen; they usually carry out fermentative me-
tabolism in the absence of oxygen and respiration in
the presence of oxygen. Other facultative anaerobes,
such as streptococci, carry out tm])' a fermentative
metabolism whether or not oxygen is present

Other bacteria are anaerobes and grow only in the
absence of air. Obligate anaerobes, such as Clostrid-
ium species, can only carry out fermentative metabo-
lism. Only a few groups of bacteria and protozoa are
obligate anaerobes. Some of these, such as Clostrid-
fum botulinum, the bacterium that causes botulism,
are very sensitive to oxygen and even a brief expo-
sure to oxygen will kill them.

respiratory

FIG. 6:3 Colonies of Campylobacter jejuni af-
ter 48 hours of incubation on Campy blood
AgAr in an atmosphere with reduced oxygen
concentration,

METABOL|C PATHWAYS

\ The metabolism of & cell oeeurs yvig

ical resctions, ey st a specific series of

olic pathways, in
! generate ATP, A
discrete steps between 5
Tale molecule) and the prod-
fions (end products). All of

the ATP-venerat;

aKond -Eill.'p!-..'l'h L of multiple discrete enzyme-cat

quence to v:m\.u:is" M."FT'\'_ Operate in a specific ¢

into the end ) AN Initial substrate or substrates

companied by 1|\I.J‘.l OF products of the pathway, 3
+ M€ lormation of AT, Several central

metabolic pathways have key roles in the metabgo

) lism
of microbial cells. The reactions that lead to ATP gen-
eration involve various intermediary metabolites

linked together in a series of small steps to form uni-
fied metabolic pathways. The intermediary metabo-
lites and the cellular energy are used to build the
molecules of new cells for growth and reproduction
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G
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malec jon, water is also pro-
C respiration, water 1 .

cule. In aerobic respirab By
ced as a result of the reduction of oxygen The ¢ >
o wation that summarizes aerobic respiration £
S i

ing glucose as substrate is:

CH.O, + 60, — 600 + nHC‘

;, the or-

I the first phase of a respiration pathway T
- substrate is converted into small organic m«_
B e + olucose can be converted to pyru-
cules. For example, glucose can S
; called glycolysis. The word gly

BEERA F\“h“ S 5 T saning sweet
colysis comes from the Greek, gluo, “‘\-‘““‘_? 2iys
{sugar), plus lysis, meaning to break. For éach “{:lnll-
cule of glucose that passes _thrnugb\ this ..am ‘[\L
pathway, the cell acquires a few ATI rnnlu\ll_e: \-
substrate-level phosphorylation. It also produces R.-
duced coenzyme (NADH). This means that glycoly-
sis captures about 2% of the J)‘aii.!l\le chemical en-
ergy of glucose within the ATP molecules that are
formed. _

The metabolites produced in this first stage of res-
piration, for example pyruvate, next enter the Krebs
cvcle (named for its discoverer, Hans Krebs). In the
Krebs cvele these small organic compounds are fur-
ther oxidized, producing inorganic carbon dioxide
and generating reduced coenzyme (NADH and
FADH.). Whereas glucose and other carbohydrates
are initially broken down to pyruvate via glycolysis,
other classes of chemicals are converted via different
metabolic pathways into small organic molecules
that can also enter the second stage of respiration—
the Krebs cycle. Proteins are broken down into amino
acids, which are further converted to form various

small organic acids that can enter the Krebs cycle
Lipids are converted to fatty acids, which are broken
down into products that can enter the Krebs cvclo;

CEILULAR \-\EU\E&_"E&M_ g

In the third and final stage of respiration, m_““wd
- I. o molecules formed during .;;l\'\_'nll\'ru.\'. and
il B ~vcle are reoxidized and ATF is generated
igkes L.;'\;.:..i‘.. This reoxidation of reduced coen-
E:r:l{‘:[::?l‘il\ﬁ .11w transport of electrons thrn.ug_h a
-;.L-rics of membrane-bound carriers l‘:- the t.cu.n;:mI
electron acceptor, This lrﬂl‘lhk‘!'.l\f ch"lr.m.\.-\ 18 lm ed
electron transport and the L‘.‘lrrh'rﬂ are |.L-I-_-rr(-1 F._. as
the electron transport chain. The process of u. utmn.
transport through the ﬂ‘l'['l'lh!'ﬂ[.\l"l.'n'ﬂ"l'lel.‘-d \nrmfr\
Also results in the expulsion of hydrogen ions (pro-
{ons) across the membrane. Because substances move
by diffusion from regions of high to |n.\\' concentra-
tion, the difference of proton concentration across the
membrane exerts a force. This protonmotive torce,
caused by the concentration gradient of protons
across the membrane, is used to generate ATT by
chemiosmosis.

Respirafion involves three distinct phases: “.m cata-
bolic breakdown of a substrate by glycolysis with
the generation of some ATP and reduced coenzyme
(MADH), the complete oxidation of the intermediary
metabolite to produce CO, in the Krebs cycle with
the generation of additi | ATP ond reduced coen-
zymes (NADH - FADH), and the reoxidation of the
reduced coenzymes involving an electron transport
chain with the resultant generation of ATP by
chemiosmosis.

Glyeolysis

Glycolysis is the initial stage of all the main path-
ways of carbohydrate metabolism. It occurs within
the cytoplasm in both prokaryotic and eukaryobc
cells. The most common pathway of glycolysis is the
Embden-Meyerhof pathway (FIG. 6-10). In this
pathway the f-carbon molecule glucose is first con-

FG. 610 The Embden-Meverhof pathw

. ay of glycolysis is a central metabolic pathway in
various eukaryotic and prokarvotic cells
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werbed plxwlm!e—uml.:ining compound fruc-
tose 'l.::d:;'ltarhm-. This conversion requires :1:5 1n:
of energy so that two ATP molecules are ufm
z:nd in the reactions that bring about this conver-
son The enengy that has been transferred to fruclu:f
18 hsplmﬁpl\-'m- subsequently is used to form ATI
Fructose 16 bisphosphate, which like glucose has b~
carbon atoms, is broken down into molecules that
have three carbon atoms. This results in the produc-
tion of two molecules of pyruvate (see FIG. 6- 10). It
also sesults in the net production of two molecules of
NADH and the net synthesis of two ATP molecules
so that the overall equation for the Embden-Meyer-

hof pathway of glycolysis can be written as:

glucose + 2ADP + 2P, + 2NAD" —

2 pyruvate + 2NADH + 2 ATP

where P, stands for inorganic phosphate.

In e Embd vathof pathweay of glycalysis, ghu-
cose is partially broken down inte pyruvate, twe
NADH molecules are formed, and the energy re-
leased leads to a net yield of two ATR.

Krebs Cycle
The second phase of respiratory metabolism occurs
when the pyruvate generated by glycolysis feeds into
the 'K?gbs 'f-"‘;':’ which is also known as the tricar-
boxylic a_ﬂd or citric acid cycle (FIG. 6-11). In
prokaryotic cells, the Krebs cycle occurs within the
cywplasa'p, In eukaryotic cells, this metabolic process
oceurs within mitochondria, In the series of chemical
reactions that make up the Krebs cycle,
l:hu!mcal energy stored in intermediate
derived from pyruvate is released
dation-reduction reactions, As
tions of thel- Krebs cycle the Pyruvate molecules
W .:|_u:mg glyeolysis are oxidized to form car-
bon dioxide. Thus at the end Of the Krebs cycle, &
2t cycle, six
catbon dioxide molecules are produced for each
f-t.?bun 5Iums-e molecule melabolized,
#v;lhelgu? the Krebs cycle, pyruvate produced by
yeolysis is split and 4 fragment of i ¢
el OF it is attached to
yme A (Coa), The combined m, lec 1
ik ; olecule is calleg
¥-CoA. Acetyl-CoA then enters thy 5
Initiating a series of reactions hat -
anc protons (H): NADH is generaten o, £/ 70N
reactions of the Krebs K—\"l;.l‘:‘li\l‘-‘dhdlmngw\'er.q[
Aavin adenine r.ilinunrle'rxtidi:l‘r’a;\!:}'mt s.'lr soenzyme,
FADH.. Oine of the reactions of h: Kt uted o
directly coupled yith the substran Lo 1 3150
of a high-energy phosph rratelevel generation
TRY Phate-containing
called guaniding triphosphate (G B compound
conwerted ko ATP, and for acmungl ). OI¥ 0. be
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Benerated in this reaction is copmieg Lo,
. he net synthesis of ATP durins oo
s during Tespir.

the potential
compounds
in a series of oxi-
a result of the reac-

The net reaction of metabolism through the Krebs
cvele, starting with the pyruvate generated from gy
cose, can be written as:

2 pyruvate + 2 ADP + 2FAD + 8 NAD® —;
"~ 6 CO. + 2 ATP + 2 FADH, + 8 NADH

At the end of the Krebs cycle, the cell has con-
verted all of the substrate carbon of the glucose mol-
ecule to carbon dioxide. There also has been a net
synthesis of four ATP molecules—the production of
ten reduced coenzyme molecules as NADH and the
generation of two reduced coenzyme molecules as
FADH..

In the Krebs cycle, intermediary metabolites, such
as pyruvate, are completely oxidized to CO, with
the production of reduced Y and some
ATP.

The Krebs cycle and glycolytic pathways have im-
portant roles within the overall respiratory genera-
tion of ATP. They also occupy a central place in the
flow of carbon through the cell. As a result of its func-
tion of supplying small biochemical molecules for
biosynthetic pathways, the Krebs cycle is rarely com-
pleted. Some of the intermediates are siphoned outof
the cycle, especially into amino acid biosynthesis,
and so some of the intermediary metabolites of this
pathway must be continuously resynthesized to con-
tinue the Krebs cycle. In many mir'ruurganisms, only
part of the substrate is completely oxidized for driv-
ing the synthesis of AT, and theé remainder is used
for biosynthesis. Similarly, the reduced coenzymes
Benerated in this pathway can be used for generating
::\J'l;PDT,r for the synthesis of the reduced coenzyme
hd hH.(fL’\hICL'd nicotinamide adenine dinuclec-

€ Phosphate) for use in biosynthesis.
g::::ﬁ"msm Chain and Chemiosmotic

on of ATP
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transport chy ;i ¢ of the compounds in the electro?

1 €an accept and transfer whole hydr

BEN atoms (that is, 4
others ¢ a proton and an electron), wherens

n
atis,
N accep

are accepted tht only electrons. When only electron®
' (hydrogen jons) must &

v are extruded to the ot
mbrane. Since the phosph?”
1o Plasma membranes are normall
Protons, this pumping establishes *

i p]’l‘lfll\_‘i
Ir!:hacluria the:
A P asmg 2|
lipld portions of o
ImMpermeable

somewhere,
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&< 4 6) Omaloacetate

Citrate “8“

N\

cis-Aconitate

lsocitrate 008“

e
\*!, NAI!H!

Oxalosuccinate m

- -av central to respiratory metabolism and
FIG. 6-11 The Krebs cycle is a metabolic T.uhn ;\:!‘u(:ir:_;:lnhmn_lr ““.m fioyan st
> J 4 5 i e O prenl CIASSEs ]
provides a critical link between the me tabol ::m L e acidl Krebs cycle: results-in the gen-
The metabolism of pyruvate through the "'E““b‘.'“ ic ac i e F.\‘ B
eration of ATP and reduced coenzymes and the formation ¢ e
; o » decarboxylation of pyruvate, that is, L removal,
vate takes place in two stages: the decarbox an of pyuve a0l G remontle 16
form ae i_(_-l: A, and the .,-:;[,_wqm.,“ u\ld.]\—;‘l‘uﬂ .I-_t the ,;u ::I f;:;r\r:\-‘r 1:‘,:;’ ‘:j SR
vay'i i jate © xylic acids are reg ated and cor

pathway is ¢ . + intermediate carbo d.aind o >
i\-c:‘u:ln \:‘; w:nt‘:,‘l\k :‘I::‘\,In«‘.-r the Krebs cyehe. Each carbon atom in the molecules of the

& ough & reac L

pathway is represented as a ned ball




170

AG. 612 The ol

result in the reoxid

lectron transpart chain is 4 membrane-emb
ation of reduced cornzymes. The transg

ided series of reactions that
it of electrons through the ey-

tochrome chain of this pathway results in the pumping ol protons across the membrane,

and the return flow of hydrog

mononucleotide (FMN) to coenzyme
zyme (). El
to the terminal \'l'.'\"ﬂ\l‘.l accey
15 an oxidation-reduction
(Fe) within the eylochrome

iin
Iternates betw

proton gradient, that is, there is a higher concentra-
tion outside the membrane than inside. The protons
on the outside of the membrane can be transported
imward by the enzyme adenosine triphosphatase
|ATPase), which is located in the membrane. As this
movement occurs, energy is meleased from the pro-
tonmative force and used by the ATPase o ¢ onvert
ADP to ATP.
Chemicsmosis is based on PUMping protons ocrass
@ membrane and using the anergy released by

::f‘:;‘ 5wl return protonmative foree) to gener-

Through cheminsmosis, energy contained in re-
duced coenryme malecules is used W drive ATP syn.
s The hydrogen jon gradient (protonmotive
lorce} across membrane and chemiosmosis drives
the formation of ATP. The nduced coenzyme & ADH
contains more stored chemical ey ¥ than the e
duced coenzyme FADH,. For each NADH umiurn.I:-
three ATP molecules €an be synthesized diiring ox.
idative phu«phuryhlliun, rumfmn-d to only I\\-uhM“l-'
malécules for ench Fa DH, The en NADH miolecy|,
generated during Blycolysis and the Krebs rwl?
th:nffnm,c 1 be converted 1o 3y ATP nmln:nhmlul:
Ing oxidative phlhphnr\'lahun The two FADH m \rl
ocules generated during the Kreh, cyele can ;;um-r.ln.-

1 bons resulbing from this !‘[II'..‘I\
ation of AT Electrons that enter the svstem from NADH ane

2 CAS

en the pxidized Fe'* and reduced |

ient drives the gener-
ransported through flavin

J; those that enter from FADH, go directly to coen
sctrons then low through a series of cvtochn HTHE

designated eyt I, ¢, i, and a
transported through each carrier, there
af the cytochror mple, iron
=" states.

, for

four ATP molecules. This ATP is in addition to that
tarmed during glycolysis and the Krebs cycle, so that
a total of 38 ATP malecules may be produced from
the respiratory metabolism of each glucose molecule

Prokaryotic and eukaryotic cells use chemiosme-
818 for ATP production in both oxidative phosphory-
lation and photophosphorylation. Electron transport
and ATPase are located in membranes, either
the plasma membrane of prokaryotes, the inner mi
tochondrial membrane, or the thy akoid membrane

OF photosynthetic cells, sy h as those found in chlor
plasts.

Carmers

Aerobic Respiration
When oxyen (0. o
Ceplor, as in (he
tabolism is ¢,

TVES as the terminal electron ¢
above example, the respiratory me
Alled aerobic respiration. The oxygen
feduced 1o form water in this process, The overall &

Action for the aerphi respiratory metabolism of gl
LOse can be writen s

Blucose + 6 (3

FISADP &+ 38D .
(aé]

PO HLO 438 ATP
Aerobig fespiration
li OXYEeN seryes
remarkahly
Corp

(respivation in which molect
llllllﬂlt'l'}‘ll’l“l‘
The initial breakdown of gl
ds only two ATP molecules pef

VS a5 the terminal ele
efficipng
by glycolysis yie|

molecule of glucose. In aerobic respiration, an addi.
tional 36 ATP maolecules can be formed Hence, ap-
o imately 40% of the th'|'|].|ll|| bond energy of the
:-]mn.w that is broken down in aerobic respiration s
r‘um\'t'ﬂ'd as high-energy— ontaining AT

Anaerobic Respiration

gome cells can use substances other than OXygen as
the terminal electron acceptor in a respiratory path-
way (FIG. 6-13). Bacteria such as Pseudomonas and
us can use a nitrate ion (NO, ) as a terminal
,.l-".u\ acceptor, This NO,  is then reduced to nitrite
ion (NO. ), nitrous oxide (NJO), or nitrogen gas (N,)

N; (A f}?wfﬂ‘l?’-

|
|
| ATPaie |
) { |
| /
f \
| [ i
| Lhapy SO His (ADPCATE)
.'-‘.G' 513 Anavrobic respiration in which nitrate. LS
i Mulfate MrVes as the terminal electron acceptor has S
B

= e
an transfer results in
A s from

Ty, N carrivrs, The
it OF nibrite from nitrate, malecular IERORY
Utrity

b O In-.lmg.-n sulfide from sulfate
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Under anserobic conditions, where thére is no frey=
Ben, nitrate, or sulfate o serve as termina electron
Acceplors for respiration. some MICTOOTRATUAMS Tay
still be able to carry out respiration using phosphate
@ the terminal electron acceplor The use of phos-
phate (PO?) as the terminal electron SCCEploT -
sults in the production of phosphine (PH,), a reactive
green-glowing gas. Conditions where this mighi oc-
cur include ansas of extensive onganic matter decom-
position, such as might be encountend ansund cemme
femies where the graves ame not sealed Mass burial
sites were often used in villages where cometerivs
were located on hillsides and numesous bodies wiem
placed daily in times of famine and epidemic out-
breaks of disease. Im he myths that might arise
when villagers heard a rumbling notse and saw a
green glow rising from the graves on the hillsde

T

| ‘electr

| anaerobic respiration.

oo t

complete krebs

absence ¢

NADH bv chemiosmosis

ilar " n, nitrate can
In the cbsance of malecular oxyge e car
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rve as the terminal & > ,
f By i er.
oduction of moleculor nitrogen and wor

, .
t an and nitrate, sulfate
in the absence of both axygen and nilrate, .\b o
n serve os the terminal electron acceptor, bec
i de and water in the

ing reduced to hydrogen sul
process.

Besides glucose and «

also utilize |

ganis : i
for motabolism. Because
weights these substances
they are first broken dow
lularly). Some mucn
enzymos for the breakdown €

B ima
polvsacchandes such as el

] :'Il'h_'l-'\“.llh.' ‘Il"
well as for attacking

lose, chitin, and starch




Glycerol + fatty acids

FIG. &-14 Lipids are broken down by lipases into glycerol and fatty acids. The fatty acids
are further metabolized by B-oxidation to smaller fatty acids and acetate,

Various microorganisms produce extracellular en-
wymes, called lipases, that break down lipids (fats)
into their fatty acid and glycerol components. These

enter the cell, where they are further me-

tabolized (FIG. 6-14). Many microorganisms convert
glycerol into dihydroxyacetone phosphate, one of the
ntermediates formed during glycolysis. The dihy-
droxyacetone phosphate enters the glycolytic path-
way and is further metabolized to CO,. Fatty acids
are catabolized by beta-oxidation. In this pnucéss. car-
baon fragments of long chains of fatty acids are re-
moved two at a time and acetyl-CoA is formed. A

fatty acid with sixteen carbons yields eight molecules
of acetyl-CoA in seven cleavage steps. As the mole-
cules of acetyl-CoA form, they enter the Krebs cycle,
as do the acetyl-CoA molecules formed by the oxida-
tion of pyruvate. In this process, reduced coenzymes
are produced and their subsequent reoxidation re-
sults in the chemiosmotic generation of ATP.
Microorganisms also produce extracellular en-
zymes, called profeases, Proteases break down pro-
teins into short polypeptides and amino acids (FIG.
6-15). These small subunits enter the cell and are fur-
ther attacked. Amino acids can be enzymatically

-

—

deaminated, that is, the amino group can be removed
and converted to inorganic ammonia. Removal of an
amino group from an amino acid produces a car-
boxylic acid The carboxylic :ltitlb produced in this
manner can enter the glycolytic pathway or the Krebs
cycle. Further catabolism results in deca rboxylation
with the production of CO.. ATP is generated as a re-
sult of the protonmotive force formed by the estab-
lishment of a proton gradient across the plasma
membrane of a prokaryotic cell or the mitochondrial
membranes of eukaryotic cells.

FERMENTATION

In fermentation pathways the organic substrate mol-
ecule is converted to another organic molecule that
serves as the terminal electron acceptor. There is no
net change in the oxidation state of the products rel-
ative to the starting substrate molecule. The oxidized
products are exactly counterbalanced by reduced
products, and thus the required oxidation-reduction
balance is always achieved. Such a metabolic path-
way can occur in the absence of air because there is
no requirement for oxygen or any other inorganic
compound to serve as the terminal electron acceptor
to balance a change in the oxidation state of the or-
fanic molecule, Some microorganisms can carry out
fermentation in the presence of air, simply ignoring
the presence of oxygen, whereas others can carry out
fermentation unl_v in the absence of oxygen.
F is an ar bic process that does not

require an external elech ptor to bal the
oxidation-reduction r in the pathway.

In a fermentation pathway, substrate-level phos-
Phorylation converts ADP to ATP. Unlike respiration,
f””’.‘e"fﬂﬁun does not involve an electron transport
chain or chemiosmosis for generating ATE. Rather.
t.ht‘. Synthesis of ATP in fermentation is largely re-
Stricted to the amount formed during glycolysis. Fer-
mentation yields far less ATP per substrate molecule
than respiration. This is because during a fermenta-
4o Pathway the organic substrate molecule is not
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completely oxidized to carbon dioxide. As a result,
not as much energy can be released from the sub-
strate molecule to drive the synthesis of ATP

Fermentation generates ATP by substrate-level
phosphorylation.

Fermentation yields for less ATP per substrate mole-
cule utilized than respiration.

The energy obtained from the complete oxidation
of glucose to carbon dioxide and water by respiration
is more than 10 times greater than that obtained
when glucose is metabolized by fermentation. Be-
cause more ATP can be generated per molecule of
substrate, fewer substrate molecules must be metab-
olized during respiration than during fermentation
to achieve equivalent growth. From both the view-
points of the energy needs of living organisms and
conservation of available organic nutrient resources,
respiration is more favorable than fermentation. Or-
ganisms that have the metabolic capability to carry
out both types of metabolism will generally use the
energetically more favorable respiration pathway,
when conditions permit, and will rely on fermenta-
tion only when there is no available external electron
acceptor.

The initial metabolic steps in the fermentation of a
carbohydrate are identical to those in respiration. It
begins with glycolysis. If the microorganism uses the
Embden-Meverhof glycolytic pathway, it generates
two p_\'rur.l.h' molecules, two reduced coenzyvme
NADH molecules, and two ATP molecules for each
molecule of glucose as a result of the glycolytic
breakdown of glucose

In respiration the reoxidation of the cOenzymes oc-
curs in the electron transport chain and requires an
external electron acceptor. In fermentation the .-n.m—
dation of NADH to NAD* depends on the reduction
of the pyruvate molecules formed during _;:iv.:u_[__"u.»-
to balance the oxidation-reduction n_’nct.mns. Differ-
ent microorganisms have developed different path-
wavs for utilizing the pyvruvate to rm\u!h‘.c the re-

duced coenzyme. These pathways have different ter-
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FG. 6-16 There are various fermentation pathways that produce differe

minal sequences and hence the various fermentation
pathways result in the formation of varying end
products (FIG. 6-16),

A complete fermentation pathway (1) begins with
asubstrate, (2) includes glycolysis, and (3) terminates
with the formation of end products, There is no net
change in the oxidative state of the coenzymes dur-
ing the overall fermentation pathway, and the coen-
Zyme does not appear in the overall fermentation
equation. There are several different fermentation
Falhways that are generally named for the character-

Stic end. products that are formeg (see Table 6-3),
Many of the produ

cts of fermentation Pathways have
commercial value, As will become a

is carried oyt by
ANy Yeasts, such o Saccharomyces cerpvisine, by 1,
relatively fow bacteria. The lic fermentation
PRthway can be written as

ﬁhﬂg*!ﬁﬂi’ + JP.‘—»ZEtlmnul + 2100, + 2 ATp

nt end products.

This fermentation pathw.
food and industrial mi
duce beer, wine,
example,

ay is very important in
cmbiollogy. It is used to pro-
and distilled spirits (FIG. 6-17). For
the carbohydrates in grains are converted (0
ethanol by yeasts in the production of beer and spir-
its. The sugars in Brapes are the substrates for ethanol
production by the Wine-producing yeasts. Sacchi-
Tomiyces cerevisiae, also known as baker's yeast, is “?ed
in bread making; the carbon dioxide released during
ethanolic fermentation causes bread dough to rise it
8 process called leavening (FIG;, 6-18). The ethanol is
driven from the bread during baking, which, _,L-colrd'
ing 1o the United States Environmental Protection
Agency, is an important source of air pollution that
muist be controlled, The ethanol produced by 5. cere
visiae is also used ag 5 fuel to augment gasoline in 2
Product known Popularly as gaslol.

Lactic Acid Fermentation
Lactic acid arried out by bacterid
metabolic reactions—ar*
acteria, This fermentation
actic acid as an end pfl‘d,"'f.:
Meyerhof scheme of glycolysis =
overall pathy acid fermentation pathway, 5
Bt Ih': onty 18 @ homolactic femenlnh_llljﬂ brod
malactic fer) "4 Product formed {s lactic aci i
Srmentation i8 carried out by Strepocott

e

e

A

Ethanol Carbon dioxide
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FIG. 6-17 The ethanolic fermentation pathway results in the f rr:ui:| ‘T-.l-i ‘rlll: It-n\tu‘lh::;
COI- The fermentation of carbohydrates to these end products forms the bas he beer,
wine, and spirits industries.

Forms bubbles in dough

i 2 p O - € - Tom the lic fer-
i L the ethanol
e by an alcoholic fermentation The CO; § h
i y an 4
FIG. 6-18 Bread is made by :
mentation couses the bread to rise



PG, 619 The homolactic acid ferm
(lactic acid). This fermentation pathw

and Lactohacillus species (FIG. 6-19), The homalactic
acid fermentation pathway can be written as

Blucose = 2 ADP ~ 2P, —s 2 lacticacid + 2 ATP

Streptococd, even though they are metabolically
chligate anaerobes, live on human tooth surfaces and
produce lactic acd that is held against the tooth by
dental plague. The acid can gradually eat through the
enamel of the tooth and create cavities. The lactic
2ad produced by Lactobaciifus Species in the vaginal

et helps protect againet sevually  transmitted
pathogens. Lartohacilius Species are the initial colo-
mizers of the human § i

annot digest the
: acidophilus is added
%o various commercial milk products, such as ag-

Wh\_uanmc tolerate milk.

i the dairy industry be.
: 2 i responsible for fhe souning of milk. I i

in the production of many types of cheese, yo
¥ products. Buttermilk and soyy
Mlumb_vwingdﬂim“: strains of lacn:
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entation pathway results in the production of lactate
way is the basis for cheese production,

acid bacteria as starter cultures and different parts of
whole milk as the starting substrate, "
In some bacteria, however, a different pathway of
glycolysis—the Entner-Doudoroff pathway—is used.
Such bacteria are termed heterolactic because both
ethanol and carbon dioxide are produced in addition
0 lactic acid. The ethanol and carbon dioxide come
from the glycolytic portion of the pathway. This fer-
mentative pathway is carried out by Leuconostoc and
vanous Lactobacillus species and is respansible for the
Production of saverkraut (FIG. 6.20). Several types ol
Sausage are produced by allowing meat to underg?
heterolactic acid fermentation during curing. The
overall reaction for the heterolactic fermentation can
be written as;

glucose + ADp - P
lactic acid + eihy

anol + CO, + ATP
Propionic Acid Fermentation

r\‘nat‘her furmenmiun pathway of interest is the pro-
PiOnic acid fermentation pathway. This metabolic
*equence carried out by the pmpi;mic acid bactend
pmduces PrOpionic acid and carbon dioxide. The

:’;‘wﬁal }‘,I:nuf Pmm""ihi:'irﬂuru_ which contributes
. u:me is detmm_i 2 Gram-positive rods that pre
* Propionic acid from the metabolism of carbobhy”

FIG. 620 The heterolactic acid fermentation pathway
(lactic acid), ethanol, and CO.. This fermentation pathw

duction

Cheeses are produced by microbial fermentations.

consists of milk curds that have been separated
fom the liquid portion of milk (whey). The wﬂ?‘"i&f
Tk & accomplished by using the enzyme et
::'!:acidbacmia!mmL' Rennin is

<alf stomachs or by microbial production g
Cheeses are cla.ssiﬁz as: (1) soft, i-f'1'1'}',""""“’_h'g"l

Water content (50% to 80°%); (2) semihard, if the “?‘Ef

is about 45%; and (3) hard, if they have a low
Water content (less than 40%). Cheeses are B0 e
Bed s unripened, if they are produced by dyng oY
fermentation, or as ripened. if additional micre

is qui ‘during of the cheese to
Srhieve the desired taste, texture, and aroma | B
d“!mmb)‘ bbmimsvnﬁomduesliﬁrk_
; E 8 desired product. 1f the water content ﬁ'ﬁ‘\‘
¥ated during ing, thereby diluting the nutriive
SN of the product, the product is calied
.P‘“ﬂkd cheese food* rather than a cheese. Lt

The natural production of cheeses involves 3

2 fermentation with various mixtures DRSNS
e actobacilis wpecies used as starter cultures e
?g..."“"""*m- The Aavors of different cheeses

! the of different microbial starter culfures.
h\""-&-—._._____

Ethanol + CO,
0 +Q

Lociote

PrODUCTION OF CrEsse

z of cheeses involves additional enzymatic
B e
ing enzymes produced by lactic acid hacteria or en-
zymes from other sources. Unripened chesses do not re-
quire additional enzymatic transformatiors. G ”E,
cheese and cream cheese are produced by ssing 3 #8
culture similar o the one ised for fhe production of o
T ',,m,-&mmu«mum_dorqm!
ing- Wadm#ismﬁadm::ri’“"
npen =2 sefected bactenal fungal
e ki T A R N T
L P o L
softened by proteolytic and lipalytic enzymes S
heese acquires its characteristic aroma. The production
of P R e e i
Various W”‘“’““"‘"‘h.m“n: N
&t cheeses. The semipencd chesse SRSl S
Jated with fungal spores and "“““"‘"‘“‘,’_si Fort
room to favor the growth of lamentous Fraozuw
blue cheeses are produced by using =
e Roquefoct cheese i produced by asing -.-;
e i camembert and bric are prhiced by using P
omserti gl £, el




FG. 621 The propionic acid fermentation

The carbon dioxide produced in this ferment.

drates (FIG. 6-21). These bacteria have the ability to
carry out this fermentation pathway beginning with
lacu:m acid as the substrate. The ability to utilize the

product of anather fer ion p I
quite unusual, but it allows Speries of Pm;n'uniflm'!-‘

Terium to carry out lat i
p e Ty 9 ate fermentation during the pro-

Lactic acid bacteria conve
. rt the
Teﬂ:;;m“': acid. Propionic ac
s lad.tc n‘:_.l';u Propionic acid and carbon diox-
Propionic bacteria begin their fermentation
curd has formed through the ac-
_telearm of carbon digy.

i P

initial substrates in
d bacteria then con-

¢ v forming the holes |
- The propionic acid formed during thi:

produces propionic acid and carbon dioxide
ation forms the holes in Swiss cheese,

E:“'m““i“” also gives Swiss cheese its characteristic
YOr.

Mixed-acid F‘ﬂﬂﬂnlﬂ'ﬁon

g‘-:tE?:;;:f-;:::l#f&‘m‘e“tﬂi"" pathway is carried oul
rial ?;i\e(:il_x‘ 1 L;_: a5 well as hundreds of other bac “"I
the P\'mvl\.n.nf e mlku(l-:l(‘id fermentation pathway
& "n-riuu: i uirmud durmg glycolysis is mn\'l‘T_(""
formate n;m!.nl-x ucts—ethanal, acetate (acetic acid)
h)’dmgon (H ]Ic acid), lactate (lactic acid), molecula®
the miX{\f‘d(:jé -:mi carbon dioxide (CO,), It is calle :
Products, The ‘.mm.l‘“i"“ because of these many
Pendin F‘mpur(_mn_.i of the products vary, de-
Mix;l:dun !hu bacterial species.
MElhy; g:,'dmff"“"“milm can be detected by th
R) test, which is based on the colof

FAiG. 622 The Methyl Red test, which detects the produc-
tion of acid, is useful for differentiating various bacterial
species, including Enterobacter aerogenes and Escherichia coli
Negative test result for Enferobacter aerogenes is on left. Pos-
itive test result for Escherichia coli is on right.

reaction of the pH indicator Methyl Red (FIG. 6-22
This test is one of several typically used in clinical
identification systems, including miniaturized com-
mercial identification systems used for the identifica-
tion of bacteria, such as E. coli, which cause urinary
tract and other infections.

Some bacteria, such as members of the bacterial
genus Enterobacter and Klebsiella, carry out a butane-
diol fermentation pathway. An intermediary prod-
uct in the butanediol fermentation pathway is
acetoin (acetyl methyl carbinol). One of the classic di-
agnostic tests used for separating E. coli from Enter-
obacter agrogenes is the Voges-Proskauer test, whicl
detects the presence of acetoin (FIG. 6-23). £ coli does
not carry out a butanediol pathway, whereas kil
”fm“"r'r acrogenes does. Thus Enterobacter acrogenes is
\Jﬂgt‘s-l"msknuer positive and E. coli is Voges
Toskauer negative.

Itis important to distinguish between these organ-
Sms because E, coli is used as an indicator of human
“cal contamination in assessing water quality and
fety. The Methyl Red test is also used for separating
:;;':l"’ll{'un'n'r' fi!'ml\l'u‘m'C from E. coli. It detects \'v!'_\.' !m\.

sulting from high amounts of acid pnwluxli‘-‘“-
“uhn“hl‘ I:ﬁnrrmﬂ‘ur(:h'r AETORENCS t'l!:\l'.ll'll‘lﬁ part of I.“;
Sttate into the neutral fermentation end product.
Wanediol, it does not produce as much ackd. and
(h:-‘:‘:‘h.’ll’s not lower the pH as much as £ ""!:'_:;h,l:lf
’“?I'\Intl _In all of its substrate into the 11'11\“'"""‘_‘“;“_
Ml'lh\-l;én pathway. Thus E. coli shows a pos Jdds
2 o ed test, whereas Enterobacter aerogenes o
“Pposite reaction,
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FIG. -23 The Voges-Proskauer test, which detects the
production of acetoin, is useful for differentiating various
b al species, includin ¢ 307 s and Es-
Negative test
left. Positive test result for

rogenes is on right

Butanol Fermentation

In yet another pathway, members of the genus
Clostridium carry out a butanol fermentation. Differ-
ent species of Clostrudim form various end products
via this fermentation pathway, with pyruvate being
converted either to acetone and carbon dioxide,
propanol and carbon dioxide butyrate, or butanol
Several of these products are good solvents Chaim
Weizmann, a Polish-born microbiologist working in
Britain, discovered the butanal fermentation path-
wayv in time to allow the British to produce acetone
for the manufacture of munitions for World War L
Their ability to do so was instrumental in the success
of the Allied forces. Today acetone for nail polish re-
mover often is produced by microbial fermentation

via this pathway.

PHOTOSYNTHETIC METABOLISM

arly organisms evolved a different I\:m_v of
generating ATP by ph ? bol or
i:holos\'nlhesis. Instead of obtaining energy for ATP
synthesis by breaking chemical bonds, these organ-
isms, called photoautotrophs, developed the ability
to use light as the source of energy that moves pro-
tons across membranes of their cells to create a pro-
tonmotive force. Photoautotrophs also obtain their
carbon from inorganic CO;

Some e

2y
rophic

in photosynthesis. light energy is captured and used

to generate ATP.
In phun\s\'nthesm. sunlight strikes pigments em-
bedded within the membranes of the cell. In this first

stage of photosynthesis, electrons within special re-
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AG. &24 Micrograph of the cvanobacterium Aph
somenonr flos-dguc
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action centers of certain pigments ar.u excited, mean.
ing that they have absorbed energy '“"“_lhv light
These excited electrons pass from the reaction-center
piqmmtf- through a series of prf\luin:\ embedded
within the membrane, eventually reaching -_md acti-
vating channels that vF\_dl‘h.' the transport of protons
across the membrane. These channels retain the elec.
trons and export the protons across th'. membrane
The pmtunnmti\'e force generated in this process is
used to produce ATP by chemiosmosis. As a result of
electron transport, the reduced coenzyme NADPH
also is pnhiuc\'d. NADPH is later used to produce
sugars from carbon dioxide.

Photoautotrophs

Organisms that use light as a source of energy and
carbon dioxide as their chief source of carbon are
called photoautotrophs. The photoautotrophs in-
clude photosynthetic bacteria (green sulfur and pur-
ple sulfur bacteria, and cyanobacteria), algae, and
green plants (FIG. 6-24). In the photosynthetic reac-
tions of cvanobacteria, algae; and plants, the elec
trons of water are used to reduce carbon dioxide, and
oxygen gas (0.) is given off (FIG. 6-25). Because this
photosynthetic process produces O, it is sometimes

AG.625 The? pat

Soactivation
p . Ln =eps (photosys,
o 203 e evcitation of P

to P

hway of oxidative Photophosnihor
eI into i pal

tylation combines two

hat separate pho-
ay. These are the excit . .

10 e HO as an elec ; ation of Py, to
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FG. 6-26 Cyclic photophosphorylation of anaerobi ‘ ses P!

This pathway generates the proton
not produce reduced coenzyvme

called oxygenic photosynthesis. The light-trapping
pigment required by green plants, algae, and
cyanobacteria is the green compound chlorophyll a
It is located in the thylakoids of chloroplasts in algae
and green plants and in the thylakoids that form a
part of an elaborate internal membrane structure in
tyanobacteria.

Algoe and cyancbacteria have chlorophyll a, which
absorbs light energy.

Oxygen is formed from woter during oxygenic phe-
tosynthesis.

~ Besides the cyanobacteria, there are several ather
families of photosynthetic prokaryotes that are cl
fied according to the way they reduce carbon diox-
ide. These bacteria cannot use electrons from water to
reduce

carbon dioxide and cannot carry

S¥nthesis when oxygen is present, that is, they
have an anaerobic environment (FIG. 6-26). Their
Photosynthetic process does not produce oxygen gas
and therefore this type of photosynthesis is called
noxygenic photosynthesis.

4 The Breen sulfur and purple sultur bacteria are
F‘"'““Nlh‘in\phic microorganisms  that carry out
O%Ygenic photosynthesis. The chlorophyll
“;“1?\ I‘h"mh\'n.liu‘llu .'l\nh-rm is hact 2
i absorbs light of longer wavelengths than t
”t\"::‘;;"‘ by chlorophyll «. The green _-L:l.’llrr!'.'n.li‘t':“:j
disce t-:;lt:. “-llhur compounds, or hy LE““:‘_IT”.:‘-‘j:‘;Uhf“
'\PF‘l\'!n,;l;‘;, dioxide and form organic comj Yo

ed by

e energy from light to bactenioch

these bacteria

Oxygen is not produced during onoxygenic phote-
synthesis,

Ancerobic photosynthetic sulfur bocterio oxidize hy-
drogen sulfide (H.S) so that they con reduce carbon
dioxide to organic motter.

Photoheterotrophs
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a
netghboring pigment hen the electron returns 0
fower energy level. Ti:hlgh energy electron is trans-
ferred electron acceptor, The capture of light en-
ma;‘:!:em\ifer of electrons and energy u.:;unz
called a photosystem. These s5ys
wm'l#. ’{:umpignmt mul.ccup les that absorb light energy

and a series of molecules that ahemntelg,f accept an 4
donate electrons and protons to form a _Lh-.un of oxi.
dation-reduction reactions through which electrong
and protons are passed. The lmnsh.-rsls of protons es-
tablishes a protonmotive fnrq: that is used for the
chemiosmotic generation of ATF.

Carbon dioxide o=¢=0

Glyceraldehyde

3-phosphate m

main metaboljc Pathway used by
rtga;:‘r carbohydrates, The p.\:’ltu\'n);‘r‘.
i PhS, requires the input of carbon
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calvin Cycle and CO, Fixation

Autotrophic MICTOOIEANISMS carry out a metabolic
;equunce of reactions knm..\-n as the Calvin cycle. n
the Calvin cycle, carbon dioxide is used to form or-
sanic matter. The conversion of CO, to Organic mat-
Tvr requires a significant input of ATP and red uced
coenzyme (NADPH).

The Calvin cycle is a complex series of reactions
that actually represents three slightly different but
fully integrated metabolic sequences (FIG. 6-27). 1t gf-
Euct;“'h' takes three turns of the Calvin cycle to syn-
thesize one molecule of the organic product of this
metabolic pathway, which is slyceraldehyde 3-phos-
phate. Because glyceraldehyde 3-phosphate contains
three carbon atoms, the Calvin cycle is sometimes re-
ferred to as a C, pathway. The glyceraldehyde 3-phos-
phate molecules that are formed during the Calvin
cycle can further react to form glucose and polysac-
charides of glucose, such as starch and cellulose. It
takes six turns of the Calvin cycle to form a 6-carbon
carbohydrate, such as glucose. The net input of en-
ergy—as ATP—and reducing power—as NADPH—
required for the conversion of carbon dioxide to glu-
cose is 18 ATP and 12 NADPH molecules.

In the Calvin cycle, carbon dioxide is reduced to
form organic compounds for glucose synthesis.

In photoautotrophs the ATP and NADPH (energy
and reducing power) to drive the Calvin cycle come
from the light reactions of photosynthesis. In
(hcmn!ithulmphs (discussed below) the needed ATP
and reduced coenzymes come from inorganic com-
pounds. The Calvin cycle itself is known as a “light-
i“d“F‘““dt‘ﬂf“ or "l.'lari: reaction” because, although it
requires ATP and NADPH, it does not require any
light reactions.

Chmonuromopmc METABOLISM

jt‘"m(‘ bacteria evolyed the metabolic capacity to use
Morganic substances as substrates to generate ATP

for cellular ene

rgy (Table 6-4). For example, some
bacteria

use reduced sulfur compounds, such as iron
sulfide, to generate reducing power and cellular en-
ergy. Bacteria that obtain energy in this way are
called ch trophs or chemolithotr ph ‘ﬁ-u-m
the Greek, meaning obtaining nourishment from
stones. These organisms do not require an organic
compound or light as a source of energy. They obtain
all their energy by oxidizing an inorganic cun:lpnund
These bacteria have electron transport chains and es-
tablish a protonmotive force across membranes,
which is used to generate ATP by chemiosmosis
Only a few genera of bacieria obtain their Energy
from chemoautotrophic metabolism, and all other
living organisms depend on them to provide the con-
tinuous cycling of materials that are needed for
growth,

Chemoautotrophic metabolism, also called
chemolithotrophic metabolism, uses inorganic com-
pounds lo generate AT,

Sulfur Oxidation

Various sulfur compounds can be oxidized by
chemolithotrophs to meet their energy needs. The
chemolithotrophic activities of sulfur-oxidizing mi-
croorganisms received considerable attention when it
was found that a highlv productive submarine area
off the Galapagos Islands is supported by the pro-
ductivity of chemolithotrophs growing on reduced
sulfur released from thermal vents in the ocean floor
(FIG. 6-28). It is unusual to find an ecological svstem
driven by chemolithotrophic metabolism. Some sul-
chemolithotrophic bacteria, such as
/ can oxidize large amounts of

fur-oxidizing
JJ:;II + o
reduced sulfur compounds with the formation of sul-
fate. The sulfur-oxidizing activities of this bacterium
are detrimental in nature because they result in the
formation of acid mine drainage: however, they are
beneficial for mineral recovery processes :.md JR.,
used for the recovery of copper and uranium, as

well

BACTERIA

~——_ REACTION
H: + 40, = HO
NO;~ + %0, — NO, -
NH,* + 140, — NO,” + HO + 2H
5 4 140; + HLO — H,S0,

2Fe** + 2H* + 4O, — 2Fe™ + HO

CO + O, + 2H* — CO, + HO

L 8,04 + 20, + HO— 2807 +2H'

Alcaligenes eutrophus
Nitrobacter winogradsiy
Nitrosomonas curopant
Thiobaciihes denitrificams
Sulfolobis acdocaldarius
Thiobacillus fermoxidans

Hwirog
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FG. 6-28 The tube worms (Riftia pachyptila) that grow ex-
tensively near deep sea thermal vents have no gut. They
have internal populati of sulf idizing
chemolithotrophic bacteria that produce the nutrients used
by these animals for sustenance. The red-brown color of the
worms is due to a form of hemoglobin that supplies oxy-
gen and hydrogen sulfide to the chemolithotrophic bacte-
ria within the tissues of the tube worms. Microbial mats of
Begyiatos grow between strands of the tube worms at the
Guaymas Basin vent site (Gulf of California) at a depth of
2010 meters.

Nitrification

Nitrifying bacteria oxidize L’lthcl_' "Ir.l’lmnnhr;m or nj-
trite ions. Bacteria, such as Nitrosomonas, I'““L'Il?,c
ammonia to nitrite (FIG. h_—20]. Olﬁur bacteria, such
as Nitrobacter, oxidize nitrite to nitrate. Bccags..- the
chemolithotrophic oxidation q[ reduced nitrogen
compounds yields relatively little energy, chemg-
lithulmphic bacteria carry out c.\ti:lns!\'e _I]'d'l'l.",furm‘}.
tions of nitrogen in soil and aquatic imhlttalr- to syn-
thesize their required ATE The activities of these
bacteria are important in soil because the altera-
tion of the oxidation state radically changes the
mobility of these nitrogen compounds in the soil col-
umn. Nitrifying bacteria lead to decreased soil feril-
ity hec.zu:w';msilivel_v charged ammonium ions bind
to negatively charged soil clay particles, whereas
the negatively charged nitrite and nitrate ions do
not bind and are therefore leached from soils by rain-
water,

NiroGEN FixAnoN

The evolution of a mechanism for converting atmos-
pheric nitrogen into reduced nitrogen compounds
such as ammonia was a major event in the progress
and development of cellular metabolism. It is this
process, called nitrogen fixation, that makes nitro-
gen available for incorporation into proteins. This is
critical because, while carbohydrates and lipids can
be synthesized from photosynthetic products based
on CO; fixation, proteins and nucleic acids cannot be
synthesized, because they contain nitrogen. There-
fore life could not have persisted and expanded in
the early oceans unless a means of replacing organic
nitrogen compounds evolved. The process of nitro-

1 FG. 629 Nitrifyir
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FIG. 6-30 Micrograph of the cyanobacterium Anabaena
cylimdrica showing vegetative cells and a heterocyst (en-
larged cell) in which nitrogen fixation occurs. (400 =)

gen fixation, the incorporation of nitrogen atoms
from N gas into protein, requires the breaking of an
N=N triple bond. This is a very strong bond that is
extremely difficull to break.

In the biological fixation of nitrogen, the triple
bond of molecular nitrogen is enzymatically broken
by nitrogenase. This is a complex enzyme sy:
An 'ITnn-|:ur|t;|i:n'i|'li_v| compound such as ferredoxin first
obtains electrons from the breakdown of organic
molecules ar from photosynthetic light reactions and
aarries them to a protein, nitrogen reductase, which
channels them to another protein, dinitrogenase With
the transfer of six electrons and the use of twelve AT
and four water molecules, nitrogenase converts ni-
trogen gas into two molecules of ammania.

Nitrogen-fixing bacteria, called Rhizobiim and
Bradyrhizobium, live mutualistically in the nodules on
the roots of legume plants (FIG. 6-30). Within the
nodule, leghemoglobin, a protein produced by the
plant, provides controlled amounts of oxygen so that
ferobic energy-vielding metabolism can be carried
'I:';ll:.‘::lhﬂ.ul inactivating |\Etrngun.!.~'v_ W |\|Ic|1 I"- J:I_'Il“:l:
Bian 1";_‘]}1}'“ exposure. When growing 4 l“l‘; .-|1- ;Im'-
lnhu“(:“ Iradyrhizobitm require oxygen n;:‘ ‘:1 )
live \\-::; and are unable to fix nitrogen r’:l‘ b
Hiem ‘"_1 root nodules, Riizobium and Bradyriis ;

SUrvive il by utt
lizing the

Other
ing
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in this oxygen-free environme
Mmetabolites of the plant

nitrogen-fixing bacteria, such as A A
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i spiri hun-
#32 Colonized micrograph of Methanospirillum
_:Ii-i cells within a sheath (orange), (84,000). The cells are

separated by a cell spacer.

chagbacteria may have been among the first organ-
isms to carry out cellular metabolism. The methano-
genic archaebacteria are strict anaerobes, They not
only do not use oxygen in their metabolism, they are
killed by exposure to oxygen. Methanogens could
have grown on the compounds available in the prim-
itive atmosphere of the Earth. Descendants of these
archaebacteria still carry out anaerobic methane pro-
duction today.
The bolism of + pr -dudns archaebac-
teria involves a series of oxidation-reduction reac-
tions. In these reactions, electrons and protons are
transferred from one coenzyme to another (FIG. 6-
33). The oxidation-reduction reactions of the coen-
zymes establish an electron chain through which the
electrons move. This movement of electrons is cou-
pled with the pumping of protons (hydrogen ions)
across a membrane. The return flow of protons by
diffusion across the membranes of these archaebacte-
rial cells provides the energy needed to drive the syn-
thesis of ATP by chemiosmosis. This process of
chemiosmosis is able to drive the formation of ATP
because when protons are pumped out of the cell, a

low concentration of protons exists withi
v t in the cell,
This causes diffusion to force the flo e

+ { F
from outside the cell back in. The mcrnbr:nepizlg?ns-
erally impermeable 1o protons except that protons
can pass through special proton-tra

FG. 633 The

Volves severa]

upr."d“f'i““ of methane by methanogen® It
reactions to ey (N2 nies and oxidation-reduct

jos
ablish a protonmotive force for chemit

motic ATP Beneration,

Methane is produced at sites where otganic matter
decomposes and creates anaerobic conditions. Sani-
tary landfills represent such sites, and methane pro-
duction at landfills is so extensive that it may be
trapped and used as a fuel. In some cases, however,
such methane production represents a serfous prob-
lem, particularly for nearby houses. Several houses in
Kentucky and other states that were located near
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landjills have been blown off their foundations be
ammﬁmamhﬁnmw

nace systems. The explosions moved the houses sev-
eral feet away from their original locations. These in-
mm’”Wmﬁsbh@h
a safe distance from landfills.

The production of methane by methanogens has
several practical consequences. Methane is found in
natural gas. It is a flammable gas. Methane seeping
from landfills, where it is produced by methanogens
degrading the waste deposits, sometimes enters
nearby houses and causes explosions. Some sewage
treatment facilities collect the methane that is formed

during anaerobic decomposition of wastes and use
it as a source of fuel for generating heat and electric-
ity. Some communities are supplied with a portion
of their natural gas (methane) from this metabolic
process. In the future, methane produced by mi-
croorganisms may be uvsed as a fuel for auto-
mobiles.

SUMMARY

Process of Metabolism Within a Cell (pp. 158-164)

* Cells exhibit various strategies for converting chemi-
cal and light energy into the energy stored within
ATF, the central currency of energy of the cell. These
processes of cellular metabolism also transform start-
ing materials into the organic chemicals that make up
the cell's structural and functional components.

Role of Enzymes (pp. 158-159)

* Enzymes are proteins that act as biological catalysts
to accelerate the rates of chemical reactions by lower-
ing the activation energy necessary for the reaction to
occur. Different enzymes are needed to caml\'m. dif-
ferent reactions, each cell having thousands of en-
zymes, each enzyme binding only specific substrates
to its active site.

Coenzymes and Oxidation-reduction

Reactions (pp. 159-160) '

* An oxidation-reduction or redox reaction inv alves
the transfer of an electron from a donor, which is oxi-
dized, to an acceptor, which is reduced. Al redox re-
actions must be balanced. Cellular metabolism gener-
ates reducing power to convert substrate materials
into the more reduced molecules of the cell by cous
pling oxidation reactions with the reduction of coen-
Zymaes.

ATP and Cellular Energy (pp. 160-161)

* All cells carry out metabolic reactions that transter
energy to ATP. ATP requires energy-releasing ‘“‘"":
bolic reactions for its formation. ATP’s stored rn.'rg._\
is used to drive energy-requiring biosynthetic r_m:;
tions. Breaking an ATP high-energy bond yields 73

substrate level phosphor-
rom ADP + P, cou-
vorable reactions. The forma-
be driven by a protonmotive

tion of AT
force in
Metabolic

* The metabolic pathway:

rhon Flow (pp. 161-162)

zed in ATP generation

invalve various intermediary metabolites linked to-

of small steps to form unified bio-
In a catabolic pathway, larger
molecules are :apii.r into smaller ones. Ce rela-
tively small molecules that can act as the basis for the
carbon skeletons of larger macromolecules that an
synthesized in anabolic (biosynthetic) pathways

Autotrophic and Heterotrophic

Metabolism (pp. 162-164) .

» The synthesis TP can be achieved autotroph-
cally—throu, » oxidation of inorganic substrates
or through the conversion of light energy to chrmu..l&
energy—or may be generated heterotrophically
!hrm.i.uh the utilization of organic substrates.

gether in 2
cherucal

Metabolic Pathways (pp. 164-157)

Respiration (pp. 165-171)

. rFr;c Embden-Meyerhof pathway of glvcolysis con-
verts the 6-carbon molecule glucose into two mole-
cules of the 3-carbon molecule pyruvate, plus two

s of reduced coenzyme and two molecules

« Glycolvsis is the first step in all pathways of carbohy-
r RIS, X b
drate metabolism. Its product. pyruvate, feeds mnto
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lactic fermentation produces ethanol and carhgy,
dioxide and is carried out by Leuconostoc and Ly
acillns species. v !

Propionic acid fermentation is carried out by propi.
onic acid bacteria and pn‘ducv-& propionic acid angd

C]\ummululmphi.‘ Metabolism (pp. 183-184)

» Chemoautotrophs (chemolithotrophs) are bacteria
that can combine inorganic substances such as sulfur
or nitrogen with oxygen to generate ATP for cellular

189

Nitrogen Fixation (pp. 184-185)

Nitrogen fixation is the conversion of atmuosipheric ni
trogen into reduced nitrogen-containing o npotnds

) such as ammonia. Nitrogen fixation is carried ot

i ; e 4 ¢ it
energy via aerobic respiration. Such bacteria play im- only by members of a few bacterial genera :

o ; A% carbon dioxide. This pathway is ¢ sed in the produc. portant roles in mineral cycling, for example, the con- * Nitrogenase is the enzyme that converts molecular

2 = Jafion, electrons fion of Swiss cheese, giving it the characteristic holes

NADH and FADH. ane transierred uum_lgh an elec-

from trasport chain, which inchudes a series of o!ud'a-

thon-peduction reactions of membrane-bound carrier

modecales and the reduction of a terminal electron ac-

crptoe. Chemiosmosis provides the energy for ATP
a5 result of this process.

and flavor.

Mixed-acid fermentation yields ethanol, acetic acid,
formic acid, hydrogen, and carbon dioxide. This path-
way is carried out by members of the Enterobacteri-
aceae, including E. coli. It can be detected by the

version of ammonia to nitrite and nitrate, and hydro-
gen sufite to sufate.

Chemoautotrophic microorganisms couple the oxida-
tion of an inorganic compound with the reduction of
a suitable coenzyme. They use chemiosmosis to gen-
erate ATI. Important mineral cycling reactions are the

nitragen into reduced nitrogen compounds.

Some nitrogen fixing bacteria live in symbiotic asso
ciation with plants in specialized structures called
nodules. Others have structures called heterocysts
where nitrogen fixation occurs.

Methanogenesis (pp. 185-187)
* Methanogens are strictly anaerobic archacbacteria
that produce methane as a result of anaerobic respira-
tion. The oxidation-reduction rea

Methy] Red test.

In the butanediol fermentation pathway, Klebsiella

species produce butanediol. An intermediary metab-

olite in this pathway, acetoin, can be detected by the

Voges-Proskauer test, which distinguishes E. coli from

Enterobacter aerogenes for water quality testing,

The butanol fermentation pathway is carried out by

members of the genus Clostridium; the end products

of this pathway can be acetone and carbon dioxide
propanol and carbon dioxide, butyrate or butanol.

Photosynthetic Metabolism (pp. 179-183)

* Photoautotrophs, which include the photosy
bacteria, algae, and green plants, use light as their en-
ergy source and carbon dioxide as their carbon
source. In oxygenic photosynthesis the electrons of
water reduce carbon dioxide, and oxygen gas is given
off. Chlorophyll and hdcturiuchlump.h\'li are the light-

+ An extermal electron acceptor is required to complete

b bolic pathways. In acrobic respira-

o, mv;i:n s the terminal electron acceptor. Aerobic

mp'mt‘im {s an efficient generator of ATP that comes
from chemiosmosis.

. Iy force s the ial energy gradient
scross a membrane established when protons are
premped across the membrane. Energy released when
protons move back across the membrane by diffusion
is coupled with the energy-requiring conversion of
ADP o ATP. Generation of ATP using protonmotive
force is called chemiosmosis

Lipid and Protein Catabolism {pp. 171-173)

* Lipases break down fats into their fatty acid and glye-
erol components, which are further metabolized in
the cell. Fatty acids are catabolized by beta-oxidation
in which carbon fragments of long chains of fatty
acids are removed two at a time and acetyl-CoA is

result of chemoautotrophic metabolism.

Regardless of the mode of metabolism the strategies
are the same: synthesize ATP, reduce coenzyme
(NADPH) and small precursor molecules to serve as
the building blocks of macromalecules, and then use
the energy, reducing power, and precursor molecules
to synthesize the macromolecular constituents of the
arganism,

ions of the coen-
zymes in the metabolism of methanogens establishes
an electron chain through which

ons move. This
movement of electrons is coupled with the moving of

protons across a membrane, and the protonmotive
force is used for AT synthesis by cf
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overy of
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nities altered the validity of the dependence of life on

alvin cyele | ; :
miCroOrgay -l.YL]l 5 carried out by most autotroph
i i""ns:r,:::;‘ﬁ N which carbon dioxide is reduc®

T matter, Thi e s o e
i the form of pet, - LS requires reducing Pe
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Replication of DNA 198
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Unwinding the DNA Double Helix—Replication
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Regulating the Metabolism of Lactose—the lac
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In this chapter we will:

* Discover the underlying mechanisms of henedity and
the biochemical events that enable the passage of

hereditary information.

* Examine the properties of DNA (deoxyribonucleic acid),
the universal master molecule of life that stores genetic
information in all cells—bacterial, human, and other

* See how DNA molecules are replicated so that
hereditary information can be passed from one

generation to the next

« Discover how all of the properties of an organism are
determined at the molecular level

Learn how genetic expression occurs, seeing how
information in the DNA is transferred through RNA
{ribonucieic acid) molecules to proteins.

Learn the following key terms and names:

Ames test
anticodon
auwcotrophs

base pairing
catabolite repression
codon

diploid

DNA gyrase

DNA polymerase
double hetix

Euons

frame-shift mutations

Eapinif

heterozygous

promoter
prototroph
regulatory genes
replica plating

ficabion fork
ribosotmal ENA (fRNA)
RNA polymerase
semiconservative

hnRNA (heterog)
nuchear RNA)
homesy gous
inducible
introns
lethal mutation
mutagens
mutabon

split Smr
template strand
thymine dimer

transcT w
transéer ENA (EENA)
tranalatbon




MOLECULAR B
ologist, Frederick Griffith,
accine against pneumonia
erent strains of the
s prieuntenia (FIC

In 1928 a British microbi
was trying to develop a vacan
He was working with two diff
causative bacterium Streptococcus pr (
=.1). One strain was pathogenic, killing the mice
jocted with it. The other strain was nonpatho,
The two strains differed in appearance when vi
under the microscope. The nonpathogenic strain ap-
peared rough and was not surrounded by a capsule
The pathogenic strain appeaned .~mm!h.._!:urr-.u.uu.h'cl
by a polysaccharide capsule. When Griffith injected
heat-killed cells of this smooth, pathogenic strain of
S pmeumoniae into a mouse, the mouse survived be-
cause the dead bacteria were unable to establish an

ASis OF MEREDITY

infection in the mousc However, when he injected 5
mouse with living cells of the rough nonpathogeni
strain, together with dead smooth 1‘..I\'Iu|':<1. knowin
that neither of them could cause disease alone, the
mouse died. Unlike the live, rough bacteria he jp-
jected, the bacteria he isc Mated from the dead moyse
appeared smooth and surrounded by a capsule.
This was a most puzzling observation. Griffith rea.
soned that genetic material from the heat-killed bag.
teria had somehow entered the living nonpathogens
and transformed them into pathogenic bacteria. Hg
postulated that heat could kill the pathogenic cells
without destroying the subslance containing their
hereditary information, which included instructions

o how to cause infection and disease. Griffith had
0

in fact, observed the movement of hereditary mate
ial from one cell to another, The chemical that trane

mi"'"l the hereditary information for causing dj

4o
Jeaked from the dead pathogens and was picked up
py the living bacteria, transforming them into
pathogens when it became part of their hereditary
material

Other scientists then began to investigate the spe
cific chemical substance that ca

sed the transforma
tion of a nonpathogen to a pathogen. They were look
ing for the molecular basis for heredity, Chemical
analyses narrowed the possible hereditary molecules
to either proteins or nug leic acids. Most scientists hy
pnl]ll'ﬁ'iﬂ'tl that proteins were the basis of heredily
because their essential roles i metabolism were
known. The specific chemical nature of the trans
forming material observed by Griffith, howoever, re
mained a puzzle until 1944 when Oswald Avery and
his co-workers were able to demonstrate the chemi
cal nature of the substance that transformed non
pathogenic 5. prenmoniae to pathogenic S, pueumo
e

Avery hypothesized that a nucleic agid, deoxyri
bonucleic acid (DNA), rather than protein was the
hereditary  molect
prove this, In Avery’s experiments the transforming

He designed experiments Lo

principle of §. prenmoniae, which had been shown to
be predominantly DMNA with a trace of protein, was
treated sequentially with an enzyme that dustroys
protein and an enzyme that destroys DNA (FIG
Avery observed that the protein-destroying enzyme
did not affect the ability of the material to transform
nonpathogenic 5. prenmoniae into pathogenic 5. puien
monige, whereas treatment with the DNA-destroying
enzyme eliminated such transformation, Based on
the Avery concluded that the trans
15t be DNA

* observations
forming principle i
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Desnila
Pite this guite conving ng, demonstration, the
wienhhic community was not

¥ ady ki
INA was the univer

il hereditary mo Mowit

winild
vt b the basts of heredity for

chembists remained convineed that Proleins
eventually b

arganisms other than bacteria. An

ther set of experi
ments conducted

Bacteriophage (viFuses that

mephicate within | 1

Is), however, added con

vincing evidence W nucleic acids, not proteins, are

the: sotrce of b

mation. These experi

ments, conducted m 1952 by Alired Hershey and
Martha Chase, examined th cation of bacterio
pl 12, Although bacter ¢ are nol ng
cells, they wene ki wikain [0/ in

making then
wking them mioclel e

pood  simple

whether it s protein or DNA that carties bereditary

inlormation

y o Chase used

o ditferent radioactive
and  DINA

150 At

protein. DNA contain

usiedd the ra
teriophage DNA

devisee
protein components of b
pl
o a cullure ot
Es

added bact

did not enter the E

they similarly added

colls and therefc
the h

phages produ

fitary ink

B encapsulated
strain Translormation
Transfarming S
srinciple
@ PGP pNase
B Translormation
< Protease . G R
- 1 5 e - y
(" Growth of > @ :
Dead z enr_upsuhllnd
o Ay i DMase
b"‘“t::l 't:h transformation of Strepiococeus PR S RSy
cells of S‘rll:‘::‘-m be altered by 4 hereditary substance (Lt ties of o
and incorporat ht”'M: are heat killed they leak DNA, which ca r]“ ) W
e bed i p S . Which can
pn!}m,c..m,‘mmﬂl"‘:l‘- senetic information of thse cplly. N be picked up by other colls
factor that cantribute - m!n wmonine that lack ghye e h‘\r anner, avirulent (non
that encode, r‘”mi*::l ot ‘:‘“ ability o cayse futal dis I‘T‘-ulu- production (virulence | =
e : Blisg) I | ,
192 Wit of 5. prewmonize |\il:‘|n:lf[r::‘|l;‘ ;\‘M" this xccurs, an avirulent fo, ¢ Sene (DNA) FIG. 7-2 srove that the hereditary sttt Ses 0
8 A Vil trin that produces s eapenie. ' wene added to cell extracts. The - the additio
3 produces g ¢ apaule A o e g b

eliminated transformation
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Labelled DINA inside cell |
Labelled protein remains outside

AG. 7-3 Hershev and Chase demonstrat
stances of viruses. In their experiments =P
to label proteins. The ™
This indicated that the

Jabelled nucleic a

bacteriophage contained P and not S, indicating
further that the hereditary material passed from one
generation to the next, was, in fact, DNA. Although
subsequent experiments have shown that another
nucleic acid (ribonucleic acid [RNA]) sometimes is
the hereditary substance for viruses, it was now

ed that nucleic acids are the hereditary sub-
was used to label nucleic acids and 5 was used
remained outside of the host céll, whereas the

=P entered the cell
cid carried the hereditary information

firmly established that DNA is the hereditary mole-
cule for many viruses and all living cells.

DMA is the substance that transmits the hereditary

information of many viruses ond all cellular organ
isms.

STRUCTURE OF DNA

Nucieonpes—BUDING BLOCKS OF THE GENETIC
Coope

Tounderstand how DNA stores and transmits hered-
ary information, it is necessary o examine the
chemical structure of this molecule, DNA is a large,
high-molecular-weight molecule, called a macromole.
cuile. 1t is composed of many subunits called nu-
cleolides (FIG, 7-4). Each nucleatide subunit of DNA
bas three parts: deoxyribose (a S-carbon sugar)
phessphate, and one of four nitrogenous bases rm'nnc:
times referred to as nucleic acid bases). The four dif-
ferent nittogenous bases that oceur in DNA are ade-
mine (A), thymive (T), gumine (G), and cytosine (C),
These four nucleotides are like an “alphabet” that
makes up the genetic code, They establish the firs
nhnjnm-r:l?l 3:1\‘::\. of DNA as the chemical basis for
— e ability 10 encode the penctic i
ton. This is achieved by linking tltnL-kr‘\::?lt:;ﬂl]i:‘]:[-:r:r:\ﬂ-
specific order—much as the letters of the alpk i
are joned (o form wards, P

The hereditary information is coded by the order in

which the four different nucleotides occur within the
DNA macromolecule,

CHANs OF NUCLEOTIDES— DIRECTIONALITY OF
DNA

Individual nucleotides are linked to form a long
chain consisting of several million nucleotides. Th
bonds holding the nucleotides together are covalen!
and hence strong, This is |mpur'l‘m‘t for the long-ter™
stability of the hereditary macromolecule. Within this
chain, nucleotides sl together in order.
1l1ulrhy establishing the se |\|L'n<'\“~‘l!1-\| encode the
genetic information, Onee
DNA, the

by

F hain OF
encoded in the chain !
i 1 sl O
information remains intact unless acted ¢

a » . r -
4 _d'“rn"l"\'f“Tfl'.\tln:lx as certain chemicals or ™
dintion,

rh_;litl; chemical bonds holding the chains of I
-eoldes together are ‘-5 s
: are called 3'-5' phosphodi®

bonds (Fic;. 75). 1 1 :

Shos”
hey are so-named because pht

fiG. 7-4 Four different
deoxyribonucleotides com-
pn_w’ the subunit ||I|u||-
cules of DNA. These have
differing  nucleic  acid
hases: thymine, cylosine,
adenine, and guanine.

AG. 7-5 Nucleotides are
joned together by phos-
Phodiester bonds between
the 3-OH and 5'-P posi-
tions. There is a free 5°-P at
one end of the polynu-
cleotide chain and a free 3'-
OH at the other end

A Y STRUCTURE OF DNA

e 1L
|  Pyrimidines o el
i 3
‘ 5 Thymine u||4 rI ~CH, Cytosine NEHROH
| o= CH e ‘I_”
- N I >
| HO—=(P)=0O~CH, h WO~ ()~ 0~ N
i | = | )
| o r__ L) |'.;
Purines o
Guanine *
o HN—C}
HO 10— (F)—0—cH
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phate forms bridge between the number ‘»cnrt:\:
of one deasyribose SUSAT molecule and the =“”.“-.L.,
S-carbon of another At one end of the ch_.nn there 1
mo phosphate ponded to the J-carbon of a deoxyri-
bose, and at the other end of the m.‘]urul_r. the phos-
phate attached to the S-carbon is not involved n
forming a phosphodiester linkage. Thus there is a
free hydroxyl group at the 3-carbon position at one
end of the chain (3-OH free end) and there is a tree
phosphate group at the 5-carbon position at the other
end (5P free end), This imparis a secand important
property on the DNA macromolecule—that of direc-
tionality.

Having different groups free at the different ends
of the molecule distingui hes one end from the other
(tike left from right) thereby permitting the molecule
to be read from a '|1.\mcu|.u' direction. This is espe-
cially critical for a molecule whose purpose is to store
and to transmit genetic information because 1t gstab-

m

FORMATION

1OM AND EKPPESSE)E_EF_(_}ENE b
basis for the correct direction for re

lishes the
Jeotides that encode the

the order of nuc
formation within the DNA mac romolecule

The chains of DNA macromolecules are different o
eithor end, which allows directional recognition.

DNA DousLE Hewx—COMPLEMENTARITY

There are two chains of nucleotides in the DNa
macromolecule The two polynuc leotide chains tha
comprise the DNA double helix run in oppuosite di-
rections—one chain runs from the 3-OH to the 5-p

free end and the complementary ¢ hain runs from

5P to the 3-OH free end. These complemen

chains twist together to form an arrangement called
a double helix (FIG. 7-6).
The two chains of the DNA double helix are held

together by hydrogen bonding between compler

 chains. Two of the

trogenous bases (Cand T

Oeccl—pNH |
Cyfosine Guanine
|

romoleculie. The
pairs

1} two hy
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DISCOVERING THE STRUCTURE OF DNA

[n the early 1950s, James Watson, who had anly recently
received a doctoral dey ; ‘

gree from Indiana University,
{eamed with Francis Crick, a Cambridge University re-
searcher, and pieced together the available data 1o de-
termine the chemical structure of the DNA moleculs
showing how [ could store and ¢ i
information (see Figure)

Watson and Crick reasoned that the double
adenine and guanine molecules were probably p
with the single-ringed thymine and cytosine m’u-’-
along the entire length of DNA. This would fit
servation made by Erwin Chargaff in the United States
in the late 1940s that in any given DNA macromolecule
the amount of adenine present Is always equ
amount of thymine and the amount of cytosine is al-
| ways equal to the amount of guanine. It also was con
sistent with the observations of Maurice Wilks
Rosalind Franklin at Cambridge University in Eng
who, using X-ray diffraction methods, showed
DNA was long and thin, with a uniform diam
this was not the case, then DNA would bulge
the two double rings were paired and narrow whene
two single rings were paired, something that was never
seent in the X-ray diffra
Franklin,

structural tormulas for the oo

wmit hereditary

ction images of Wilkins and

A, James Watson al age 23 ans

while woeking at the Cavendish L

hiw DNA can transmit hepeditary

stractune of DENA b 1953 and shared th

B, 1n 1993, an the fortieth anmiversary of S dises
which has prosen o be correct

svery, they agein pused wit

The problem Watson and Crick had was that the

acld bases guanine
chenistry b
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singlenng structuns called pyrimidines
:ﬂwﬂ::’;ﬂ two (A and G) are double-ring struc-
putes called purines. The charge interactions between
purines and pyrimidines allow them to form weak
hydrogen bonds (FIG. 7-7). Chemtically, the most sta-
ble hydrogen bonding occurs when guanine forms
theee hy: bonds with cytosine and when ade-
nine forms two hydrogen bonds with thymine. The
proper alignment to form these hydrogen bonds oc-
curs only when the sugar-phosphate backbones of
the two DNA chains run in opposing directions and
ate twisted together to form the double helix.

DHA, which stores and transmits cellulor hereditary
information, is a double helical molecule.

The hydrogen bonding of A to T and CtoGis
called base pairing. It is this compl ity that
establishes the basis for the double helical arrange-
ment of DNA and for the accurate replication of the
DNA macromolecule. This is essential for passage of
hereditary information from one generation to the
next. It also means that in the double helical DNA
molecule, the amount of adenine is always the same
as the amount of thymine, and the amount of gua-
nine is always the same as the amount of cytosine
(A=Tand G=0C),

s o

N
oh 0 — o H N ﬁ
g : e = == —N")—<)-N
N yo—.
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Thymine Adenina
C=G
H |
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FG. 7-7 Hydrogen bonding occurs between nucleotide
base pairs. Adenine forms two hydrogen bonds with
thymine, Guanine forms three hydrogen bonds with cyte-
sing.

Guanine

Base pairing occurs between complementary nu-
Lo 4 3 PSR .

pairs with thy and
pairs with cytosine.

REPLICATION OF DNA

When a cell divides, s hereditary information is
pas«se:_i o Ihe next generation, Replication of the
hervnhm_v information involves synthesizing new
DNA molecules that have the same nucleotide se-
quences as those of the parental organism. The trans-
let_ot’ hereditary information is possible because
DNA has a unique chemical structure n which the
two chains of the DNA double helix
fary in nucleotide sequence. Wherey
one chain, a C is found in the othe
T is present in one chain,
will have an A A nucleo
one chain has a

are complemen-
eraGis found in
t T, and wherever a
s complementary chain
uulzh- sequence of ATCG in
g sequence of TAGC in
Dts;quﬂ.l:;e in one chain

er. Ihe informati
accurately replicated so that an L‘:I:\:

One generation to the next.

The pricess by which 2 double he

B copied o form a duplicate bical DNA molecute

DNA macromolecyle i

called semiconservative replication. It is so named
because durmg mpﬁm“‘-‘ﬂ each of the chains of nu-
cleotides in the DNA being replicated remains intact
The two chains of nucleotides in the double-stranded
DNA molecule are conserved—and a new, comple-
mentary chain is assembled for each one. Each of the
conserved parental DNA chaine seivas as. the:tem-
plate that specifies the sequence of nucleotides in the

newly %}‘nthesiz o e i
Serp-:unsen.‘,l-“,e replication was demonstrated
Seah1 lly by Matthew Meselson and Franklif
?;?gl ?'t_;?eé:!%fomm Institute of Technology in ;ua:
medium i.n \\-'h!" %mw a culture of Escherichia coli iﬂhl
heavy isotope ":‘N the sole source of nitrogen was ! f_‘
rated into liﬁe n'u'tTh"? heavy nitrogen was inmr}:{tal
reproduction, sa 1 totides of DNA during bacten
came he-a\'lr.'rbl:] hat the DNA of these bacteria b
bacteria to 5 ,;,11. usual. They then transferred these
isotope ..\.' ::m ium containing the normal hgh!t:
cells and ‘n;m Vvarious time intervals they cnl_]u‘lb“
“heavy* (g Ii;-:.:f t:-‘l: D!\IEA to determine if it {\s'-:-r
(mixture of iy x‘lncilu:é?té.w _||dh|.‘l}, or inlvrrﬁuttt:;lfv
used an ultracentrif N lal .-1]_. For these analyses e
contents at b Uge—an instrument that spin® &
i8h speed—which caused materials ¥

Separate SR
Parate gut According to their different densities-

Initicl DNA

One band
henvy "N

Hybrid DA
' Aftor one After two
generafion generafions
with ‘N with "N

Bacteria grown R
with N }
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One band
1 ‘Nl.lr 1 '.N

FIG. 7-8 The semiconservative nature of DNA replication w
DNA in one generation by the incorporation of heavy

is tageed DNA from one generation to the ne
gation. The location of the bands obtained by ultrace

of t

the DNA moves, which is a fur

tracking of the fate of the heavy DNA when the c
*NJ. The banding pattern obtain hese expe:
in the figure, proved that DNA replication occurs by a semiconservative m

light nitrogen (*

Denser molecules move farther than lighter mole-
cules in cesium chloride density gradient centrifuga-
tion, 50 DNA containing "N moves a greater distance
than DNA containing only "N. The movement is
such that bands of DNA can be distinguished corre-
sponding to light, heavy, and intermediate DNA.
Initially Meselson and Stahl detected only one
ba.nd. This band corresponded to heavy DNA in
Which both chains of the DNA contained the a-
bel. After sufficient time for one complete round of
DNA replication, again only one band of DNA was
detected, but now the band was at an intermediate
|I.’i'|e] between all-light isotope and all-heavy isotope
DNA. This intermediate band was exactly what was
Predicted by the hypothesis that DNA replication is
-‘*-’ITI.imnsL-rvati\ e. Each DNA double helix had one
chain from the parental DNA that contained the
heavy sy isotope and one newly synthesized chain
that contained only the light "N isotope. Also as pre-
‘[‘;{fl’d, after sufficient time for a second round of
i"“'";\ replication, hi.t":el_‘[ﬁl!ﬂ and Stahl abserv "d_""“
Thic :‘f’_r DNA, one intermediate and the other light
8 Bccurred because when the intermediate DNA
:‘I':::'I"_"i‘ﬁ one light and one heavy chain replicated,
F"l‘di-;:!. ‘[‘-;'L:d one heavy chain to form another "“"";
!!‘rn.’ﬂl. '\,-'\ l“x.‘l.'l'l'ill(il:.'\'llll.' and one light ¢ T'”"_"_
F‘!'l'lmt-[::m-‘ .ﬂll-llght DNA m.m'nnnuh‘n‘lli\' I ‘:“”“-1“_
COnsers L_(mhrm;-d that DNA rvp]n'.llllt‘" e =
Sordel alive as suggested by the Watson-Lnc
1 of the DNA double helix,

E’:A repli is vative, producing fwo
li:"-oid' half-new” DNA mocromolecules every
® the DNA is duplicated.

Sters N DNA Repucamion

Unwinding the DNA Double Helix—Replication
Forks

The first step in semiconsery
to pull apart a portion
each of the chains to ac

without bre
cleotides of the

rorma

n encoded within them. This establi

basis for one ¢ serving as a template for the syn-
thesis of a new chain of DNA with a sequence of nu-
cleotides that is exactly complementary

The chains do not entirely separate before DNA
replication. Rather, a localized region of the DNA un-
winds because the two parental DNA chains are
pulled apart by specific enzymes. This creates a re-

ce for -

gion of two single strands and provides
dividual nucleotides to align opposite their comple-
mentary bases for the synthesis of new chains. This
region of localized DNA synthesis is called a replica-
tion fork (FIG. 7-9, p. 201). At the replication fork. en-
avmes link nucleotides to form a new DNA strand
that is complementary to the original template DNA

The DNA double helfix inds to form a repl
fork where DNA synthesis occurs.

In eukaryotic cells, multiple replication forks form
at different locations. Simultaneous synthesis of dif-
ferent portions of the DNA is thus made possible In
a bacterial cell, DNA neplication is initiated at only
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o Bhe prosection of the blood supply. The impact on
R has becomie ane of the most widely used methods
i sctence. In nevognition of the importance of PCR. the

15 Nkl Prize in chemistry was awarded $o Kerry
Shullis, who discovered this method.

POR & based on the following facts about DNA
meplication: DNA serves =4 3 template for its own repli-
cation; the DNA double helix separates into two chains
for meplication; a pool of free nucleotides provides the
muceotides for the synthests of new chains; DNA poly-
R hyzes the ki of the new chains; DNA
: lﬂ;:lfml:h.’r‘-fmﬂl‘lwo!nmy-
Loty chn, VA polymerase requines a short
;-—“_d-m{WIhmna

| Toaceomplish the replication of DNA outside of liv-
i wq.ﬁ‘uima‘mr}m DNA s
. ixdded slong with s pool of free nucleotides and a DNA

MICROBIAL GENETICS REPUCATION AND EX
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The polymerase chain reaction (PCR) is an in vitro method for
replicating DNA. A target nucleotide sequence is copied re
g:ﬂy 5 that a million copies can be made in less than an

The DNA polymerase used in PCR, called Tig poly-
mﬂmi -+ COmes fl‘mn a b?clwdum—'ﬂmmlus aquaticis—
ives in hot Springs; it is not denatured at high tem-
?::::‘E Thus this DNA polymerase can withstand re-
o m;ﬁ:;ﬁl::ﬁ; E:T is critical because in PCR
: atedly cycled to separate the

m of E: DNA double helix, to bind lhs:};ﬁm?ﬁ to
ik u?n mDML and to allow the DNA polymerase
i e :T{wmsknnds. Each cycle lasts anly a few
Kl e Xt Of repeated cycling is to exponen-
ment of the DNA T e Of COPies of a defined seg:
oo e 3 Vithin an hour a single copy of 2
oxy s 'Wllin‘p ified to a million copies. PCR technol
£t becoming :h:‘:r:u:dmm e ar:d v
i medical |ab||:u|uri::" in biotechnology

New daughter

Mew daughier

Parental

FIG. 7-9 During DNA replication, enzymes separate

ized region called the replication fork.

pairs and new strands of DNA are synthesized

Lt Si_h-. with two replication forks moving from the
:mtmh_["" f"“ in opposite directions around the circu-
lar bacterial chromosome. As the replication forks
Mmove around the bacterial chromosome, an en-
“yme—DNA gyrase—twists the DNA. This enzyme
*Unique to bacteria and hence a potential site for the
::ll,:::.;{ £ antimicrobial agent, In fact, a new class
dL"::n\-!e ”_‘(;"“al agents, the quinolones, have been
s that interfere with DNA gyrase. By pre-
“*hhing the formation of replication forks in bacterial
cells, Quinolones block bacterial reproduction and,
‘luirf:jl::fl E_’_t‘ used ru.lrm! bacterial infections. The
treatin J,; “'me[ﬂ\ﬂi‘?ln. for example, is useful in
B Pseudomonas infections.

ONA gyrase untwists the DNA of the bacteriol chro-

Mosome,

::,'::?““ are antibacterial agents that inhibit DNA

Yo
’oI.I.“‘.r'.“”‘ly,..‘“:’f a New Chain of Nucleotides—DNA

Fra
% Nugl S
ucleotides within the cell in association with

Dy

p|::ull'::-‘":“'-'mrh' are positioned opposite their com-

of "'i};ninry} _mlc]uc]l‘ldl“- in the template. This |1n\'\-‘-“;'

wdc,, B '-_“"“P_'t'l_lll'nt.in' nucleotides q.:'\ opposite
PPosite G) is called base pairing. The order of

the tv

site, new nucleol

th

d bv the

the nucleotides is spe

ter the nucleotides are 2
zyme called DNA polymerase links the n
by forming phosphodiester bonds. The action of
DNA polymerase can be likened to a zipper where
the teeth of the zipper are 1 liv aligned and pro-
gressively linked together in a continuous motion.
DNA polymerase adds nucleotides to the free
leotide chain of nu-

3-0OH end of an €
cleotides (FIG. 7-101. Because DNA polymerase adds
nucleotides only to the 3'-OH free end, the direction
of DNA synthesis is 5'-P — 3'-OH. Since the two
chains of the double helical DNA molecu
tiparallel (one running from the 5
n}d and the other runming from the 3-OH
free end) this indicates that the synthesis of the two
complementary DNA chains must proceed in oppo-

site directions

One DNA chain can be continuously synthesized
It is the chain that runs in the appropriate direction
for the continuous addition of new free nucleotides
to the free 3-OH end. This is the continuous or
leading strand of DNA. Its synthesis oocurs simulta-
v with the unwinding of the double helical

neousk
molecule
fork

and progresses toward the replication
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Disconfinuous strand

AG. 7-10 DNA

segments (Okazaki fragments) that

The other strand of DNA, howey
thesized continuously, This
0 5-Pbut DNA polymerase only adds nucleotides in
the ‘_j’—P 1o 3'{_)5-[ direction. The initiation of its syn-
thesis can begin only after the double helix has un-
dergone some unwinding, Synthesis of this strand in-
volves _farmahnn of short DNA fragments {called
M fragments after the husband and wife team
direction opposite the

the parent DNA unwinds Becaus
- ¥ t ; use
i is synthesized dlscm\muuusl_\- and only after syn.

thesis of the continuous strand has begun, it is called

er, cannot be syn-
is because it runs 3-OH

i polymerases add nucleotides only to the
thesized DNA polynucleotide chains. One chain is ¢
tion of formation of the replication fork. The other

3-OH ends of the newly syn-
longated continuously along the direc-
strand is synthesized as discontinuous

are then joined together by DNA ligase.

the discontinuous or

lagging strand of DNA. The
short DNA fragme; oltd

nts of the discontinuous strand 47
joined together by enzymes called ligases. The com™
bined action of DNA polymerase and DNA ligas®
thus, accomplishes the synthesis of both complemen”
tary strands of DNA during replication.

To make o complemanta double
ien Ty copy of DNA, the dou™="
"fl"‘ is pulled apart to form « rup'licu!ion forl, com
leofi ligned by base pairind
are formed by DNA

F Y des are
and phosphodiastar linkages
polymerass,

MUTATIONS

Replication of DNJ\_ Shl‘lllld th‘dfvb prf)duct.’ exact
copies of the lwrt't'liidr,\l' information. Errors, how-
ever, sometimes occur. Such errors are called muta-
tions. A mutation is any fhnngg in the sequence of
nucleotides within DNA. Mutations can involve the
addition, deletion, or substitution of nucleotides.
Even a simple change, such as the deletion or addi-
tion of a single nucleotide, can greatly alter the char-
acteristics of an organism. Once they occur, these
changes in the DNA are heritable and are passed
from one generation to the next, Mutations introduce
genetic variability that makes evolutionary change
possible. They also sometimes increase the virulence
of pathogens and make some microorganisms resis-
tant to antibiotics.

Mutations are stable heritable changes in the nu-
clectide sequences of DNA.

Tyres oF MUTATIONS

There are several types of mutations (FIG. 7-11). One
type of mutation, base substitution, occurs when
one pair of nucleotide bases in the DNA is replaced
by another pair of nucleotides. A deletion mutation
involves removal of one or more nucleotide base
pairs from the DNA. An insertion mutation involves
the addition of one or more base pairs. Even though
they may represent minor changes in the sequence of
nucleotides, mutations can have major effects, some-
times proving lethal to the progeny (offspring or de-
scendants) of the organism.

fig, 7. Eae——
Th;.\:““ Plate showing growth of Sermatia '""’\‘}t‘!m
kray, “4type colonies are red and the mutant colonie

Sometimes a mutation results in the death of the

Microorganism or its inability to reproduce. This s
called a lethal mutation. In other cases, the mutation
alters the nutritional requirements for the progeny of

a microorganism. Such a mutation is called a nutri-
tional mutation. Often, nutritional mutants will be
unable to synthesize essential biochemicals, such as
amino acids. Auxotrophs are nutritional mutants

that require growth factors that are not needed by the
parent (prototroph) strain
Replica plating is a method frequently used to de-

tect auxotrophs (FIG. 7-12). In this method, bacterial

cells are grown on a master plate and then trans-
ferred to sterile plates by repeatedly stamping a pad

over the master plate and pressing the pad into plates
with media of differing composition. The distribu-
tion of microbial colonies should be replicated ex-

actly on each new plate. If a colony is unable to grow

on the minimal media, which lacks a specific growth
factor, but will grow on the complete medium, this
indicates that nutritional mutants, or auxotrophs, are
occurring. This method allows an investigator to

screen a large number of bacteria for mutations.

- eplica plating is used to identify mutants by
s ? l:“ thdg::‘cnl colonies to different types of ml.:]ﬂ\!:
IJ'-!H:\.’\-l' . 2 ng the colonies that develop on the nespec e
o mml'?'\l":‘ni-thmi is critical in idenhiving 4uwlmph:‘
e t]l’ colonies develop on a complete mednm: [ :
mul.\lu.\“.; « putritional needs of both the parental .m;‘:::-
th\m:. Colonies of the auxotrophic mutant f.l;ﬂ;ﬂmj
u:; p '\n a minimal medium lacking the specific nu
;;:‘\L\‘,\}-lg r.;cmna required by the mutant.
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Ames Test

GENETIC INFORMATION

¥y

Ames and his co-workers thought it would be better to
test them first for mutagenicity. They recognized,
though, that some chemicals are chemically modified in
the body and, in particular, some chemicals are inad-

H fi d into carci in the liverinan

apparent effort by the body to detoxify these chemicals,
Therefore, in testing for potential carcinogenicity, once a
chemical has been found (o be mutagenic, it is incu-
bated with a preparation of rat liver enzymes to simuy-
fate what normially occurs in the liver. Various concen-
trations of this preparation are then incubated with the
Salmonells auxotroph 1o determine whether any prod-
ucts that would cause mutations are formed. The chem-
jcals that do not produce mutations are assumed to be

noncarcinogenic or are carci that are not detected
by this procedure. Those shown to be mutagenic are
subjected to further testing.

Although the Ames test does not positively establish
whether a chemical causes cancer, determining whether
a chemical has mutagenic activity is useful in screening

large bers of chemicals for potential mutagens, be-
cause it Is highly probable that a chemical that is a mu-
tagen is also a carcinogen. Since this test can be com-
pleted in 24 hours, rapid identification of a mutagen s
possible. Today, the use of this bacterial assay greatly
simplifies the task of screening many potentially dan-
gerous chemicals, permitting us to recognize potentially
carcinogenic compounds, Using bacteria in the Ames
assay also allows scientists to avoid animal testing in
many cases.

The Ames i

Riestrty T o abed 0 screen for mutagony and po-

dur, By n hsti g P ophic strain used in this proce:
i w5 mutant of Sulmonell -

";i:mﬁm“wh'r:k““ type will grow on this medium.
seal indicates the effect that develop after expotire to 3 clier
n::‘“.“'m '.‘hm#*l. muﬂﬂm rate and

iz, gesility, g
indicates that the chemical is highly ..‘?P..;m,émﬁ i

e e — MUTATIONS 205
e A e SRR T
- Parental . ‘
o “~.__ Dioxin |
{/-/ UVlight ™ - |
& @& ; ;
FIG. 7-13  Various chemical and physical agents increase rates of mutation. UV light and

dioxin are mutagens that cause formation of mutants (pink cells)

FacTORS AFFeCTING RATES OF MUTATION

Naturally occurring rates of mutation are relatively
low, about one in a million times the rate of DNA
replication. Various physical and chemical agents,
however, can modify the nucleotides within DNA
increasing, the rate of mutation (FIG. 7-13). Agents
that increase the rates of mutation are called muta-
gens.

Exposure to high-energy radiation such as X-rays
tin cause mutations. Such'high-vnl-rg‘\' jonizing radi-
ation produces breaks in the DNA molecule. The
fime and intensity of exposure determines the num-
ber of lethal mutations that occur. Exposure to
8amma radiation, such as that emitted by an isotope
o t"_b“l‘- “Co, can be used for sterilizing objects, in-
:H‘:‘i’“!—i. Piﬂﬁ_lic Petri plates, because sufficient expo-

results in lethal mutations and the death of all
.l.‘x].ﬂw""] microorganisms, Gamma radiation from
L0 has also been used to kill microorganisms on the

surfaces of some foods, thereby delaying the spoilage
of the food

Exposure to ultraviolet light also can result in
thymine dimer formation, that is, the covalent link-
age of one thymine to another thymine. Covalent
linkages are formed between two thymines on the
same strand of DNA. A thymine dimer
a template for DNA polvmerase, and the occur
of such dimers, therefore, prevents the proper func-
tioning of DNA polymerase. Exposure to ultraviolet
light can cause le al mutations and is sometimes

10t act as

nce

used to kill microorganisms in sterilization proce-

dures. Sometimes ultraviolet light is placed above a

work surface when it 1s not in use to maintain steril-
ity of the surt

ultraviolet |
respiratory diseases to kill airbarne pathogens

sp, air 1s sometimes passed over

s in hospitals treating patients with

Rodiotion causes lethal mutations end con be used
for sterilization of some materials.

-h-—_
EXPRESSION OF GENETIC

Ilr:;:,:;:]l::f‘ﬂhlun of genetic information involves ll:il.ﬂ!.',
||1|*si-&.l\f“"!l "'_“-'U\h'd within DNA to direct the syn-
the 1';1111 JII I‘“I“m-“- ||_1 a cell, DNA stores and transmits
Ype. I‘n!,;l.w Iu-m\'l.ll\\r\' information called the g:‘ﬁ:‘
P enoty ‘i“h mediate functional activity—callec s ‘l:
ipg of E’!l —that is, the l'I.L'hh\l appearance and .-“ :
°bthe organism. For example, proteins (e
p"‘:'i‘s'l‘lf-‘ﬁl' all the metabolic activities of t:'i‘_‘
fish ce the observable characteristics that dis
e microorganism from another.

tingl

INFORMATION

Proteins mediate functional activity (phenotypel:
DNA mediates the informational capecity (genotypel
of the cell.

ence of nucleotides within the DNA mol-
. for the sequence of amino
action

The sequ
ecule ultimately code
acids in proteins. Because proteins are the

Is and nucleic acids dictate the

molecules within cel
formation of proteins, itis the ordering of nucleotides

within DNA that provides the information for estab-
lishing, controlling, and reproducing cell structure
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and function. By specifying and regulating protein
synthesis, the g\;ﬂet:\' informational ltl.\tﬁllllnlr\.‘uh{h
drfm-.md control the metabolic capabilities of mi-

CIOOERANISMS,

sequence of Jeotides within a cell’s DNA de-
:uiﬂﬂ the uq:-‘:fl of amino acids in its protein
molecules.

Genes

DNA is divided into functional sequences known as
genes. Each gene codes for a specific function. Some
genes code for the synthesis of ENA and proteins, re-
spectively determining the sequences of nucleotides
and amino acids in these macromolecules. Such
genes are known as structural genes. Other genes,
called regulatory genes, act to determine when struc-
tural genes are actually expressed. Regulatory genes
exert control over the activities of the cell by turning
the expression of structural genes on or off. Together,

wsis. receivied strong support from the studies tedd
bry Geonge Beadle and Edward Tatum in 1941 of:tl:: re-
'I::tﬂip betwreen genes—the units of inheritance—

hm of the bread mold Newrospora crassa
fsee Figure). Prototrophic strains of N, croses can Erow
on & mintmal medium containing only sucrose, mineral
salts, and biotin. From these substances

4l organism b study gene f bec P
atme mich

l.l:udy ‘m;::fu:ﬁ:“" of its metabolic pa!hw:r;:

particular o enzymatic steps in the biosyn.

Mmm making e amino acld arginine was

Beadle and Tatum

Foutitions it pdaced ssmomopt e, e

thestze arginine me“&llconldm "

MICROBIAL GENETICS! EEH!CAFION__M\-RELPRE

HISTORICAL PERSPECTIVE

SION OF GENETIC INFORMATION

structural and regulatory genes constitute the gen.
type, that 15, the L'l||'|1|5|l‘|l' genetic informational ¢
pacity of an organism. Genes determine all hered.
tary traits, and they control all the potential activities
that can take place within living cells

Genes are sequences of DNA that have specific
functions.

Bacterial cells usually have a single set of genes
and are said to be haploid. In contrast, eukaryoti
microorganisms generally have pairs of malching
chromosomes and are diploid, having twa copies of
each gene during at least part of their life cycles
Some eukaryotic microorganisms are haploid during
part of their life cycle. When both copies of the gene
are identical, the cell is homozygous. When the cor-
responding copies of the gene differ, the cell is het-
erozygous. For example, eukaryotic microorganisms
with homozygous genes for color may appear red or
white; those with heterozygous genes for red and

One Gene—OniE PoLrpepTiDe

At the tum of the twentieth century, a physician named
Archibiald Garrod was studying human metabolic dis-
wrders that seemed to run in families. He hypothesized
that the specific units of inheritance must function
throupgh the synihesis of specific entymes. This hypoth-

eny were allowed to grow on a complete medium,
Whl::h contained all necessary metabolites, including
arginine, Next, they lested the abilities of the progeny to
Erow on a minimal medium lacking amino acids to see
if mutations had occurred that resulted in the inability
o synthesize arginine. An auxotrophic mutant that
aould not synthesize arginine would grow on the com-
plete medium but not on the minimal medium.
. Beadle and Tatum hypothesized that if genes (hered-
Hary units) controlled the production of specific en
;?i“':“"’ they t?ml-lld detert mutants that could not make
Wierent specific enzymes and so could be blocked at

diffes ‘ :
b::::;::ﬂ:?:ﬂ'? the metabolic pathway for arginine

act, Beadle and Tat i ified and
Tatum (dentified an
Inalated many such mutants g

Analynis of cell extra
v w0l muta — a diff
ent defective eng mutants revealed a diffe

2y I the g i each mitant strain. For each e
Tutum were able | ynthetic pathway, Beadle and
tive form of the e B ':'“I““' a mutant strain with a defec
Provided evid ey necded for that step, They this
evidence .fnu:u",“ the “one gotie, ane en

the "‘|nl1umh|;s-r:tt'.mw scientists continued to study
the original b ween genis and proteins, modifying
YPothesls stightly, reaching the conelusian

t geni code for |
acids that make up P::tﬁ:::ilmlh‘ o it
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white may appear red or white if one BENe is prefor -
entially ,.,l‘r,.n.-,n-li (dominant) over the other (reces e =
ave) or pink if both genes are simultaneously ex |

F'“"‘-“"" (codominant) - £ |
\ J
RMA SYNTHESIS l

[he transfer of information from DNA to protein is |
accomplished in two stages (FIG. 7-14), The informa- | v

tion in the DNA molecule is initially used to direct -

=A==
o ; mRna [

the synthesis of ribonucleic acid (RNA) molecules in~~ | s

a process called transcription, Transeription is so |

| Tronslation

Transeriplion

named because the information in the DNA is effic
tively :npu-li or transcribed into RNA. In the seconc
stage, called translation, the RNA directs the synthe
sis of proteins

-

Translation is so named because the
order of nucleotides in RNA is translated into the or- S v —
der of amino acids of proteins |!'||I\‘-lllll1|||'[l and
translation occur in tandem in prui:.:r}.utu cells

Growih on all cultures

Growing fungi ransferred
o incomplete [minimal)
medium those thot do not
grow ore mulont

Cystoine  Glutomate  Histidine  Lysine Argining

ated by Benle and Tutum, They stindbed !

el
wperimentally h B
spores that have singhe srts (f gEnes They wierr able to colbect o !

they cotuld observe any changes in thae grnes of the fungus
Y o carry onrt eoenpletr hioeyTr

The one gene-me hypothesls was @
the fungus Newrsgiora, which forms
dividual spones and (0 culture them so that $ach were snsbie
that altensd its nutritional pequirements ““:-“‘:" I"‘ L on minimal medts
y agl 04 ¢ imal 1
thetic pathways, coukd grow on comphete medid hewdze. Cloow iy o mandmil me-
at Y W ddrtermine
dia with pecitic compoun 1s added sl A& Vilmmins and amino ackis rnabiled them W
N ¢ ands adde

™ ot they were able W dermuty the
which oo moursds i smstaat furig could natsynrst e, [0 W el i |
i changes that occurred and o assoxtate pevific gend i ¥ |

The mmmirmal i lached

w conihid ner lomget wynith
thie tiubrients requined for growt e iitants ool #
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AG.7-153 Ribonucleic acid (RNA) is composed of ribonucleotides that have the sugar ri-
bose, a phosphate group, and one of four nucleic acid bases: uracil, cytosine, adenine, or

guanine.

However, in eukaryotic cells, transcription occurs in
the nucleus and translation subsequently occurs on
the ribosomes in the cytoplasm. Therefore, in eu-
karyotic cells, transcription and translation are sepa-
rated in time and space.
RNA acts as an informational mediator betwesn the
DNA where genefic information is stored and the
Srileing 1 funesioall Aok iy
Ribonucleic Acid (RNA}—Functions and Types
ENA differs from DNA in several respects (FIG,
7-15). The 5-carbon sugar in the RNA nucleotide is ri-
bnse._ which has one more oxygen atom than the de-
‘.nynhc_lsc in DNA. One of RNA's nitrogenous bases
i uracil instead of thymine, Also, RNA is usually
single-stranded. g
RNA contoi
guenine.

¥ express that infor

riboss, odeni

« uracil, eytosine, and

Three different kinds of RNA occur in all living
cells. They are ribosomal RN A, messenger RNA, and
transfer RNJ\_. Each of these RNA molucules has dif-
ferent ‘f'l.ll‘(llﬂnb and different physical-chemjcal
Properties (Table 7-1). Ribosomal RNA (rRNA) is an
fmportant structural component of ribosomes, the
sites where proteins are synthesized within colls.

rxmpr rIW.R (mMRNA) carries the information
the DE\& molecule b the ribosame. At the ribo.
sames, protein synthesis actually occurs when the in-
encoded in the mRNA molecule is used to

specify dusequmuiamirmacids that comprise the

protein. The mRNA contains the genetic information
of DNA in a single-stranded molecule complemen-
tary in base sequence to a portion of the base se
quence of DNA. The mRNA sequence directs incor-
poration of amino acids into a growing polypeptide
in the process called translation, which takes place on
the surface of the ribosome. Transfer RNA (IRNA)
molecules help align amino acids during protein sym
thesis in the order specified by an mRNA molecule.
Transfer RNAs form a bridge between mRNA and an
amino acid, thereby trar sferring the genetic informa-
tion carried by the mRNA to the amino acid sequence
of the polypeptide. Working together, the three types
of molecules conyert gene

tic information from _‘hl‘
language of nucleotides to the language of amin®
acids, the building blocks of proteins

Thres typos of RNA molecules (rRNA, mRNA, and

IRNA) are involved in the transfer of information
from DNA to proteins,

Transcription

Transcription is the process by which informatiof
stored in the DNA molecule
s_vr}thuai.-a of RNA (FIG, 7-16) During transeriphio”
RNA nucleotides in association with RNA pol¥
merase pair with complementary DNA bases. T
base pairs between DNA and RNA are: thymin
"JN‘.'“ and adening (RNA), adenine (DNA) and
flr.u'l! IRNAL Buanine (DNA) and cytosine (RNA)
‘:;7\:11 Eytosine (DNA) and guanine (RNA), Once e

bases are Properly aligned in the order spec

i W
is used to code for !

SEDIMENTATION

TYPE OF RNA ABBREVIATION _ COEFFICIENT  FUNCTION
Messenger RNA mRNA 6—505 Carries genetic information from DNA to the ribo-
somes where the information is used to direct the
| synthesis of polypeptides
| Transfer RNA IRINA 45 Carries amino acids to the ribosames and assists in the
| translation of the information carried by mRNA
Prokaryotic rRNA 5.':‘ The major structural com ponents of ribosomes that in-
Ribosomal RNA 165 teract with mRNA and tRNA to ensure propersyn- |
235 thesis of polypeptides; there are three major types of |
tRNAs with differing sedimentation coefficients
Eukaryotic rRNA 5.85 The major structural components of ribosomes that in- |
| Ribosomal RNA 185 teract with mRNA and tRNA to ensure proper sim- |
| 285 thesis of polypeptides; there are three major types of |
| tRNAs with differing sedimentation coefficients |
[ fied by the DNA molecule, the enzyme RNA poly-
| Inifiafion

Elangation

§ 7:15
.|l s of DA,
P 0

|-]Uﬂi:ilml by |

Transcription produces RNA using one of the
as a femplate. The formation
NA polymerase. After initiation the
his enzyme until lermination

merase links the base
The synthesize f

that is it runs 5°-P to 3'-0H if the chain ¢

serves as the template runs 3'-OH to

plate strand. Be
template strands u
temy

| the DNA th

of Transcription

rom DNA to RNA re-
nd stop at precise lo-

Initiation and Ter

The transfer of intormation f

quires that trans .
cations, Both prokarvotes and eukaryotes have mul-
tiple initiation sites along the DNA molecu
: 1G. 7-17 » specific site where RNA
scription (FIG. 7-17) The specific site w

to the DNA and, thus
polymerase initially binds to the DNA an i

tor tran-

on of the RNA s

ultiple sites. This
RNA i=

FIG. 7-17 Transcnption can occur at m R

permits the formation of several proteins simultan
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where franscription begins is called the promoter re-
o There are d.iffntr::wl;\l promoters for the initiation
of transcription of different genes. The promoter |Ii|_=
termines the site of transcription initiation and which
of the two DNA strands is to serve as the sense
strand for transcription in that region.

Transcription begins in the promoter region of DNA

where RNA polymerase binds.

The RNA polymerase moves along the DNA tem-
plate, mumsumg 4 new strand of RNA until a spe-
cific termination sequence is reached. Then the RNA
polymerase falls off the sense strand of the DNA and
transcription stops.

Synthesis of mRNA in Prokaryefic and
Eukaryotic Cells—Split Genes
There is a fundamental difference in how mRNA
is formed in prokaryotic and eukaryotic cells. The
sequence of nucleotides in the messenger RNA
molecule of prokaryotic cells corresponds. exactly
with the sequence of nucleotides in the DNA. In con-
trast, the RNA molecules of eukaryotic microorgan-
isms are generally extensively modified after tran-
scription. from the DNA to form mRNA (FIG.
7-18).
Unlike the genes of bacterial cells, the DNA se-

quences coding for RNA molecules in eukaryotic
cells is not continuous. There are intervening DNA
sequences, called introns, between the nucleotide se-
quences that actually constitute the gene. The se-
quences that constitute the gene are called exons.
Hence, the genes of eukaryotic cells are said to be
split genes. When DNA is transcribed the RNA ini-
tially contains both introns and exons. This precursor
of messenger RNA in eukaryoles, known as hnRNA
(heterogeneous nuclear RNA), is then subjected to
substantial post-transcriptional modification within
the nucleus. jﬂﬁs post-transcriptional modification
memoves the introns and forms a messenger RNA
that only has exons,

PROTEIN mﬂiﬂi—me OF THE

mRNA and the Genetic Code
The information in mRNA s
amino acids in the protein n
The translation of the inf

pecifies the sequence of
nade during translation,
! ! ionin the mRNA mpl-
ecule, that is, nradlmg mRNA, is a directional process,
ot RSA 15 read in a 5-P — 3-0H direction
s ::l)"pepfhde that is made is synthesized f rom thl;
e lﬁm‘h mal to the carboxvl terminal end, Here,
see the importance of having a mechanism for
recognizing direction in informational MACTOm|e-
vention for readi 9
English language from leff 1o i

! right, the correct injer.
Pretation of the information stored in the ml{:ﬁ\
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FIG. 7-18 In ecukaryotic cells the primary transcript
(hnRNA) is extensively modified within the nucleus to
produce mRNA. The conversion of hnRNA to mRNA in-
volves the removal of introns. Each mRNA usually encodes
only a single gene. In prokaryotic cells the primary tran-
script serves as the mRNA. It often encodes several genes.

molecule requires that it be read from the 5-F =
3-OH free end.

“'°. information in mRNA specifies the sequence of
amino acids in a protein during translation.

Within mRNA, three sequential nucleotides o
used to code for a given amino acid. The genetic
w.du' therefore, is termed a triplet code. Each of the
tr:plt_-t nucleotide sequences is called a codon-
Adding or deleting nucleotides causes mutations b
cause the codon changes (FIG, 7-19). The genetic cod®
is said to be degenerate

5 b because more than one codon
b s\P*ﬂf-v the same amino acid. The mRNA mole-
cule is read one codon at a time. In other words, th®
three nucleotides that specify a single amino acid are
read together. Thers are no spaces between the
codons that are read, Therefore establishing a rd-
m‘b Iirnme i _“mitﬂl for extracting the ['ftl],.’ur intor
B;l‘:‘r:;h‘?:d:nﬂ or deleting a « ingle base pair “.‘7
st 22 i‘i fht‘_ reading frame of the transcrit®
=dlt in TI:T NA.-Such frame-shift mutations can ™
(FIG ?-letj :II-:’\T:QNEM of large numbers of md;;rr:
X , thus i ! > o
because they hn\p" ucing proteiny that are ind

% ‘e the wrong amino acid sequenc
ree nucleotides canes Fies
an amine ocid, Sute o codan thet spo

|

DELETIOMN MUTATION
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2.

INSERTION MUTATION

FIG. 7-19 Deletion mutations occur when one or more nucl
DNA replication. Addition mutations occur when one or more

ing DNA replication.

tides are omitted during
nucleotides are added dur-

Wild type DNA (§ TAC TGGA]

Inserfion of C

TAC
Altered reading frame

Allered reading frame

FIG. 720 A frame shift mutation results from nucleotide deletions or adc

Each codon consists of three nucleatides. There are
four different nucleotides, making possible &4
dons. The four different nucleotides in different
Ihme-base combinations lead to 4 X 4 X 4 = td pos-
sibilities (Table 7-2, p. 212). The genetic language.
Which is almost universal, can therefore be said to
hl'lv-u four letters in the alphabet and 64 words in the
dl(llnnnr-‘" each word containing three letters.

Proteins in biological systems normally contain
‘_"1\_\- 20 t-amino acids. Thus there are many more
£odons than are strictly needed for the translation of
ﬁ:\:!':c information into functional proteins \1::\
ﬂmin“nu_.mfl"“ can code for the insertion of the -:.“l:
aailn-:uﬂm‘i into the polypeptide chain. L “m-“]“:in‘.r.'
Ao Mutation can occur in which there |_~_]<1n‘-‘l. =
the ,“.:- i “}“II""HJ" sequence without <1_‘ :.\r.?:‘ i

N0 acid sequence. In such cases changes

BNty :
Beotype would not be reflected in changes 1
Motype,

‘I‘K;\ddilimml'l_\; there are three codons that do not
o ® for any amino acid. These codons have been re-

to

> , SEnse
oy, 25 nonsense codons. Actually, NORSE
s g

: ! ting like
& Ve a very important function. a< ting li
. i bt
m p\:-r.""l at the end of a sentence and signalling L
100, of synth of a polypeptide chain.

Maore than one codon can code for the same amino
ocid. The genetic code is degenorate.

IRNA and Polypeptide Formation

Translation of the genetic code into protein molecules
ribosomes. Ribosomes proviae the spa-
upport for aligning
Distor-

oocurs at
tal framework and structural

the translational process of pro : .
tion of the proper configuration of the ribosome can
: ange and expression

prev ent proper information ench '
of the genetic information This forms the basis for
the action of many antibiotics, such as ur\thn-:p_\ cmi
Transter RNA (tRNA) attaches to amino acids j1r|.L_
brings them to the ribosomes There s a :-'f‘\.':.]lh‘
1R.\':\ for each amino acid. In addition I:--‘ h.nne.:‘r?_\,
the amine acids to the ribosomes, the rll_\F\ -\_ﬁ:r
Pmp\-ri\ aligns them during tml\yl.\.n.n.n { ht‘;do; J
Each tRNA maoleculs contains a specific an k‘] : ‘;‘—
three-hase nucleotide sequence that s ...\r!_\% xrn;}w
tary to the three-base nucleotide :-rqumi;:\ :!m o
codon. The pairning of the codons of IE“.- mR? .I : ;E“
ecules with the anticodons of the ll.\\ :\‘rm: eC u‘h;h
determines the order of amino acid a-\iuf n:;\hln\!‘m
].-L-l\'prplldv chain. The third base .~:““-r;‘ .':i l:.c .
does not always properly recognize t ird bas

n
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I?G. 7-21 Al tRNA molecules have
obe structure that results from inte I ba
some of the nucleotides, Each lobe of the tRNA molecule
?-“-‘_\‘hd_‘rnncl function. Several of the lobes are character
Zed by the inclusion of unusual nucleotides. These -
cleotides are formed by enz

cleotides directly coded for b
does not |

atic modification of the nt
id the DNA; that is, the D
dditional nucleotides th irectly call 10f
the ; . cleotides that directly ca
ur‘rl.f‘“r_h n of nucleic acid bases other than adenin®
o tosine, and guanine into the RNA. One of the
dmu;.r- :“:ﬁhu!_ the DHU or D lobe, contains
i fhm:::\-- ";"—' “‘_I‘ lobe binds to the enzyme inv
contains the e peptide during translation. The TeC 100
and cytosine 1;'_“-51:1‘(:;’ ribothymine (T), pseudouracil (V)
lobe, which l] ). This lobe binds to the ribosome. A third
the anficag o C, contains modified purines, is designated
ofthe HARON [0be Decause it s y : x
the mRNA, the codon, th.
Incorporated durin,
ways has the term;
Aming :ﬁ_‘:‘;“h}:-\;ﬂnn,ul sequence ACC, which is where !
ferred 1o as the ..rh".’“"‘“"ﬂ’ sequence is usutlly F
RNA mofeculy - reading from the 5P end of 2l

complementary to the regie
2 pecifies the amino acid 105
& protein synthesis, The 3'-OH end ak

he
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FIG. 7-22 During protein synthesi
acid sequence at the ribosome. Each

so that the proper amino acid sequen
sertion of formyl methionine (f-)
the aminoacyl site by the pa
ferred to the amino acid at the
mRNA then moves along the
moves to the peptidyl site. A
ing of the appropriate tRN
amino acid with the formation of a new
three amino acids. The process is re

chain of amino acids joined by peptide bonds in the

the messenger RNA codon. The first and second
bases of the codon sequence are therefore more im-
portant in matching the codon with the anticodon
As a result, a codon may pair with more than one an-
ticodon that differs only in the third base position,
Phenomenon called wobble.

Transfer RNA brings amino acids to the ribosomes
ond properly aligns them during translation.

Forming the Polypeptide
D.“”“K translation, transfer RNA molecules bring in-
‘:l\.'tdu.rl amino acids to be !-t‘\](]l_’ﬂil..l”_\ inserted into
£ polypeptide chain (FIG. 7-22). The codon of the
Messenger RNA that specifies where the synthesis of
2 polypeptide is initiated is called the start codon.
e IRNAs arrive in the order spec ified by the
::ﬁnn" in the mRNA as the mRNA moves -"I"f"“"‘ m‘.'
i 1‘“':'”' a ribosome. When IRNA molecules ‘!m.“..
he ribosome, the proper anticodon pairs W ith it

the codon
don of t

t the p
g of a tRN.

the mRNA a
RNA

hing codon of mRNA

igned so b

cleotides. 1

RNA, and the

n as translocation. The
I e \‘!"ni

the polyt
sense L
across the
with the r
termminates
leased from the ribosom:

and the

nt of messenger RNA

Tronslocation is the movement €
tronsfer RNA, ond the polypeptide chain along the

ribosome.
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REGULATION OF GENE EXPRESSION

Cells have structural genes that encode the infun‘mr
ton for specific pnlyp:-puda: sequences of proteins.
Celis also have regulatory genes that code for gene
expression. [t would be inappropriate and energy de-
ing for the entire genome 1o be exprl’ss-ed. at one

tima. By controlling which genes of the organism are
10 be transiated into functional enzymes, the cell reg-
ulates its metabolic activities. While some genes are
constantly “tumed on,” others are expressed only in
response to the immediate needs of the cell. It is ad-
vantageous for a cell to regulate gene expression so
that it can conserve its resources, This is important to
conserve the supply of energy, as well as to utilize
sparingly the limited pool of metabolic intermedi-
ates. By regulating gene expression the organism
modifies its phenotype to adapt to its environment
For example, the cell does not produce enzymes
needed to catabolize lactose unless lactose is avail-
able. Also, the cell does not produce enzymes needed
for the synthesis of the amino acid tryptophan when
tryptophan is available.

Some regions of DNA are specifically involved in
regulating transcription. These regulatory genes can
control the synthesis of specific enzymes. Sometimes
gene expression is not subject to specific genetic reg-
ulatory control. In these cases, the enzymes coded for
by such regians of the DNA are constitutive, that is,
ﬁlfy ame continuously synthesized. In contrast to con-
stitutive enzymes, some enzymes are synthesized
only when the cell requires them. Some such en-
zymes are inducible, that is, made only in response
o a specific inducer substance. Others are repress-
ible, !l:n! is, made unless stopped by the presence of
a specific repressar substance.

Ostaonss

In 1961 Francois Jacob and Jac

T : " ques Monod put farth
:;ypuhmﬁ that mdurn_m and repression F\I‘\‘I_'ﬂ: un-
the control of specific proteins. Such proteins
W&h‘:’m for by regulatory genes. They F‘vﬂ:.—
:?‘:dh regulstory genes were closely associated
. wi genes that code for the enzymes in
MMM m::mhc Pathways. Often, weyera) enzymes
Ve related functions are controlled by the same
regulatory gene. Called the operon model, the mech-
m@s mby facob and Monod explaing how
— ‘mc:m-|mw the expression of genes
An operon is 5 cluster of
that is contral

ltd.l;lia\.:enl Eenes on the
o -
T e
dﬂtm m‘"::::\ !l.:e !‘r‘li‘i:'é'\&mk;mﬁ h‘rh:;:;;i
i~ more than one

'pul)'P*-'Plid‘-'- An apl.'r.-ﬂ(‘!' gene within the operon
acts like a switch, turning on and off the transcription
of structural genes. Either all or none of the genes of
the operon are expressed. This is achieved at the leye|
of transcription by controlling the production of the
polycistronic mRNA. Induction and repression of
genes in an operon are based on whether or not a Teg-
ulatory repressor pm{uin binds at a regulatory gene
of the DNA, called the operator. If the repressor pro-
tein binds to the operator, it blocks transcription of
the succeeding structural genes.

Some operons are regulated by positive control,
which involves the binding of a regulator protein to
DNA and the stimulation of gene expression. Others
are regulated by negative control, which involves
binding of a regulator protein to DNA and the shul-
ting down of gene expression,

Regulating the Metaboli
Operon

of Lactose—the lac

The lac operon coordinates the expression of three en-
zymes that are specifically synthesized by Escherichia
coli for the metabolism of lactose. These enzymes ane
B-galactosidase, galactoside permease, and trans-
acetylase. B-galactosidase cleaves the disacchande
lactose into the monosaccharides galactose and glu-
cose. Galactoside permease is required for the trans-
port of lactose across the bacterial plasma membrane
The role of transacetylase is not yet established. The
structural genes that code for the production of these
three enzymes occur in a contipuous segment of
DNA.

The operon for lactose metabolism is called the lac
operon (FIG. 7-23). The lac operon includes a pro-
moter region where RNA polymerase binds, an oper
atar region where the repressor protein attaches, and
l:m" structural genes that code for three proteins
11::1 t‘::: r‘nﬁ'ulted in lactose metabolism. In add-
Ih.n. ‘.w;rt. 15 a regulatory gene at another location
o the l?l".vr.m rrl m‘ e Shis “'Jpn“ﬁ.[.'r FIotS Ut o
gion rl(i'l..lr" bvl’t-gmn of the DNA. The operator “.
structural pe ‘tWeen the promoter and the thre
structural I, ,J .“ &10n blocks the transcription of B

EENes. This means that in the absence o

lactose, the
e e three structyral lac genes are not tran
The operaty :
ator reg
Promaoter region wion js
Tein al the

i adjacent to or overlaps the
oper The h:nding of the r--pn“-'-*_" F‘"‘:
Btor region interferes with the hinding
clymerase ot the promoter region, The L

ducer b
inds to the re e
able o bing a¢ o Tepressor protein so that it is v

s
ence of an i Operator region, Thus in the P
N inducer gy, 3 X -
at binds with the repressor

e ———
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Y Tranacriphion |
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\ miNA
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g
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protein .
Inducer /.

FIG. 7-23
the control of the fne promater (Il
tose utilization. These enzymes an

tin, franscription of the fac operon is not blocked

and the synthesis of the three structural proteins
feeded for Jactose metabolism proceeds. The fa
Operon s typical of operons that control catal
Pathways; only in the presence of an appropriate in-
ducer is the system turned on

Catagoume Repression
When more than one carbon source such as glucose
and lactose is available at the same time, the cell will
:-‘"t‘ the simpler substance first, Thus glucose 15 ased
chore lactose The cell turns on the genes

Ll aresses) the
etabolism and does not turn on (represses) th
Renes for |ac

TR

tose utilization, This type of repression 1s
Called catabolite repression. [t regulates the expres
*1on of multiple genes that are under the contral of
Hifferent promoters. Only some genes are controlied
¥ catabaolite Tepression

m

Catabaljge repression acts via the promater I
9T DNA This is the region whene RNA polyme

b g i

.-mlh o injtiate transcription (FIG. 7-24) I til"
ntly bind 1o the promoter region RNA poly
Mg rog wlor

Juires a profein called the catabolile actt

ol
ol g The catabolite activator protein, m turm.

The lac operon controls the utilizatio

ol i

| Permease

f-golocosidase

there ts not ¢

protein k Iind ¢

RNA polym :
T ral

and fransd .

wnes ceases 1N @ < Thus, in th

2 O t

n of ghucose, 3
of ghocose. a

presence af an
number of metabolic
breakdown of carbohy
off. For example, when ghucose ¢
lism in the glyeolyvtic pathway, disacrcharudes and

ot metabolized  because of

pelysacc harides are
catabolite repression
By regulating the metabolism of more complex
carbohydrates, the cell consarves its metabolic

resourier.
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ABSENCE OF GWCOSE
AMP

CAP

mRNA

FIG.7-24 Catabolite repression explains why, in the presence of glucose, several catabolic
pathways are shut off. Catabolite repression is based on the need for cyclic AMP (cAMP)
to form an activated complex with catabolite activator protein (CAP) at the promoter site

that enhances the binding of RNA polymerase. When glucose is metabolized, there is

in-

adequate cAMP to facilitate RNA polymerase binding, Therefore transcription at several
promoters ceases. When there is inadequate glucose, there is enough cAMP to bind with
CAP and thus transcription occurs at those promoters,

SUMMARY

Molecular Basis of Heredity (pp. 192-194)

* Frederick Griffith, Oswald Avery, Alired Hershey,
and Martha Chase made important contributions to
the discovery that the genetic information of a cell is
stored within its DNA macromolecules.

Structure of DNA (pp. 194-198)

Nudleotides—Building Blocks of the Genetic

Code (p. 194)

* DNA is composed of nucleotides that are linked to-
gether. A nucleotide consists of a nucleic
deaxyribose sugar, and a phosphate grou;

* Four nucleic acid bases ocour in DN
mine. adening, and thymine. The nucleotid
linked by strong covalent bonds Nudcotidt: ‘:E
Lt;ﬁ;: I:n_,"'_\-i phosphodiester linkages. At the ends

;. 1DLA strand, there are o linkages and free hy-
dz“q Eroups are present. One end has a free hy-
wLn:g‘;nup.al the 3-carbon position of the mono-
e € (-OH end); the other end of the strand
e et o e o s o
s ® (5P free end), This gives DNA
Chaing of Nuclentid,
DNA (pp. 194-195)
* DNA is a double helix mal
> O ecule composed g
ps.hmlm:hdf chains. The chains are th t u: e
by hydrogen bonding e
cleatide bases.

acid base, a
P
A cytosine, gua-

es—Directionality of

between compl

DNA Double Helix—Complementarity (pp. 196-198)

* The complementary base pairs are adenine and
thymine, which are held together by two hydrogen
bonds, and guanine and cytosine, which are held -
gether by three hydrogen bonds. This complementar-
ity establishes the basis for the double helix and the
accurate replication of DNA.

Replication of DNA (pp. 198-202)

* Replication of the hereditary  information involves
synthesizing new DNA ﬂ\t\!(‘t:.l!lt.‘!\' that have the sam®
nucleotide sequences as those of the parent organis
The two chains of the DNA double helix are comple
mentary and the nucleotide sequence in one chai
‘ip('.flhl‘a the sequence in the other

* DNA chains are complementary and antipardh
1e1; one chain has the 3'-OH free end and I
complementary chain has the 5'-P free end

‘-:-:'I[r;|C_ur|:ien'_1|iw DNA Replication (pp. 198-199)

: N.J\ replication is semiconservative, that is, a %
|_.!1-1m remains intact and a new complementary '.m-”[
l:u‘:‘!r‘:i::};.ht‘.|hrr each one. Thus each new DY

v l‘)l\-‘?a eis half ald and half new.

5 e ; l."plu:d!lu.nlpp 199-201) "
S tr;icinlum begins when the double helix ‘:",
chains 1o -.‘-h'.m a replication fork, separating

el ™ a5 templates,

© parental DNA |5 pulled
fork, Providing space

}‘.m'f“

seatioh
apart at the replical

for frue nucleotides to align o

posite their complementary ba
new chains.

» DNA replication begins at only one site in bacteria
DNA gyrase twists the DNA as the replication fork
moves around the bacterial chromosome

tor the synthesis of

Formation of a New Chain of Nucleotides—DNA Poly-

merase (pp. 201-202)
+ DNA polymerase links the nucleotides by forming
phosphodiester bonds after the nucle

ides are
alignied by base pairing. DNA polymerase adds nu-
cleptides to the free 3-OH end of an existing nu
cleotide chain

The continuous, or leading, chain of DNA is the DNA
chain that can be continuously synthesized because it
runs in the appropriate direction for the continuous
addition of free nucleotides to the free 3-0H end

-

The lagging, or discontinuous, strand of DNA cannot
be synthesized continuously because iniHation of its
replication can begin only after the double helix has
already unwound somewhat. Short DNA fragments
are synthesized in the direction opposi
in which the parent DNA unwinds. These fragments
are joined together by ligases.

he direction

Mutations (pp. 203-205)

Types of Mutations (p. 203)

* A mutation is a change (addition, deletion, or substi
tutiom) in the nucleotide sequer f 12
mutation results in the death of a microorganism or in
its inability to reproduce; a conditionally lethal muta-
tion exerts its effect only under certain eny ironmental
conditions; an unconditionally lethal mutation
lethal regardless of environmental conditions. Ter
perature-sensitive mutations alter the range of tem-
peratures over which the microorganisms may grow.

utritional mutations alter the nutritional requine
ments for the progeny; nutritional mutants (aux-
otrophs) require growth factors not ne weded by the
parental {prototrophic) strain. .

Factors Affecting Rates of Mutation (p- 203)

* Mutagens are chemicals that increase the rate of mu-
tation. High-energy ionizing radiation causes muta-
tion and can be used for sterilizing objects. Ultravio-
let light can cause mutations by producing thymin:
dimers,

Expression of Genetic Information (pp. 205-213)

ormational ca-

The genotype represents the total
pacity of the cell. It is mediated by DNA. The pheno-
type, the discernible characteristics of an organism
including the functional appearance anc a<
the cell, is mediated by proteins

vities of

he IINA deter
i

* The sequence of nucleotides within 1
mines the s
ecules of the cell

Genes (pp. 206-207)

.

+ pyrobein me
quence of amino acids in the protein e

hat has a
A gene is a segment of the genetic material that

. « for the syn-
specific function. Structural genes code for the SFE7
thesis of R Iy determining
{a in these

ang proteins, respective
the sequences of nucleatides and amino acic

e o . SUMMARY 27

macromolecules. Regulatory genes control cell activ-

ity by specifying when particular structural genes ane
actually expressed

Prokaryotic cells have 4 single chromosome and
therefore are haploid. Eukaryotic cells generally have
pairs of matching chromosomes, making them

In homozygous nes ot a locus are

s the genes differ.
RNA Syn

* Protein s
form RNA

i5 involves two stages: transcription to
d translation of the RNA to form a
fn

mformation
sosome. Transfer RNA helps al

15 bor k

e Tansc 1S

DNA. RNA polvmerase links
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Review QuesTIONS
Damell J, 1 1
1. Explain the difference between a gene and a chromo- 12. Describe how the Ames test is used to detect carcing York, Scientific Tos "
S0 gens. ;
2. What is the difference between genotype and pheno- 13. Compare and contrast the storage of genetic informa- - e 4 rh 1
type? tion in a prokaryotic and a eukaryotic cell.
3. What is the relationship between DNA and heredity? 14. Compare and contrast the expression of genetic infor-
4. What is the genetic code? mation in a prokaryotic and a eukaryotic cell.
3. What is a mutagen? 15. What is DNA g\'r.a-n- and what role does it play in s 3 ari
i\' Whnl.\-:..‘l n_lm.qu,u.n_’ DNA 1L'[,'l‘|l.'-l‘ll‘|\? Feldman M and L Eis it : i o nier: 1988 The hiigh fudelity of DNA &
7. How is DNA neplicated in bacterial cells? 16, ?

- How could DNA gyrase be used as a tanget for an an:

8. Describe the process of prolein synthesis. timicrobial agent for the treatment of disease?

%, Define induction and explain how it regulates gene ex- 17.
[pression in bacteria

10. Define catabolite vepression and explain how it regu
lates gene expression in bacteria, 3

TL What are the different types of mutations?

How would you go about increasing the rate of muta
tions?
18

19

. How could you rec 2¢ the occurrence of a mutant
How eould you design an experiment to select mus
tants?
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In this chapter we will:

« Learn that genes can be transferred from one DNA
macromolecule to another, recombining to form new
genetic combinations.

+ Examine the recombinational processes by which genes
are exchanged

» Study the natural ways by which DNA is transferred
from ane cell to another.

* Discover how scientists are able to manipulate DNA to
form new combinations of genes through recombinant
DNA technology.

+ See examples of how recombinant DNA technology has

been used to genetically engineer new organisms.

Learn the following key terms and names:

alleles lysogenic conversion

cloning R (resistance) plasmids

cloning, vector rec (recombination) genes
complementary DNA recombination

(¢DNA) restriction enzyme
conjugation

conjugative plasmids

defective phages

donor strain

endonuclease

generalized transduction
genetic engineering
omologous
recombination
human gene therapy

ed transduction
tmperate phages
Ti (tumor-inducing)
plasmid
transduction
transformation
transgenic organisms
transposase
transposons

REcoMBlNﬂll-’.:H

Ginngl'u: recombination occurs when genes move
ation to anoth

Recombination ¢

from one locs 10X
cur between DNA molecules in the same cell or be
peen DNA moled ules from different cells. In some
recombination involves the movement of
genes (o new locations within the DNA macromaole

cule. Such changes in the locations of

CAses,

enes can alter

which regulatory genes control particular genes. In
other cases, recombination involves exchanging
-ad/for combining genetic information. In these

cases, DNA from two different sources comes to-
gether in a new DNA macromaol

ule. Such recombi

national events result in an exc of different
forms of genes that can produce new combinations of
genes

Recombination provides a mechanism for the re

distribution of the changes that occur in DNA as a
sult of mutation. Like mutation, recombination i
source of genetic diversity. Recombination is

likely to produce beneficial genetic combinations
than mutations because it is less likely to destroy the
function of a gene. It also may produce combinations

of genes that can provide the organism with a valu-
able new function. Recombination thus provides a
mechanism for generating diversity within the

pool of a microbial population.

Recombination can produce numerous new combi-
nations of genes, greotly altering the inherited ge-
netic information.

Hemozygous
thr' gal’ fac
— —
the* gal’ ke
—
Heterozygous
thr* gal’ e
— —
thr gal bere

- Diploid cells have two sets of gene
M (homozygous alleles) or different (b

Homologous recombination occur

- s when the [
that is ex

+d comes from cor

An ¢
(FIG. 8-1). Alleles ar
cemed with the

OCCUr a

Homologous recombination, on exchange of seg
ments of DNA with similar nucleotide sequences,
produces now combinations of alleles,

restriction endonuclease, or restriction

Recomtxnahon

o
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ombination does nol invalye — .
dependent chromosomes are Nonhomologous rec i ridgd Nvolve
the molecule. Two Incepe = f a new com rec enzymes, It pcrnm-1hv|u|1nn;.:nr DNA molecules
% ¢ formahon of @ new coni= ’ W z ;
fommed. This results {n 'lh‘ 3 mbinantt DNA macro- from different sources that have very little similariy
bination of genes, that is, a of nueleotide sequences (little homology). Through
iy i is nrocess, segments of DNA can move frop
sortions of a bacterial chromosome can also be this process, segme I b e
e o jonor to a recipient bacterium by lacation to another, permitting the insertion of plas.
transferned from a ¢ Y s i E'_' mids (extrachromosomal genetic elements) into th
hamologous recombination. In bacteria, sy DG il 4 wome and the transfer of genes (
smhination enevmes and single-stranded regions of bacterial chromosome ¢ * frans genes (such L ) Badkerial chn
;.)\' A .ar\- involved in such recombination. An en- a5 antibiotic resistance genes) from one plasmid loca 5 — el
donu 'In:.L-rc1n nick one DNA strand, forming a free tion to another (FIG. 8-4). Nonhomologous recombi-
i - T ¢ - 5 = 1 ‘ A b SCuR
3-0H end within a DNA macromolecule. The free nation also permits the incorporation of viral DNA
3-OH end acts s a primer for DNA synthesis so that into the DNA of a host bacterial or eukaryotic cel|
one strand of the DNA is copied. The single strand of (FIG. 85). The process of incorporating viral DNA
DINA that is synthesized pairs with the correspond- into host cell bacterial DNA is called lysogenic con-
ing region of the homologous chromosome. This es- version. When this occurs, certain viral genes can be
tablishes a union called a heteroduplex (FIG. 8-3). expressed by the bacterial host cells, resulting in bac-
The term heteroduplex indicates that the two strands terial production of proteins coded for by the viral
of DNA are not fully complementary so that there is RETES,
a mixture of single- and double-stranded regions of R 1 e ;
DNA. The heteroduplex forms because the two dissimi eI Sem:oocurheryess
e 5 : = dissimilar segments of DNA.
jpaired strands of DNA are not exactly complemen-
tary. The nucleotide sequences that are complemen- Insertion Sequences
tary form 2 ax {3 c-strande “men- - . -
m:r :_n" ;:iufl;‘:l:h\inuhh "tanLd complemen There are several types of genetic elements that can
— Jhils Khis o Pmentary reg ¥ L . A 5
¥ segme .J. while the noncomp Lmtﬂnl.} regions move from site to site within a bacterial chromosome :
remain unpaired and single stranded. The formation i : Plasmid inserfion
of the heteroduplex is catalyzed by enzym led P nesEa nostibowlugous recombination. Thee
X 15 Ci xd by enzymes codel S . : = A
for by ﬂ'f'lr!mrnb‘malionlg-encq ’ ey are called transposable genetic elements, Insertion
o sequences (ISs) are small transposable genetic ele- FIG. 8-4 Plasmids can insert into a bacteria re
annnlorgr:c?- mornbmnn":n is catalyzed by recombi- ments containing about 1,000 nucleotides (FIG. #-6)
nation ne products. N T S 2
ge The nuclectide bases in the 1S regions do not appear
Rt =
I T —
& Phage
A .
: "y Bacleriol | IR {inveried IR (inverted
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with second strand ‘ | |
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LY Y VY 5o
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AG. 83 — phqm.f Lysogenic conversion occurs when a tempe ""‘i AG. 8-6 s "‘“4“_:', ‘_\\’ et an I B
i \..1 A, Mustratiom of a heterod ). that Ty fansfers bacterial DNA that it has ac i {, anc ﬂrrw i Ir-\- T .
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RG. 87 A transposon has repeal sequences and a series of structural genes.

10 code for proteins but may have a regulatory func-
tion. They may be involved in specifying the 10cqa-
fions at which site-specific recombination oceurs. ISs,
for example, can alter a promoter site and thereby af-
fect the expression of nearby genes, 15s can also insert
into structural genes.

L "

q are small transposable ele-
mants that con move from one location to another
on the chromosome.

Transposons
Transposons are transposable genetic elements that
contain genetic information for the production of
structural proteins (FIG. 8-7). They are larger than 15
elements. Transpos-(ms encode several genes, includ-
ing an enzyme that brings about transposon insertion
called 2 transposase. Transposase does not recognize
any particular sequence on the host chromosome.
The site at which it acts to insert a transposon is more
or less random. Therefore the genetic locations of
these elements change at random, jumping from one
location to another. Barbara McClintock was
awarded the Nobel prize for her work on trans-
posons in com plants.

Transposans contoin insertion sequences and struc-
turnl genes; they con mave genes more or less at
or less

Muore .md maore examples are being discovered of
novel functions made possible by the ability of or-

ganisms to use tran:apositiun o m_m'n- ;z,tl-n_us .tu new
locations. Many transposons code for antibiotic resis-
tance and their transposition can be important for de-
termining the properties of pathogens and the drugs
that can be used to treat microbial infections.

A medically important instance of gene mobiliza-
tion by transposons is exhibited by African try-
panosomes and Plasmodium. These protozoa cause
African sleeping sickness and malaria, respectively
The surface glycoproteins of these protozoa are im-
portant in establishing their infective properties. The
hosts of trypanosome and Plasmodium infections de-
fend against these organisms by producing sub-
stances specifically directed against these surface gly-
coproteins, Trypanosomes and Plasmodium overcome
this defense mechanism by transposition, The try-
panosome DNA, for example, contains a cluster of
several thousand different glycoprotein-encoding se-
quences. These sequences cannot be transcribed as
they are because the cluster lacks a promoter. The
promoter site is located within a transposon that pe-
riodically jumps randomly from one position fo an-
other within the cluster. Changes in the cluster se-
quence result in the appearance of new surface gly-
coproteins before the host's defense system is able to

kill all the infecting protozoa. By the time new de-
fense substances are made, the pfnhr.f.(m again trans-
pose the genes for production of surface glycopro-
Iu.m",‘ Host defenses again are foiled. The result is 3
persistent infection in which the protozoa are able to
defeat the human defense

ystems,

GENE TRANSFER
GenE TRANSFER AND RECOMBINATION IN
Proxaryoies

Ther ane several mechanisms b
¥ which genes naty-
tally move from one bacterial cell to another. These
Mhnd;_. of gene exchange differ in the way the DNA
transferted between a donor and a recipient cell,

Plasmids and Gene Transfer
Plasmids are small extrachromosomal genetic el
n'.lunls that Permit microprganisms to store genetic 1M
farmation in addition to that contained in the bact®
Hal chromosome (FIG. 8-8). Plasmids do not narmally

contain the genetic information for the essentid

RG. 8-8 Colorized transmission electron micrograph of
plasmid DNA (green) from two bacteria. Micrograph of
plasmids pBF4 (larger molecules) from Bacillus fragilis and
PECI0N (smaller molecules) from Escherichin coli

metabolic activities of the microorganism. They gen-
erally contain several genes that code for specialized
leatures, such as antibiotic resistance. Plasmid trans-
ferallows the hereditary information encoded within
the plasmid DNA to move from one bacterial popu-
lation o another, The acquisition or loss of a plasmid
alters the genotype of a bacterial strain. Individuals
e bacterial population that possess pla:amid.u con-
t.im genetic information different from individuals in
¢ population that lack plasmids.

Plasmids, which are extrachromosomal genetic ele-
ments that store edditional genetic informotion, are
i7Pable of self-replication and can transfer genes
ToM one bacterium to another.

H":IL:““}:I,“[}‘ pl‘\slmi‘k ft”iltﬂill_nnl\- a very .\!ll.l|l| P‘nl:
Portany ]:'] bacterial genetic I'“\h‘rm‘\tmn, they d;lﬂ‘.“”
that dui. asmids can contain (1) genetic ml.,”:: -
hey L.rtl'mmv‘.; '_]W ability of bacteria to nl..|; ;i" .
Matin [; t‘_npwml strain acts as the donor ~:= t:;
anf ‘jl.ii(:\"] information that codes for n\_»u:-l..n .':“.I_
% .!ta'“:‘nd other chemicals, such as l1-nl1\\.l‘c o
mm*‘limn, normally hm‘.-. to bacteria, ” g .1:t e
Mt com or the degradation of various comj 1;“‘-_1,-_
s Pounds, such as the aromatic Iu.\ 7
“Mdin petroleum, and {4) genetic informatic

=h sl . _ GENE TRANSFER
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tor toxin productic
pathogenic to humans.

; Bacterial cells can contain more than one plasmid.
L eriain pairs of plasmids cannot be stably replicated
within the same bacterial cell Incompatible plasmids
that cannot exist in the same cell are said to belong to
the same incompatibility group (i group). The
genes that prevent co-existence are encoded within
the incompatible plasmids themselves,

There are several ty pes of plasmids that serve dif-
terent functions (FIG, 8-9), The ability of plasmids to
transfer genes from one cell to another was discov-
ered in the late 1950s by Joshua Lederberg and E
ward Tatum in studies on a particular plasmid of Es-
cherichio F plasmid, for fertility factor
Only cells containing the genes of the F |.'-].1=.m'.d act
as plasmid donors. F plasmids are conjugative plas-
mids, meaning they contain several genes that pro-
mote their transfer to other cells. Other nonconjuga-
tive plasmids lack such genes and do not readily
transfer from one cell to another. In particular, the F
plasmids contain a site at which DNA polymerase
binds and initiates DNA so that, once transferred, F
plasmids can replicate within the recipient cell. The F
p|l1:;mi._i can ru|,‘i|u.‘.|h.' in Gram-7
ria—such as E. col

that renders some bacteria

spative enteric bacte-

li. Other conjugative plasmids are
capable of moving into numerous other bacterial

Species.
F plasmids are conjugel transfer plasmids that per-
mit transfer of genes from doner to recipient bacte-
rial cells,

The colicinogenic plasmids of £

onlv closely related bacteria s i
colicinogenic plasmid produces colicins that allow it
to fight off competition by other £ :
) significance are the R (resistance)
" Jes that code for antibiotic re-

Of greater
plasmldg- that carry ger

1 e
istance plasmids <
sistance. R plas only
rain to another but also from one bacterial

an be passed not only fom

one st ; e
species o another, such as from & e

. ; ella or I, Antibi-
sathogenic straing of SAIY or !

sy -teria have become a sen-

k
UII\'-R“-I:-I.HH strains of bac Soet,
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: health
it sk and the treatment of human

pnlhugvni\
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of these pathogens that

tibiotics.
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FG. 8-9 Plasmids have different functions, including resistance to miultiple antibiotics,

lowed by recombination within the recipient bacte-
tial cell (FIG. 8-10). The donor bacterium leaks its
DNA, generally as a result of lysis and death of the
bacterium. The recipient bacterium takes up the
leaked free DNA and incorporates it by recombina-
tion into its DNA. The classic example of transforma-
hon, involving the change of nonpathogenic Strepto-
COCCUS prelmoniae to pathogenic 5, pneumonine, was
critical in the discovery that DNA is the hereditary
macromolecule of cells (see Chapter 7). This discoy-
ey of transfarmation also showed the importance of
transf ion, since pathogenic S. prewmonige

were transformed into deadly pathogens.

Translormation involves the transter of noked DNA,
followed by recombination, ‘

For free DNA to be picked up by a recipient LT_“:
the recipient cell must be competent, Competency
means that the cell must be capable of :r.:n.-al-m“m_'ﬁ
the donor DNA across its plasma membrane or havt
specific receptor sites on its surface. Competent®
probably depends on properties of the cell wall m'.l.
permit the binding of DNA and it transport into the
recipient cell. The recipient cell also must be compal*
ible, meaning that onge inside the donor, the DNA
must not be Enzymatically destroyed by the endont”
cleases of the recipient cell, The highest frequencies
of transformation Occur when donor and “""F“'I‘I
are closely related. If recombination accurs, the 1“‘"?:_'
eny are called recombinants and are said to be frans
formed, Such ecombinants typically have properties
different from the original recipient cell,
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FIG. 8-10 The transformation of 5
mn the properties of a bacte

sule production (designate
sulated bacterial cells that have an in:

s wm of the
the replacement of the inactive A form 1’ i1
combinant cells acquire the ability to produce

Only a few genera of bacteria exhibit natural
Iansformation. These include Acinetobacter, B
Haemophitys, Neisseria, Rhizobium, Staphylococ
S"""r"-'ﬂ's\n us. Some of the genes that are transferred
MOng strains of these bacteria effect pathogenicity
nd the ability to treat diseases they cause. As “\-":'
Pies, penes for capsule production, which make
Straing more res
CTeasa
lance,
Iransy,

, and

stant to host defenses and hence in-
Pathogenicity, and genes for antibiptic resis-
Which make init\'li‘nns difficult to treat, ane
tred by transformation.
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AG. 8-11 Transduction transfers bacterial DNA via a
phage. Bacterial DNA 5 packaged together with phage
DN during phage meplication within a bacterial huf! _n:l'll
This occurs when fragments of bacterial DNA are joined
with phage DNA in the phage capsid during phage repli-
cation. The phage carries that bacterial DNA along with
phage genes to another host cell, where recombination
ftransduction) oocurs.

can randomly carry any host cell genes. If the genes
that are transferred by these phages are homologous
to ones in the newly infected cell, homologous re-
combination can oceur. This process, called general-
ized transduction, can result in the exchange of any
homologous alleles. If recombination occurs, the re-
combinants are said to be transduced. Bacterial genes
can be transferred to newly infected cells at low fre-
quency by generalized transduction (FIG, B-12),

G 4 duction results in fer of
alieles by homologous recombination,
Other phage are

i called temperate phages because
they don’t always cause the lysis of the host cell. In.

stead, the DNA of a temperate phage may become in-
fegrated into the bacterial chromosome at specific
sites, Such sites are where phage DMNA can undergo
nonhomeologous recombination with host bacterial
f-vll DNA. Sometimes the phage DNA comes ou of
integration and carries with it bacterial genes that
flanked the integration site so that they acquire and
transfer only certain host cel] #enes that are located
ear a specific site (FIG. 8-13), Because only a limited
number of specific BENes can be transferned by these
fli::‘gu. the process is called specialized transduc-
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ytic SN

Transduction

b
| Recombination \'i .
Transduced
| bacterial cell

L e

FIG. 8-12 In generalized transduction, various genes are
transferred from a donor to a recipient cell via a bacten™
phage. Homologous recombination occurs after the 2%
change.

Specialized transdu,

e cHion results in the transfer of
specific genes by h I P

Conjugation

Cnniu;_;aliun, OF mating, involves the transfer o
DNA from a donor to a recipient by cell-cell contat!
between the donor and recipient bacterial cells, fol
lowed by recombination within the recipient bact®
rial cell Preventing physical contact precludes poautt
fer of DNA by con
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contact  between

jugation. The necessary pl i
» . 1 i ot
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Motiesg of ditherent strairs of bactena that have diﬂrl\:r.\l
ablelic forms of multiple genes can be used for genetic

gping, that is. for Mﬂni}lll\!‘. the relative positions
of those geves in the bacterial chromosome. The
cccurrence o recombinants that result from mating
odten i wsed to map the order and, thus, to determine
e refative Jocations (loci! of genes.

I the case of £ coli, which has been well studied,
suting between Hir and F- strains has been used to
map Large sections of the bacterial chromosome. By
vibrating @ culture of mating bacteria, the cell-to-cell
contact i broken and hirther transfer of DNA ceases
Such fntermuption of mating can be done at various
fimes after conjugational cell-cell contact begins. The
order of genes on the bacterial chromosame can be
determined by examining the times at  which
secombinants fur given genes ane found.

In mating experiments aimed at mapping the order
of genes, the recovery of recombinants of marker genes
s normally used as a reference point for establishing the
fine structure of the genome. 1f a gene of unknown
lecation shows a high frequency of recombination along
with the marker pene, it is likely that the marker
and unknown genes are closely associated in the
chromesome. I, however, the genes are far apart, it is
unlikely that recombinants of both the marker gene and
the gene of unknown location will oecur in the progeny,

Let us consider an example of how the locations of
genes are determined by the transfer times for
recombination as determined by inlerrupted mating
lm- A} Sappose the genetic markers are threonine
biosynthesis {thr), leucine biosynthesis (low), azide
senaitivity (asil. phage T1 sensitivity (ton), lactose
utilization flac). galactose  utilization (gal), and
Streptomycin senwitivity (sir). In this example an Hr
lflllw I'I?II" Teie " E b, Jae, gal®, streis mated with an

F straln that I the™, len | uzi', tore, hic gal, str, The

Citure of mafing
\ bacteria vibrated,
{ bmﬂkmg F pilus and
intermupting mating

Tha: relatiive powitions of the
FUpLng the mating to haly urther gene transter
rrpeTimen b ssessod by comparisen of the py,
bt 10 growih of e snatrophile mutany
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genes can be established by mating

OLOG'_

MarpING
superscript * indicates that the organism has the Benes
for bipsynthesis or utilization, whereas the superscript
indicates that the organism lacks functional copies of
these genes; the superscript * indimluf resistance,
wheneas the superseript * indicates sensitivity.
Mating of the Hfr and F° strains is initiated by
mixing the two cultures at time 1= . After mating for 10,
15, 20, 25, 30, 40, 50, and 60 minutes, a portion of the
mived culture is removed and agitated in a blender to
interrupt mating and the cells are then plated on a
medium containing glucose and streptomycin. On this
medium, recombinants that are thr* len” str' will grow
because they can synthesize threonine and leucine and
are resistant to streptomycin. Recombinants that are thr
lew” st are selected in this manner. The original strains
do not have this combination of genes and will not
grow, Azide sensitivity (ezi), phage T1 sensitivity (ton),
lactose utilization (lac), and galactose utilization (gal) are
unselected markers because this medium does not
specifically detect the different alleles of these genes
The the fen* St recombinants that form colonies are
seared for the alleles of the unselected markers that are
present in' the selected recombinants by replica plating
an media that individually select for azi, ton, lac, and gal
The frequencies of unselected markers among thr” len”
st selected recombinants are plotted as a function of
time until mating is physically interrupted (FIG. B).
Extrapolation of the frequency of each unselected
marker to zero indicates the earliost time at which
markers become available for recombination with the
chromosome of the F- cell. These times permit the
ordering of genes, that is, constriction of a genetic map,
with the assignment of distances between genes based
on the time (in minutes) clapsed from the initiation of
comugation until the earliest time at which a marker

trom the Hir strain is detected as a recombinant with the
B strain (FIG. C),

: 15 rninuh:a i 30‘minu!ns &0 minutes

B bacteria for varying
numbser of recombinanis incre |=-::

times and inter-

The
mbver of colonies on o complete misd iy

0 2 0 o 0 0 NS

Time (min)

The transfer times of genes and the frequency of recombination indicates the relative posi
genes. Graphs like this are used for gene mapping
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RG. 8-15 Dunor bacteria that have the fertility gene (F
gene) produce F pili, which establishes contact for DNA
transler. In B~ strains the F gene is on a plasmid. The mat-
ing of a donor F* strain with a recipient F- strain (fop) re-
sults in transfer of the F plasmid and the production of F
progeny; there ks relatively little recombination

When an F* cell is mated with an F cell, the F
plasmid DNA is copied and usually transferred from
the donor to the recipient (FIG. 8-15), The
also stays with the donor. Therefore
such a mating are mostly donor strains. The F plas-
mid confers the genetic mformation for
donor strain. Few if Any genes other than those on
the F plasmid are transferred in such matings,

Mafing of an F* stroin
the production of F

F plasmid
the offspring of

acting as a

withan P strain results in
straing,

When an Hir strain is mated with an F strain, the
genes of the bacterial chromosome are transferred 1o
the recipient cell before those for F pilus Production

The F plasmid is often not near the beginning of
i '3 2 of the
LA that is transferred (FIG, 5 B rhay

1 B-16). Since only rarely
s I‘hﬂr sufficient mating time 1 accomplish th
cumplete transfer of the complete bacterial chromg.
some, the recipient ce

I normally remains F Hon-

INATION AND RECOMBINANT TECHNOLOGY
B

Hir doner

Recombinant
F-

AG. 8-16

(high frequency n&nmhinatim‘\ stra
Hfr strain with an F~ strain (b

many genes from the bacterial chromosome and a high fre-
quenc

that the progeny are F recipient strains.

15). The mating of

ever, a relatively large portion of the bacterial chro-
mosome is transferred from the donor to the recipil-
ent. Thus there is a relatively high frequency of re
ombination of genes of the bacterial chromosome
when Hir strains are mated with F~ strains.

Mating of an Hir strain with an F strain results in

the production of F  strains and a high frequency of
recombination.

GENETIC EXCHANGE IN EukaryoTES

In eukaryotic microorganisms, genetic exchange nor
mally occurs during the sexual reproduction phase of
the life cycle (FIG. 8-17), Sexual reproduction i
volves the recombination of DN

The DNA comes together when specialized "C“ml_“h,
productive cells unite The vegetative cells (growing
nonreproductive cells). of many
1sms are diploig

onls
A from two parent

Al
eukaryotic orga’

1. that s, they have two sets of chr”
mosomes. To exchange genetic information these OF
Banisms normally form specialized reproductio?
haploid gametes that have

only one copy of eat
chromosame

The conversion of 5 diploid to a haploid state 5
CUrs in the process of mejosis. Meiosis is also know?
as reduction division (FIG. 8-18). Meiosis begins um'f.
DNA replication, s that the starting cell actually 12
four copies of each gene During this tetraploid st
the chromosomes are aligned side by side. Recomb”
nation can oocur by crossing over between homolo

The F gene can be incorporated into the bacte-
2 > 5 At . 'y
rial chromosome to produce donor strains, designated |

results in transfer of

of recombination; the F gene is not transferred. so

gt &

FIG. 8-17 In sexual reproduction, game
zygote. The sexual basidi

i thromosomes. The chromosomes are pu

part by spindle fibers. A second meiotic divi 1o
' OCurs without further DNA replication, form

Ing four nug

Numfy

aploid
clet. Each nucleus contains a hap
°Fof chromosomes

i iosis
*Malogous recombination aceurs during ";:
" Process that results in the reduction of '. o
Uber of thromesomes and the conversion
°id coll into o haploid cell,

GENE TRANSFER

union of the

productive ce Isyngamy) r:1-.|l_m‘,1|’_--.n}: f,
state (FIG. §-19). One of the haplod seb .
- = a donor strain (male : :
""”"L“I ”"imi et comes from a recipient strain {fe-
other haplor comes §

hlist
je establist
wess of gene exchange estac

s a life
male). The

cyele with hap

stapes
id. dikaryotic. ar oid stage
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MEIOSIS |

Prophase 11

‘ Metaphase 1|
o

Anaphase 11

MEIOSIS 11

Telophase |

Telophase 11

AG. §-18 During meiosis, a diploid parent cell {cell with e

loid daughter

ductive division to produce four ha

oS T
gues es), In the first stage of meic

of chromasom
petween the pairs of homiole

"-nndlu-

cated
phases are n-p.-.ul--d resulting

meiosis.

s15 (prophase), chromasome
Tous chromosomes

form and align the pairs of chromosomes. Nex)

whmes are pulled apart to opposite poles so that one set of each of
at each pole at telophase. Cytokinesis occurs so that two

i the formation of four ha
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s of chromosomees) under
cells (eells with individual sets

CIOSS-OVET OCelirs
Then during m

) phase, microtubular
auring ani » th

: chromi
e chromosomes s Jo-
s are formed
i cells in the second s

Diploid

FIG. 8-19

In syngamy haploid gametes join

RECOMBINANT DNA TECHNOLOGY

FORMATION OF RecomBINANT DNA
Based on
I?ahm.) Processes, sc
mbine DNA from different sources
n the labg
| toung
i orate

ratory outside of living cells

inat
dine Of genes from a donor source and fr
Plent, Tha
r:‘l ' Viral, gy
Tipiet

SNt ¢
Istng bean be the DNA of any organism

o 3 !
M thus be formed that contain

an understanding of the natural recombi
tists have learned how to ne
1, that Is,
This is the

ation of recombinant DNA technology; the de-
tecere 0N of specific genes by scientists t
Ombinant DNA macromolecules. Recombinant

pom a e

source DNA can be human, plant, buacte-
roven chemically synthesized DNA.

wenes Hrom

sms ane called

more than one species. Such
fransgenic organisms.
Recombinant DNA technology is the purposeful

union of DNA from different sources in the
loboratory outside of living cells.

o make

The enzvmes involy od int i
wd to

I z sl W IINA
| A fec : tion and replication of
thnology promises to be a powerful tool for : A e
| u'uh‘f‘ﬂ.u|d1lu;h l\‘:an 1 lll pr ul'r <ps and has join DNA from .!unc.---nE ‘-:\‘u\m = R isices e
e A T R 3 leases are used (o cul nto sy heir T
Eiidous p, TN - DNA cleases ¢ ; L s
3 otential industrial apphcations e St maditdronide
|||<1|:rum|||w|:|l..\ farmed. iny this m !Enim ¢ have a com- Some endonig Jeases cut the [ P m
(& 5 N of e b

sequence. A palindrome is a symmeiric
w1d identicall

f nucleatide bases that can be read denhica

; ; ther d WY O

strand and in the other direction an

rection on one
o is a palin

.,.ln.\n.;—.lr.nn! For example
i When an

The
Organ- the

| lease culs a
dromic

sequence
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FIG. 820 A palindromic sequence has the same genetic

information regardiess of the direction of reading.

por Gene of interest
{f'ﬂ? % |

M i ‘
|

| Gene inserted into |
v  Plasmid

O

= i

PG.
Wi e ot <1 DN
s L % there are many different e
st Iragm:g:ucl d)i“:kl’t'l’ﬂ nucleotide w:;ti?-:'\t":h.lr!“.
=z fereni ¢ ences, Lig-
of DINA ll..‘rlllp_ endonucleases and 'iir.‘
e cut from o chroma-

& |

A at specific sifes
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pa]indmmic sequence, DNA with sftag;;ur“j single.
stranded ends is thus produced (FIG. 8-20). Theg,
ends of the cut DNA can act as cohesive or sticky,
ends during recombination. This makes thep
amenable for splicing with segments of DNA from 5
different source that has been excised by using the
came endonuclease. Ligases are used to splice the

;viecc:i of DNA. For example, a fragment of DNA

Plasmid
wechor

' .
n ( )
| |

‘ Add pnly-A o 3' ends
[ Add poly-T to 3' ends

i .

'
L —
)

Chimeric
plosmid

FIG. 822 poly-A

m

ks of DNA to et o

ablish homology for recombinat

and poly-T tails can be added to 17
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| Recombinant DNA

FIG. 8-23 Having homologous ends allows DNA fragmen

when the ends are homologous

produced by using endonucleases can be e tom
plasmid carrier (FIG. 8-21)

If two different endonucleases are used, one to cut
open the recipient DNA and another one to excise a
segment of donor DNA, it often is necessary o es-
tablish an artificial homology at the terminal ends of
”I“-.d“mw and recipient DNA macromolecules (FIG.
8-22). This can be accomplished by using an enzyme
Ih‘}t adds adenine to the pl.n‘-ml(‘l DNA to create a
POIvA (poly-adenine) tail and a different enzyme that
;‘\|l‘j|‘\j|?-.[[||“I.mi-Lhr-w 11.- the donor DNA to torm a polyT
ot hymine) tail. Pairing occurs between homaolo-
)‘l_‘“-‘ regions of complementary bases Ligase en-
|{‘.\,I1n]:: ‘:IRI “""_\| to seal the circular plasmid. The tails
vitrp, .1‘.- action of the endonuclease are cleaved i
““\lrn‘l.]:]‘:“ _exonuclease enzymes Virtually any

NA can be used as a donor, including hu-

ma 5| X1
140 DNA, By adding a polyT tail to the danor DNA
Jonor

]‘ltr\?: I"l\m"'n with an endonuclease, the

of the I'_“ i made f'nn\plmm-n.t.u-\' to the ;ml.\ . l.1‘|i»

n-\-ulnb.“‘r”"" !‘\-'\- permitting the formation of &
nant DNA macromaolecule.

If the

donor

same endonuclease is used to cut both the

Ny h:‘\:]:! ;"“i“i"“‘ plasmid DNA the stré
add F‘Hl\-T ogous ends. Then it is not nece
mu]l'\'u|'..- and palyT tails. The ends of the .

s are sealed by ligases, thus creating a e

wsary o

DNA

combinant DNA

e1gn segment of

Short nuct
*I/l'li hem
DNA segm ca

s pro-

tomated DNA b
duced in this m: atically joined
to DNA from other
DNA

The problem
of eukarvotic cel
mRNA molecule

rsg LTanscrif
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disconting

can be ov
a reverse transcriptase

zyme that uses

y SYT
roduce a DINA macr
ence of nucleotide base

s se
plete functions
DNA molec
mentary to the complete m ar
is called complementary DNA (cDNA). The
can be removed by using
tary strand of DNA can then be s ssized opy
the ¢DNA strand. The double i DNA de-
n be joined with DNA

his way recom

a nuclease. A co

rived from a eukaryo

abtained from a bactenal
nant DNA can be made that contains

prokaryotic genes
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FIG.8-24 cDNA can be produced from an RNA template using reverse transcriptase. This
is useful for genetic enginecring of eukaryotic genes because it eliminates introns (inter-
vening sequences) that are present in eukaryotic genes. The cDNA can then be cloned and

expressed in prokaryotic cells.

Clonme RecomBinanT DNA

Once a recombinant DNA molecule is formed it can
be transferred to living cells where it can be repli-
cated. When the cells divide, the recombinant DNA
is passed to the progeny cells. Genes contained in re-
combinant DNA can be cloned (asexually repro-
duced to form copies that are identical with the orig-
mal)in this manner. Various methods are used to add
recambinant DNA to cells for cloning. Transforma-
Hon and transduction are used to facilitate the trans-
fer of recombinant DNA into living cells for cloning.
Although most bacterial cells, including those of E
coli, are not naturally competent for transformation,
scientists can treat cells in the laboratory wi
such as detergents so that they will t
Thos E. coll and most other bacte
formed with recombinant DNA

th agents
ake up DNA
Tia can be trans-

Recombinant OMA can be transferred to livi
where it te living cells
wtty | <" be replicated and passed onto progeny

Plasmids often are

used as vectors
the cloning of recom

(carrigr:
binant DNA. Pl s) for

asmids can he

isolated, and the plasmid DNA can be cut open by
using a site specific endonuclease, commonly called
a restriction enzyme. This creates sites where foreigh
donor DNA can be inserted. Once the plasmid con
taining the desired DNA segments is formed, it can
be added to a culture of 3 suitable recipient bac-
terium that will incorporate the plasmid. Becau=
plasmids will transfer DNA into cells, rucnmhiu;m_'l
plasmids are extremely useful for cloning recom?”
nant DNA. Plasmid DNA, including the foreig?
DNA segments, can be replicated and passed g
one. generation to another, Bacteria containing ™
combinant plasmids act as factories to produce M
tiple copies of identica) clone,

d genes.

Recombinant plasmids are used for cloning
recombinant DNA. B,
recombinany
of identical

acteria containing "
Plasmids produce multiple copies
loned genes,

7 o
Plasmid pBR322 was created specifically for th'll
; : E
= ing DNA. It is frequently used for cloning

Ci . . - 01
cause it has unique sites where restriction enzy™

; e
will cut so that new sequences of DNA can be intr

in
clo

duced and because it can replicate in E. coli (FIC, 8-
25), Such a plasmid that is used for the replication of
;t’mmhinant genesina hHh‘F cell (in this case in E. calf)
is called a cloning vector. The use of plasmid pBR
as a cloning vector is advantageous because it also
contains genes for ampicillin and tetracycline resis-
tance and has multiple specific restriction enzyme
sites. The presence of antibiotic resistance markers

‘ ¢ 5 T-DNA
Cloning
vechor

| e— |

-2 Foreign DMA
| | Inserfion

I info
‘ plasmid

Recombinant '
plasmid ¢

|
) |
==

FIG. 8-25 Plasmid pBR322 is often used as a cloning vec
tor because it has a number of unique sites for different e
donucleases. This permits the insertion of foreign DNA at
specific sites.

FIG. 826 Cell walls of Gram-positive
fusion of protoplasts permits

bacteria can be removed

ne transfer and recambination
g e
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permits its detection using selective media contain.
ing these antibiotics. Plasmid pBR322 contains single
restriction sites for several endonucleases, including
sites within the genes coding for antibiotic resistance
Fragments of foreign DNA can, therefore, be inserted
into specific sites. [f the insertion occurs at the antibi-
ohic resistance site, resistance is lost. The nucleotide
sequence of the antibiotic res
rupted, This inse
tecting the presence
mid

stance gene is dis-
activation is wseful for de-
reign DNA within a plas-

Insertional inactivation can detect the presence of
foreign DNA in o plasmid.

Protoplast fusion can also be used to transfer
DNA from one cell to another so that recombination

can occur (FIG. B-26). Protoplasts are ¢

10!

that have
ad their walls removed by enzymatic and/or deter-
gent treatment. They are protected again
to osmotic shock by susps

t lysis due
nsion in a buffer containing
niration of a sol

a high concer te, such as sucrose. Pro-
toplast fusion is a particularly useful technique for

achieving gene trans

netic recombination in
natural gene
m. Interestingly, more than two strains can
be combined in one fusion. Recombinants that have
inherited genes from all par
erated. The basic
glycol-induced fusion of pre

organisms with no
mecha

transier

procedure i

llowed by the

tant reature of

regeneration of normal cells

This permits recon

rial chromosomes, as Of
donor ba
rial chromosome

terial

ient bacte-

DNA can be transferred by protoplast fusion.

gene transfer, for
» cloned DNA se-

the |
quence to be expressed

t be transcribe

to form protoplasts. The
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AG.8-27 An expression vector
&gn genes added through recombinatiorn

sranslated to form an active protein molecule. The ex-
pression of the foreign genetic information requires
that the appropriate reading frame be usr.!b!.bnm?!
and that the transcriptional and translational control
mechanisms be turned on to permit the expression of
the DNA. In particular, the cloned genes must be un-

has genes under control of a specific promote
an be expressed

der the control of a promoter that permuts transcrig
With the knowledge of what has to
i to achieve cloning
Si0N, NuUmMerous TL’L'I"IT'."_"lﬂdIil Organism
used for scientific studies and for practi-

tion (FIG
be accompl

created

cal applications.

that for-

GENETIC ENGINEERING

Because the underlving genetic code—s
the sequences of nucleotides in DNA—
ways the same in the cells of all organis
can create cells with entirely new propert
combsnant DNA technology. The w nbinant
DNA technology for this purpose is called genetic
engineering. Although recombinant DNA technol
ogy theorefically can be used to genetically
the evolution of entirely new org
244 only one or a few genes to an org

using re-

engineer

15 used to

The wse of recombinont DMA technology permits the
purposeiul monipulation of DNA 1o create orgen-
wms mh new o drffecent characteristics through
ganehs W'

] T!wugh FENENic engineering, scientists can artifi-
cially -i::zﬂ_:e;;mﬁmm: processes for beneficial pur-
poses. Unii *veiopment of recombinant DN A
I:dmﬂlur,\. bacteria could produce only :ui.».*-mnc‘.:.
from their own bacterial genes. Now, however. bacte-
tia that t‘m'e had plant and animal genes added to
d:: DNA by genetic engineers can produ,
animal proteins such as insulin and human
fm-ﬁ\!mrmune {Table 8-1). New vaccines § pre-
erting human diseases huve been des eloped usin,
recombiront DNA technol ¥, Genetically -1:
Beered yeast cells produce a v accine used 1o prevent

plant

and prevent
al

3

Gene th

the N

great potential for improving ag
py. the insertion ¢
may be useful in t
e human diseases. Experiments are underw
al Institutes of Health with human ¢

eered bac

ing human diseases. Genetic engineert

icul

code for a factor
The aim of these exf
ther genetically

neered human cells can be used to treat cancer

Genetic engineering has opened up many new PO

; important io
of contract-

engr

sibilities For employing microorganisms to produc®

substances of economic importonce and for genefi

tally modifying plonts and animals.

RecomemanT PLANTS with BACTERIAL GENES
Recombinant Nitrogen Fixers

One of the greatest benefi

through genetic engineeri
capacity

and rice, that are not able

1o utilize atmosphenc

red
that may be ﬁ'd]l-l—.
is the introduction of £
to fix nitrogen info plants, such as whed'
n

e ————  GENETIC ENGINEIRING m
TABLE 8.1
MMMWMWM
P PROTEIN PRODUCT NAME FUNCTION AND USE !
Tlin Humulin, Novolin I

Human growth hormon: Protropin, Humatrope

Bone ng\'\"rh factor =

Interferon Alpha Berofor, IntronA, Wellferon,
Roferon-A , human re-

combinant alpha inter-

feton
Interferon Beta Frone, Betaseron, human
recombinant beta inter-
feron
Interferon Gamma Actimmune
interleukin-2 Proleukin, human recombi-

nant interleukin-2
Tumor necrosis factor (TINFI  —

Tissue plasminogen activator  Actilyse
{TPA)

Food dlotting factor VIII Recombinate

Epidermal growth factor -

Granulocyte colony stimulat-
ing factor

Erythropoietin (EPO)

Filgrastin, Neupogen

Procrit
Epogen

this nitrogen-fixing bacterium
otic (mutually benef

it DNA techniques to ge
aming the bacteri T

enes for nitro

serted into the genome
2 yeast (FIG. 8-28). Plasmids from
:“" were cleaved and then fused to
d plasmid. This plasr
st cell and integr
zenes to be introd

d could be rex

into

ced in

d from the chromosome of
2 nitrogen fixer. The nif genes codd
* Prodes r
5 POteins. Anather §

li plasmid was cieav

; nif penes were introduced
tybrid plasmid. Because bacterial DNA had |

Hormone thiat regulates sugar levels in blood; usedin |
treatment of diabetes

Hormone that stimulates growth of human body; used
in treatment of dwarfism

Stimulates growth of bone cefl. used in treatment of os-
teoporosis

Used in treatment of cancer and viral diseases

Used in treatment of cancer and viral disesses

Used in treatment o

cancer and viral diseases

if immunodeficencies and cancer

ssolves blood

treatment of heart disesse

siood dot formation; used n treatment of he-

and stimulates growth of epe-
A

Stimulates red bl
of anem:




-
C REC TION AND RECOM&IN_!\T v
CHAPTER 8GN EECOMBNATON A0 RECONS
- e
| Bacterial

Escherichia coli

.'/:
./('

) E. coli plasmids 7:

chremesomal DNA

.""\3 Hybrid
¢ } E coli

plasmid

Integrafion

AG. 828 i
Benes of prokaryotic o
Shnugh recombinant DN A tee ryanc el for nitrogen fixation (nif

8 v for carn, < 5
chemical fertitizers could b!dd‘|.u1“$ wheat, and rice, greater food production without

stanley Cohen and Herbert Boyer in 1973 were the first
to demonstrate that eukaryotic genes could be genet-
jcally engineered into a bacterial cell (see Figure). Co-
hen and Bover used a restriction endonuclease—called
EcoR1 (Escherichia coli restriction enzyme number 1)—to
cut a plasmid of Escherichia coli. They isolated a DNA

Antibiotic resistant bacterial cell

Plasmid -

Antibiatic”
resistance geng

| friction endonuclease..
l --/”Res e =

Isolate DNA|

- ~ Plasmid
Anfibiatic
resistance
gene

— Sticky ends

Antibiotic” \
resistance
gene
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FirsT DEMONSTRATION OF Genenic ENGINEERING

fragment 9,000 nucleatides long that cantained both fhe
nucleotide necessary for replicating the plas-
mid and a gene that conferred resistance to the antibi- |
otic tetracycline. In the presence of a ligase, this DNA
fragment could form a new circular plasmid, which Co-
hen named pSC101

| Isclarhe DA

X |
% Toad DNA

cleaves DNA = |

i |
\
|| DA figase |
L 1
———— Recombinant |
plosmid
Transhormation

Bacterial celf with recombinant plasmid

N a bacterial chro-
G 4 Bover ploneered rocombisant DNA technology Py mowing boad DNA into
aher and Boyer plone
moseme,

R Tt S L

ey
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e then used EcuRl to cut up DNA
hﬂfﬁm‘:.}b}uﬂ cell. They then mixed the toad-
DNA fragments  with opened-circle  molecules of

01, They used @ ligase to join the bacterial pSC 101
A, with the toad DNA They then allowed cells n{ a
Jettacicline sensitive strain of E. coli to take up L)_I‘kA
Fooum the mixture, They plated the cells on a medium
containing tetracycline s that only cells that had be-
come nesistant to tetracycling would grow. From among
these pSCI01-containing cells they were able to isolate

AND RECOMBINANT I'Ei'_I'IN\'J_LOl'_JI. 3

SR
T e s

anes containing the toad DNA. These bacteria had the
toad gene spliced into the bacterial pSC101 ].1I smid

The pSCI01 containing the toad gene is the firsg
product of recombinant DNA technology. It does not
exist naturally. [tis a form of ecombinant DNA, a DNA
macromolecule created in the laboratory by molecular
geneticists who joined eukaryotic and bacterial DNA,
Thus the first recombinant genome produced by genetic
engineering was a bacterial plasmid into which a toad
gene was inserted.

FIG. 829 Ty, Tip

about fhir mecumibi

lasmid of Agrolucier

nation o plant col) i el

& when they

Rapid proliferation of
cells couses umor [gall)

Bacteria
continues
growth and

achvity

Gall on base
of infected plant

can carry forcign ey
intected withy gy,

ind bring
bacterium,

'G'n'n_e_f;‘;n;fﬂr Using Agrobacterium tumefaciens
7i Plasmid

One ﬂ”,m.uh for improving agricultural crops thay
holds greal promise Is to use bacterial plasmids as
yectors The vectors mu\-.-. f-mu-lh information from
one plant to another. The Ti (tumor-inducing) plas-
mid of Agrobacteriin tumefaciens appears to be suit-
able i

cuses crown gall tumors in most dicotylec
plants. The Ti plasmid of A. fumefaci .
fected plant cells to synthesize nitrogen compounds
galled opines. During the norm

for such a process (FIG. 8-29)

iefacien

s induces

L infectious pricess
asection of the plasmid combines with chromosomal
DNA in the nucleus of the plant cell. It may th
be possible to employ the Ti plasmid as a vector for
inserting foreign DNA into the DNA of plant cells. To
do so the plasmid would be cut open at a site within
the Ti plasmid DNA and the foreign gene spliced into
it. When tumor cells are grown in tissue culture, they
would continue to carry and replicate Ti-DNA d
ing the normal divisional process, If foreign gene

reforne

i in-
serted into TEDNA are also transmitted to plant
progeny, new plant strains can be genetically engi-

neered
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Human |

Human insulin; a protein produced in the pancreas
I8 necessary for the res
tabalism, The

rulation of carbohydrate me-
active form of insulin consists of two
polypeptides connected by disulfide bridges. The
palypeptides are coded by separated parts of an in-
icts

sulin gene, which also codes for additional prod

Uiabetes, a disease characterized by a short:

o] Ly

" IComly
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Bmmercial humulin
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ormally, bacteria living on the susfaces of plants
produce proteins that serve as nuclei around which e |
condenses. This allows the formation of frost The ge-
netically engineersd strain of P syrifgre. created by us-
ing recomb DNA methods lo delete a specific seg-
ment of nucleotides, lacks the gene for producing the
protein that initiates ice crystal formation. I is therefors |
called an ice-minus strain of P syrimgae. If the normal
microbial populations on the plant surface can be se
placed k ly engineered ice-minus bacteria, |

provide the necessary margin for the sur-
vival of many crops. The field test conducted by Lindow
demonstrated that application of the recombinan

ngar can prevent ice crystal formation and hence pro-
ts from frost damage. Application of ice-minus
plants can potes
st are destroved snnually by frost because ge-
netically engineered ice-minus
=t damage.
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race. Scientists do not fully understand the regula.
tion of human genes and how specific genes relate
disease conditions, and more needs to be learned,

Human gene therapy is the use of recombinant pyy
technology to treat disease.,

To help understand the nature of human chromg.
somes, the Department of Energy and the National
Institutes of Health (NIH) have undertaken a major
scientific investigation project, called the Humap
Genome Project, to determine the nucleotide se
quences of all human genes. This project 1s aimed at
du\'uhvpinp‘ an understanding of h<.1.w. human Zeneg-
type relates to human phenotype. ]hl..‘i research pro-
ject will provide important insights into how gene
therapy might be applied to correct certain disease
conditions. At present, the policy under the guide-
lines of the Recombinant Advisory Committee of
NIH is that no human gene therapy can be consid-
ered if it allows the use of recombinant genes that can
be passed on to the next generation. Therefore gene
therapy may not be applied to reproductive cells in-
volved in the passage of heredity information. Gene
therapy, however, may be considered on a case-by-
case basis when it is to be applied to the somatic cells
of an individual.

In the first approved “gene therapy” experiment,
Stephen Rosenberg, Michael Blaese, and French An-
derson at the NIH inserted the bacterial gene for
tetracycline resistance into the DNA of certain hu-
man blood cells called tumor infiltrating lympho-
cytes (til cells) (FIG. 8-31). They did so to track the
fate of tl cells introduced into ih‘- body as part of a
Thf-rapy tor treating advanced forms of cancer
Specmcall_\', these scientists developed a cancer treat-
ment in which they isolate til cells from a cancer pa-
tient, grow the til cells in the laboratory, and reinject
large numbers of | cells into the F.]{[g»nt In some
cases, the til cells attack the tumors (destroying the
malignant tumors), but, in ather cases, til cell treat-
ment fails. To determine why the treatment succeeds
i some cases and fails in athers, they used recombi-
nant kil cells containing the bacterial tetracyeline re-
sistant gene to monitor their fate, i

R"wnb‘brg' Blaese, and Anderson next FT'rl'l|‘l\"~f-"I
nserting the gene for fumor necrosis factor into the
DNA of til cells, This Bene codes for a substance that

{6r gene Ints m"m'l-‘l:ll:llr::;i_, the tumor nu-.‘li:‘-l“:"“n
increase the effectivene [um”h _||'| ‘_‘" J": b it
These B 55 0 |hu|r. cancer treatme i
recombinant DN A :;‘gn‘w"[ i f”.-\[ ot I, “L

etic instry ;I-I'\‘- of } ‘“‘rlng._\- 2 dl.m‘“ iy altes ‘I“_ L

wman cells within the body

R i '
Scombinant tumer infiltrating lymphocytes have

ment vreda develop ney, mathods for cancer treat
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Thi anh-nii.il ol genelic engmeering to create New
£ ;i

ne combinations that have not evolyed naturally
e

:,N“‘ ethical and safety que

liscovered that natural restrictions on the transfer of
di

bons. The scientists why

enes between different species could by bypassed
;‘_ recombinant DNA h_'fh!;u[\lg_\ WETe uncertain
sbout the safety of such procedures, that 15, whether
Ir\.{unlblﬂ-'l“l DNA technology would produce organ-
isms dangerous to human health or to the enyiron.

ment. The public feared that scientisis would create

an Andromeda strain, a fictional but powerful mi-
ToOrganism that would cause widespread disease
and wreak havoc on human health

The copability to create genetically enginecred mi-
croorganisms fo be released into the environment
has sparked concern among the public and scientific
communities.

In February 1975, scientists gathered at a confer-
ence in Asilomar, California, to consider the safety is-
sues related to the construction of genetically engi-
neered microorganisms. Initially it was thought that
engineered  microorganisms should be contained
within laboratories. Methods, therefore, were sought
o ensure that microorganisms could not escape con-
lainment. Scientists declared a moratorium on the
construction of such organisms until a fail-safe strain
could be constructed that could not survive outside
of special laboratory conditions. Only after scientists
had constructed a strain E. coli K12 that was so de-
manding in its nutritional requirements that it could

“"'ms the major concerns about releasing genetically
igineered microorganisms into the environment ane
need 1o track the movement of such organisms and

10 comtain microorganisms that may asccidentally caise
indesirable side effpcts. Recognizing these concerns, |
18d two lines of research in my laboratory, ane to
sensitive methods for monitoring genetically
microarganisms and the other to develop

o Hinment systema that could be wsed 1o mitigate any
Sdesitable impact that a didiberate relosse of such o
might haye
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not live except in o specialized growth medium did
S resume their work, Also, special facilities
vith elaborate air filtration and wa-
I ensure that the genetically
vorganisms could not escape

Scientists des

ed methods for containing geneti-

cally engineered microorganisms and for ensuring

that if one escoped labaratory contoinmant it could
net survive in the environment,

Additionall tal guidelines and regy

lental release | nieti-

wirom-
Recom-
versee the
hnology. Despite

nets-

shown

w and manage 1 that the

thrust w.

TN

ized in
Isms to d
Micro

used 2

TRACKING AND CONTAINING GeNETICALLY ENGINEERED MICROORGANISMS ’

microorganisms n the environment. As few as one ge- |
netically engineered microonganism per gram of sail |
can by detected and positively I:Irﬂrlffrd Thus our
work provides an essential ol for tracking the .!px |
of genetically engineered microorganisms with =
ciont precision h;::i:nr :::J: UNSEYTI MATINIRARISTIES |
i ond con

wn::'u:hwn-gnnrz o containment of genetically engi-
nevred microorganises, | deaded to use recomblnant
DNA technology to create suicide vectors, that &, ge-
netic elements that could be placed into genetically e

I d mi that would cause such ongan-

several years of work, Robert Steffan. R
& Y laboratory, developed methods for m!rarlm?:
DA o mvironmental samples and using the poly
chain reaction and gene probes for defecting g
o mgineened microonganisms. The CombItcH
““E:lndw Bene probes provides the necessary senal

*pecificity for tracking genetically engineered

4 ek wironenerial
£ to kill themselves under specific eny
::“u‘!ﬂum ﬁm&lﬂhh\DﬂmﬂhﬁdMﬂﬂﬂf
some naturally occurring genes code for suicde func
tioms and potentially could be wsed mﬁmmmm
mwll\' g Asimn : ':m the collabors-
ducted in myv laboratory, B,
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R Lo Somn Mlin. and the late
| b ol “:I'M.d suicidal microorganisms. in
! mﬁﬂﬂmwhmﬂpmmd

ypeptide that de-

5 d mi
MICTOOrg

Indus-
:-I"J;,Tms:;:n?::yun :se suicide vectors o enstire lim.-
ited environmental survival and hence the sale of new
genetically engineered microorganisms for reuse at the
same time that they offer a means for safeguarding
against d envi tal effects. Envi
tal groups such as the National Audubon Society see

' ‘o N

|I A
ot mighh e

The use of suicide vectors is appealing to environ-
Frml and the industrial ¥ i Mmaypm—

for ensuring environ-
B
mental safety.

Thus the work und in my lab v and in
Saren Molin's laboratory has gone a long way in devel-
oping the methods necessary for reducing risk associ-
ated with the deliberate release of genetically engi-
neered 1 isms into the envi !

L

0 Occurs whenever genes m, v
:Ir:l o lﬂcal:on_lu another M::\‘emmlr‘rm be le| :;

Jﬂmm_ within 2 single DNA macromolecule op
mpﬁ:ﬂ:&&mm DNA from two different
= - Ean result in the al

ration iy
BeNes or ney combinations gy

with parl, the eoll Production of sok RNA Bliches the y

. 8 miNA ranslation of ok |
\ |

T e
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iM"MMIMmﬂdMAalmgu

Benes. Recombination redistributes the changes that
result from mittation

Homologous Recombinatipn (pp. 221-222)
. Ilnrnulugous Tecom|

bination occurs when the e
changed DA com :

5 from ¢ urnesponding, genes and

W O pnations ol sles. P,
pn\dl’\"'-‘ new combinations of alleles. | airs of chromo-
somes contain the sam

rl‘?‘[“'“lh“ﬂ portions

gene loci pair and exe hange cor-

f the same chromosomes

Nonhomolgous Recombination (pp, 222.224)
« Nonhomelogous recombination can pecur between
different DNA segments, even from different Species

It permits the insertion of plasmids into bacterial chro.

mosomes, the transfer of genes, and the INCorporation
of viral DNA into prokaryotic and cukaryotic cells
Insertion Sequences (pp. 222-224)
» Insertion sequences are small transposable genetic
ements composed of about 1,000 nucleotides that can
move from site to site within a bacterial chromosome

1Ss move by nonhomologous recombination.

Transposons (p. 224)

* Transposons are genetic elements that code for the pro-
duction of structural proteins They encode trans-
posase that catalyzes nonhomologous recombination
Tranposase inserts transposons at random within a
chromosome. The protozoans that cause African sleep-
ing sickness and malaria have their genes mobilized by
transposons, producing random changes in the surface
polysaccharicles that the host defense system cannot
defeat.

Gene Transfer (pp. 224-235)
Gene Transfer and Recombination in
Prokarvotes (pp. 224-232)
Pl amd Gene Transfer (p

. 224.225)

asmids are small extrachromosomal genetic ele-
ments that store genetic information that code for
specialized functions. Plasmids can replicate and can
fmansfer genes among bacteria that can have more
than one plasmid.

F plasmids are canjugative plasmids that contain spe-
cial genes that promote their transfer to other cells,
where they can replicate because they carry a DNA

replication origin. Colicinogenic plasmids coc
Protein that is toxic to closely related bacteria. R p!
mids carry genes that code for resistance to antibi-
otics and can be passed not only among strains but
also among bacterial species.

I'nm-f.\.u.u.:ruu.- (pp. 227)

* Free DNA s transferred from a donor to a recipi
bacterium and then is recombined during transfor-

mation. The recipient cell must be com
compatible

Tranisdue tion (pp, 227-228)

* Intransduction; DNA is transferred from a donoe
Tecipient cell by a viral carrier, followed by recom
Mation within the re ipient cell. During viral “'P\I""
Hon within a hist cell, some host DNA 1 SER
and b Packaged in viral protein coats and §
long as the virus intects a new cell

Y E"I'I\|_u'r.|l.'\' phage have acquired bacterial DNA and
40 10t kill their host colls because the bacterial DNA
places genes that code for the completion of phage
eplication

* Some temperate phage can carry almost any host cell
BENe. Generalized transduction results in the transfer

sassed

= R s

7y homaologous recombination Some tem-

cquire and transfer only certain host

tram specific sites. This process is called
= transd uction Specialized transduction e
sults in the transfer of EEnes by nonhomologous re-
mby

rom a donor

Al via an F pilus. The § pilus is coded

asmid. If the F pl

e plasm
= Reverse transe

DNA macromd
e bases

e the v

mclex

O OVery
otic split genes

made oo

penes
g Recombinant DN




sndanant plasmidy produce multiple copies of identr-
(33 3 -

chomed e,
:ﬂim;.m: inactivation can detixt the presence of lor-

wign DNA within 2 plasmid. 1t s caused by llu-...{;.‘--
ruptim of the nuclevtide sequence of a gene by the
mmertion of fonsign DNA.

* Protoplast fusion can transter DNA from one cell to
another

Genetic Engineering (pp. 240-250)

Recombinant Plants with Bacterial Genes (pp. 240-245)

Recimeianant

« The genetics and binchemistry of mfection with the
nitmogen-fixing Riuzolium bacterrum ane being studied
o fry b use recnmbinant DNA techniques to geneti-
cally engineer plants that will fix their own nitrogen.

First Demonstration of Genetic Engineering

ipp. 243-24)

* (enetic engineening is the use of recombinant DNA
technology for the creation of cells with entirely new
properties. In 1973, Cohen and Bover proved that eu-
karyotic genes could be genetically engineered into a
bacterial cell by inserting a toad gene into a bacterial

iny Agrobacterium tumefaciens T

* The tumor-inducing plasmid of Agrobacieriun: tun
cems can be used as a vector for moving genetic in-

formation from one plant to another

OMBINATION AND RECOMBINANT TECH

NOLOGY

Recd anit Hi
« Human insulin can be produced by using recomb;.

nant E, il .
First Environmental Release of Genetically Enginecmg
Bacteria (pp. 246-247)

« The first genetically engineered bacteria to be p
nyironment was an i

leased into the minus stran

Wit SYTIN;

designed 1o protect erops

s A gene coding for the production of human grow
hormone has been created and placed into E. o
jections of bacterially produced human growth hor-
mone are successful in allowing children suffering

from a form of dwarfism to grow

Human Gene Therapy (pp. 247-245)

* Human gene therapy is the use of recombinant DNA
technology to move genes into human cells to cure
disease. The human genome project is designed to de
termine the nucleotide sequences of all human genes
in order o understand how human genotype relates
to human phenotype.

Safety of Genetic Engineering (p. 249}

* Scientists have developed methods for safelv han-

efically enginecred microorganisms. Gov-

gulabions have been established to oversee
it and applications of genetic engi-

CHAPTER REVIEW
Review Questions

1. Define genetic recombimation
A B\. what mechanisms are genes ransterred between
bacteria?

\\Trm 1 a plasmid and what is its function?

tr\lu:.: what is its func
I.i:"di i recombinant DN A produced i
Compare general and specialized transduction
How cnu.l.i you distinguish between
transdution, and conjugation?

Eransposon an

L T

transformation,

8, What is a gene probe?

9. What are the biological func
tase, DNA ligase, transposase?

0. What is the dif

0 Sequences?

ns of reverse transcrip-

Tence between transposons and inser-

1. How can recombination alter the ability to use specific
intibiotics in treating disease? 4
12. How can a bacterium be genetic

duce a human profein?
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In this chapter we will:

» Learn how viruses replicate within host cells, using their
nucleic acids (RNA or DNA) to direct the formation of
viral progeny.

» Examine the general replication strategy used by all
viruses for their replication and the specific steps used
by different bacterial, plant, and animal viruses to
accomplish this task,

+ Sep why viruses have tremendous replication potential

* Learn that viral DNA can be incorporated into host
cells, changing the properties of the host cells.

* Learn the following key terms and names:

adsorption oncogenes

animal viruses one-step growth curve
assembly penetration
bacteriophages phages

budding plant viruses

burst size plus RNA strand
capsid prophage

early protein synthesis release

eclipse period reverse transcriptase
mvel v 3 reverse transcription
fate protein synithesis temperate phage
latent period uncoating

lysogeny viral maturation
Iytic phages virions

nucleocapsid

"'—-'-'-'.__ e ————
IRAL ASPECTS OF VIRAL REP

GEN
Viguses are acellular, nonliving microorganisms that
jruses £
e totally de
II'I\ y are mmpnhh; of independent metabolism
ey @ : i
or mpnldurhun. Some microbiologists view

pendent on host cells for replication,

__—m\\'ih,

viruses as P g
thev n_q\]ii‘nh.'. Others consider viruses to be genetic

mitensions of their host cells. ."-up;:s.nrtz\-._ of both
viewpoints is the high degree of specificity necessary
between a }1,"{&._'\11.11' virus and the specific host cell
within which that virus replicates. Specificity be-
{ween virus and host cell is based on the ability of the
virus to physically attach to the host cell and the abil-
ity of the viral nucleic acid to direct viral replication
within that host cell. For a virus to replicate within a
host cell, the host cell must be permissive, meaning
fhat the host cell must allow entry and must not de-
grade the viral nucleic acid genome. The virus also
must be compatible with the host cell, meaning that
the virus must be capable of using and directing the
metabolism of the host cell for viral replication

arasites of the host cells within which

To replicate, @ virus must be able to enter o compat-
ible host cell and, using the host cell's metabalism,
the virol nucleic acid must be able to direct viral
replication within the host cell.

Viruses have two essential components: a nucleic
acid and a wall-like structure—called the capsid. The
nucleic acid is either RNA or DNA and carries the
hereditary information. The capsid is composed of
protein and surrounds the nucleic acid. Together the
@psid and enclosed nucleic acid are called the nu-
teocapsid. The replication of a virus involves mak-
13 a copy of the nucleic acid and capsid protein to
onstruct a new nucleocapsid. Some viruses also
have an envelope that is acquired mainly from the
host cell and composed largely of nuclear or cyto-
Plasmic membrane. In some cases, viral proteins are
added to the envelope.
dlft‘:ili}\gi;: a host |.:p]1, r.he viral nucleic acid \;t'lh‘llh.'

e formation of new viruses, It uses the struc
T:;:":E? metabolism of the cell to nm.Lu \'ir.!.| protein

eic acid. In many cases, the viral nucleic acid
BEnOme actually codes for the shutdown of the meta-
jlc dctivities normally involved in the host cell'se-
f:‘::';:l:ll. The virus then uses the host's hil\cl“‘t:‘.:
F‘“'duqsu‘,:nw-‘!h and anatomical structures r-“i'u"u‘-
I “!" new viruses In particular ‘1_‘\:' : I”-1
F'“'h'“.\‘. 1n.j ‘“-‘1.[‘\'('" 5 n[iu.hon]pk for pl'\\d'-L.“ .l-.\_“..‘[
S s e Serying oLt b“m.mhl:'.‘.n of-
'“"-"lsiurr:r“lh in changes within the host cell

3 its death
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Sraces OF VIRAL REFLCATION

scation of a virus occurs ina series of stages.
&ﬁ&fm begins with adsorptiml'n when .n
virus attaches to the outer surfncgr of a su:tql\lu. host
cell (FIG. 1) Generally, .;d.q\rphnn_nf & virus to a
host cell involves specific binding sites on the cell
surface, which explains in part the high degrwluf
city between the virus and the host cell. :liu.-
second stage of viral replication, called penetration,
occurs when the virus or its nucleic acid genome
crosses the plasma membrane and enters the host
cell, In the third stage, uncoating, the viral nucleic
acid is released from the capsid. In viruses that repli-
cate within bacterial cells, penetration and uncoating
usually occur simultaneously so that the viral nucleic
acid génume enters the bacterial host cell. In viruses
that replicate in plant and animal cells, the entire
virus normally penetrates the host cell and uncoating
then occurs in the cytoplasm or nucleus.

Within the host cell, the viral nucleic acid takes
control of the cell’'s metabolism, First, the viral nu-
cleic acid directs the synthesis of proteins (early pro-
tein synthesis), These early proteins include poly-
merases that are needed to make copies of the viral

VRALREPUCATON

nugcleic acid.
nucleic acid genome are produced (nucleic acid syn.

thesis). New proteins needed for capsid production
are made last (late protein synthesis).

Then multip]c new copies of the vira)

The nucleic acid genome is then packaged into the

capsid. This process is called assembly or viral mat.
uration. During the assembly process the capsid can
first be constructed and then the viral nucleic acid
packed into the capsid. Alternatively the capsid may
be built around the viral nucleic acid to form the nu-
cleacapsid.

Finally, release occurs when the assembled viruses

leave the host cell. Often, many viruses are released
simultanepusly and the host cell is killed in the
process. The released viruses, called virions, are in-
fectious and when they encounter a suitable living
host cell the entire process of viral replication begins
anew.

The stages of viral replication are: adsorption to o
host cell, penetration, uncoating, early protein syn-
thesis, nucleic acid replication, late protein synthe-
sis, assembly, ond release.

REPLICATION OF BACTERIOPHAGES

bmc PHAGE Repucamion

\fnmes that replicate only within specific host bacte-
rial cells are known as bacteriophages or, simply,
phages. The replication of most bacteriophages re-
sults in the lysis (rupture) of the host bacterial cell

when new phages are released. Therefore these bac-
teriophages are
release is by |
ways results in the death of the host cell.

referred to as lytic phages. Because
, the replication of lytic phages al-
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ik apsid of a T-even 3
Plex tail that attachies iy, the hmlﬁ;g;lta:;:mdlll:‘“ contains the nucleic acid and a o
mplishes the injection of the nucleic .:;—::Il.m‘-

reven Phage Replication

One type of bacteriophage, the T-even phage (phage
S nils), Bae J‘l.ap_«ui .Ilmt has distinct head and
il structures (FIG. 9-2). These phage are designated
by even numbers, for example, T2, T4, and T6, The
DNA genome is contained within the head structure
4 the tail i involved in adsorption to the host cell
The genomes of T-even phages are double-stranded
pNA—like that of cellular organisms.

Replication of a T-even phage begins with the ad-
sorption of a T-even phage tail to a bacterial host cell
(FIG. 9-3). There are specific receptor sites on the bac-
erial cell surface where the phage tail may attach
The bacteriophage’s tail releases i_\'ﬁl))’\'nu;\l which
breaks down a portion of the bacterial cell wall. This
allows the phage tail to penetrate the cell wall but not
the plasma membrane. The phage tail then contracts,
forcing the phage DNA into the periplasmic space
(the region between the outer membrane of the bac-
terial cell wall and plasma membrane of a Gram-neg-
ative bacterial cell). A pore probably is formed in the
plasma membrane, allowing the phage DNA to enter
the cell. Penetration and uncoating, thus, occur si-
multaneously. The phage DNA subsequently mi-
grates across the plasma membrane and into the cell

The entire T-aven phage does not penetrate the bac-
!'nfml cell, but rather, the phage injects only its DNA
inte the bacterium.

Numbers of bacteriophage can be determined by in-
oculating a suspension of host bacterial cells with the
age. The suspension of host bacterial cells is
:Pm“d over a solid nutrient growth medium and var
ous dilution of phage are then spread aver the same
Surface, In the absence of lytic bacteriophage. the bac-
:“_" form a confluent lawn of growth. Lysis by bac-
“Tiophage is indicated by the formation of a zone of
Ffaring or plaque within the lawn of bacteria (s
i o), Each plaque corresponds to the site where 8
In’:ﬁle bacteriophage acted as an infectious unit and
f«"‘h"’ ts Iytic replication cycle. The spread of in-
lvu:"b phage from the idtially infected bacterial cell
tord surrounding cells results in the lysis of the bacs
L in the vicinity of the initial phage particle and
to this zone of elearing, Plaques do not continie
*proad indufinitely. With T4 phage, for examphe
o PLague size s fimited because heavy infe
OF a host cell befare the time of normal 1vsis €

AssariNg For Lymc PHaGE

145 the period of synthesis of viral protein and ni
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; bacteria - making structures for new
:;::izlwlh Lﬂ?::‘;::c:ﬁ of the viral nucleic
acid genome, the bacterial cell begins to synthesize
th.{m involved in the replication of phage nllt:.'li‘lc
acid (nudeic acid synthesis) and then the various
proteins that make up the capsid of the phage (late
protein synthesis). The head and tail structures of the
phage are made up of proteins coded for by different
phage genes, with at least 32 genes in\':-l\'(:d_ in the
formation of the tail structure and at least 55 genes
imvalved in the formation of the head structure of the
Pluz\?‘ter the production of the individual compo-
nents of the virus, the virus is assembled by packing
the nucleic acid genome into the protein capsid (as-
sembly). The assembly of the T-even phage capsid is
a complex. process. Assembly of the head and tail
structures requires several enzymes that are coded
for by the phage nucleic acid. The head and tail units
of the T-even phage capsid are assembled separately
and later combined. The phage DNA is packed into
the head structure, and when the head structure is

CHAPIER © VRALRERUCATON Y
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completely filled with DNA, any extra DNA
cleaved by a nuclease.

Release of the assembled T-even phage occurs by
cause one of the late proteins coded for by the phage
is lysozyme. Lysozyme catalyzes the breakdown of
the bacterial peptidoglycan wall structure Lysozyme
causes sufficient damage to the cell wall so that th,
wall is unable to protect the cell against osmotic
shock. This results in the lysis of the bacterial cell ang
the release of the phage into the surrounding

medium.

Lysozyme, a product of late protein synthesis, dam.
ages the cell wall, leaving it susceptible to osmotic
shock and lysis. Thus new phage are released,

Replication of RNA Bacteriophage

There are some RNA phage, such as QP and 2, that
carry out a lytic replication cycle (FIG. 9-4). The
hereditary information for these phage is contained
in a single strand of RNA. This RNA, designated asa
plus RNA strand, contains the viral hereditary infor-
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as the hereditary molecule

i o direct

and acts as the nucleic acid genome

= . : of the
designation of the RNA genome as

hage. The a plus
phE indicates that it can also serve as an mRNA
molecule. The plus strand RNA can be translated at
{he ribosomes of the bacterial cell to produce the pro-
e for making the viral capsid

e RNA also must be replicated so that it car
serve as the hereditary macromolecule of the virus
1 form new copies of this RNA for viral progeny, the

plus strand is used as a template for forming a dou-
plestranded RNA replicate that has both plus and
complementary minus RNA sirands, To make this
replication form, RNA nucleotides in association
“_I’[-n RNA polymerase pair with the complementary

nucleotides in the plus strand and RNA palymerase

links them together. Then the minus RNA strand is
wsed as a template for transcription to produce new
plus RNA copies. A copy of plus RNA is then pack-
aged into a capsid and a new phage is assembled. Af-
ter assembly, the host cell is lysed by an enzyme
coded for by the phage. This releases the progeny
phage.

The replication of single-stranded RNA phage in-
volves the formation of a double-stranded RNA
macromolecule that serves as a template for tran-
scription of new plus RNA.

BacTERIOPHAGE GROWTH CURVE

Lysis of a bacterial cell releases a large number
of phage simultaneously. Consequently, the lytic
meplication cycle exhibits a one-step growth curve
(FIG. 9:5). The growth curve for lytic bacteriopha
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which vares from cell to cell represents the average
number of infectious viral units that are present
when a particular tvpe of host cell lyses or bursts. \
ypucal baarst size for a T-even phage is 200, W ht‘jﬂ the
ceil lyses, the vinses are released into the extracellu-
lar fluid. As a result of the simultaneous release of a
mumber of infective phage, the number of phage that
can initiate a lytic replication cycle increases greatly
i a single step. The entire lytic growth cycle for some
T-even i#uf:r can occur in Jess than 20 minutes under
optimal conditions so that phage have a tremendous
replicative capacity.

The burst size is the number of phoge released with
bysis of the host call.

TempezaTE PHAGE—LYSOGENY

Some DNA bacteriophage are ¢ temperate
phage because they can infect host cells without
replicating the entire phage and without causing ly-
55 of the bacterial host cell (FIG. 9-7). Temperate
phage. such as the well-studied phage lambda (), do
not always cause lysis of the host cell. Rather, these
temperate phage often establish a state of lysogeny
in which a portion of the viral nucleic acid is incor-
porated into the bacterial chromosome or a bacterial
plasmid. This occurs when the phage DNA, having
entered 3 host cell, undergoes recombination with

FG. 57 1.

Heni amversion
h’wﬁillrl bacterial DN ,{ “‘::::‘u;-‘-

when a tempe
DN Tecombrine, wi e i
ol om0 DA ofthe bt e, 3

teria plicates the N
chromoscme [ 4 Phage DNA along with thie b

the host cell DNA. Once incorporated into the bacte.
rial DNA, the viral DNA is referred to as a Prophage.
The prophage is replicated with the bacterial DNA
during normal host cell DNA replication and the .
cell survives and reproduces

Temperate phage con incorporate their DNA intg the
DNA of the bacterial host cell to establish a state of
fysogeny.

The incorporated phage DNA, called a prophage, i
replicated with host cell DNA.

The presence of a prophage prevents reinfection of
the host cell by the same phage. The host cell is thys
protected against lysis due to phage infection. Many
of the genes of the integrated viral DNA are e
pressed. Regulatory genes prevent transcription of
most of the phage genes and therefore few viral pro-
teins are made. Complete phage are not made and
the phage genes for cell Iysis are not expressed so
that the host cell is not killed.

Some phage genes, however, may be expressed
The proteins that are made can greatly alter the prop-
erties of the host cell, sometimes accounting for the
ability of the cell to cause human disease. For exam-
ple, cells of the bacterium Corynebacterium diy
produce a protein, called diphtheria toxin, when they
are in a state of lysogeny because one of the prophage
genes that is expressed codes for this protein toxin. It
is the production of diphtheria toxin during an infec-
tion with C. diphtheriae that causes the disease diph-
theria. Strains of C diphtheriae that do not carry the
prophage are harmless nonpathogens. Similarly the
Protein toxin produced by Clostridium botulinum (bot-
ulinum toxin) causes botulism when ingested; the
protein toxin produced by Streptococeus puoges hat
causes symptoms of scarlet fever and some of the
protein toxins produced by Staphylococcus
cause toxic shock syndrome are all coded for by
prophage genes, Only strains of these bacteria carry-
:n_;; pmpha.p‘e produce the protein toxins ru::[‘nl\.-&lt‘l’
for these diseases.

aureus that

The presence of o 5
proph: riies
of a host cell, phoge can alter the prope

Protein toxins coded f 5
'or by prophage are responst
ble for some human diseases. Wi i

ha % F‘“-‘Ph::gu can be Passed from one generation of
th- h.‘ncwnn to the next indefinitely. The prophage
"‘l"'::’-\ ; \|L:r: b‘.,““-mll from the bacterial chrom
stressed by nay occur when the bacterial cell #
sure 1 ult |1In environmental factor, such as expe
o I_)["\“ traviolet light. Once excised from the host
press fh:\:-:h‘r‘ r"ﬂ“‘-ﬁll_'f\' Benes may no longer r\
the phage .E.:\r‘::‘ l: all phage genes, In this “‘-T.
with production : tablish a lytic replication eyde
host cell.

f phage progeny and lysis of the

Phage infects bacteriym

Phage DNA replicates
and frogments of
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incorporale info

| phage DNA
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ore assembled with
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bocterial DNA

Cell bursts, releasing
new phnge carrying
bacterial DNA

Infection of another
bacterial cell by
new phoge

Combined phgge—
bacteriol DNA is
incorporated info
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g 9.3 Some viruses can carry bacterial genes. This
the basis for transduction

"-rE::. -‘[“'YTII(- cases, an L’\_Ci‘-«‘Lf prophage carries w ith it
Codud Scterial |.Jh..-\ (FIG. 9-8). Thus l1.1ulu1.;.1.- genes
€ for by rugions of the bacterial DNA adjacent to
e where the prophage had been inserted into

P host col] DNA can be incorporated into phage
¥ Ugeny. Whe

the

Grry n these phage infect new host cells they
2 ag. ' bacterial genes they acquired. Thus these
Pegj ® Hansfer bacterial genes from a donor cell to a

Pient cef)

Stk :
' Phage-mediated transfer of bacterial DNA is

2 fory

1 : _

tion OF transduction called specialized transduc-

iy 18Cussed jn Chapter 8. Specialized transduc-
1550

amed because only certain specific genes
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deic acid takes control of the synth

the host

teins (ear
Jeic acid synthesis) a

New

VITUSES are as

the viruses are often named
cause (Table 9-1). Tobacco mosa
le, causes a disease of

TABLE %-1
Some Examples of Plant Viruses and the Dissases They Cause
FLANT DISEASE

| PLANT VIRUS DESCRIPTION OF VIRUS
| Comlsfiourer mouzic Double-stranded DNA viros;
| s meeroduces in cytoplasm
Corumbey mosaic Naked, jcosshedral, RNA virus
v

Backey yellow dwarf  Senall isometric, RNA virns

Tobaceo cogspot virs - Polyhedral, RNA virus: trans-
mitted by nematodes
| Tobaco necrosis vins  Liometric RNA virus

¥
rical, single-stranded RNA
¥irus
T bty st Senall, cubcally :
¥ SyTunetrical,
Yo l!\.\vmmshmu:‘i..
o
ents
Tomep yelow mosac FRNA virus:
mitted by fies beetles
 Watermelon mossic
Plexle, md-shaped, kA
- “"H-Mnminm

Muosaic disease of caulifiower; characterized by localized

patches of yellow, dying cells (due to joss of chloro-
phyll-containing functional photosynthetic cells) or
black, dead cells

Mosaic disease of cucumber; characterized by localized
patches of vellow, dying cells (due to loss of chloro-
phyll-containing functional photosynthetic cells) or
black, dead cells

Dwarfism of barley: characterized by lack of stem devel-

opment

Ringspots on tobacco; characterized by circular patches
where plant cells are dying or have died

Tobacco rot; characterized by softening of plant structures

in the regions of viral infection and by blackening of
those regions due to death of plant cells

Mosaic disease of tobacco: characterized by localized
patches of vellow, dy ing cells (due to loss of chloro-
phyll-containing functional photosynthetic cells) o
black, dead cells ;

Stunting of tomato; characterized by limited growth

Mosaic disesse of turnip, characterized by localized

:;::;ws of vellow, dying cells (due to loss of chloro-

yil-containing functi c cells) of
i (ﬂg nctional photosynthetic cells

Mosaic disease of wateTme|

mﬂu of yeliow, dying cefls (due to loss of chioro-

il-containing functiona Gt
“:lE ional photosynthetic cells
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lected Joa
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orophy 1y, e
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i 1935, Wendell Stanley purified and partially crystal-
jired tobacco mosaic virus (TMV). Althcugh it was first
thought that TMV crystals were pure protein, later
éndies showed that they also contained RNA Experi-
ments with TMV were very important in establishing
nucheic acids as the informational molecules in viruses
and that RNA could act as the viral hereditary macro-
molecule

In 1957, Heinz Fraenkel-Conrat and co-workers iso-
fsted TMV from tobacco leaves. From a common weed,
they isolated 2 second, rather similar kind of virus,
Holmes ribgrass virus (HRV). Both TMV and HRV con
sist of protein and a single strand of RNA. Both are
plant RNA viruses that infect tobacco plants. causing le-
sions on the leaves. The two viruses produce different
kinds of lesions, however, so that the source of 2 partic-
ular infection can be identified.

Strain A

Diagram of Fraenkel-Conrai’s expenment (Seraim A, TMV;

The chloroplast of a tobacco mosaic virus
f becomes chlarotic (vellow due to loss of
ading to the death of the plant cell be-

an no longer carry out photosynthesis 2"
115 cellular energy. The death of the plant cell
* completely assembled TMV progeny and vi-

“ic acid that has not been packaged with the
©apsids. Within plants, both completely a5

In Fraenkel-Conrat's expenment, TMV and HEV
Were each separated into their protein and RNA com-
ponents. Hybrid viruses were produced by miving the
HRV RNA and the TMV proteins and allowing virus
particles to form by self-zssembly from the RNA and
protemn. To determune if viral proten or viral RNA was
the hereditary substance, Fraenkel-Conrat now infected
healthy sobacco plants with a hybrid virus compesed of
TMV protein capsids and HRV RNA {see Fignre)

When the reconstituted virus particles were added &
tobacco Jeaves, the lesions that developed were of the
HRV type. Normal HEV viruses were found in kugh
numbers in the lesions. Thus the RNA from the HRV
and not the protein from the TMV contained the injor-
mation necessary to specify the production of the
vinses. Clearly, the hereditary properties of o
were determined by the RNA and not the protein

virus

Sirmm & HRV)

sembled viral particles and v
one cell to another, es
a \.'\‘I'\H‘{"\kl.‘ﬂ(
ithin the plant ce

tion. As

VIruses
characte
appearance of 3 MOSAKC pa
# = P d . s U
the leaves that gives the disease and the vi

names
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FG.9-10 A, Leaf infected with tobacco mosaic vi
uential addition of protein dis

virus involves seq
RNA genome {the ends are shown at the

rus. B, The assembly of tobacco mosaic
563 to surround the single-stranded viral

top of the insert).

REPLICATION oOF ANIMAL VIRUSES

Viruses that replicate within animal cells

animal viruses. There are many different types of

animal viruses; replication of these viruses within

;u':‘mnn cells can result in numerous diseases (Table
).

are called

The_ essential steps in the replication cycle of ani-
mal viruses, like those of other Viruses are: (1) the ad-
sarption of the virus o the surface of the anima] cell,
) PeENétration so that the ingact virus or the viral ny.
d_eaclﬂd enters the host cel], 3

viral nucleic acid is po. ) uncoating so that the

) ynthesis 1,
ed for capsids, (7) assembly of
and (8) release of nay,

viruses, While these essential stages for replication
are the same for all viruses, animal viruses e ‘h;
verse and exhibit variations in the specific details !
the stages involved in replication. ot

The initial adsorption of animal viruses to ]m.l
cells typically depends on specific chemicals on 'hl.
surfaces of the virus and the host cell, These suric
receptors often help establish the specificity L"N(w_
virus and host cell, Some viruses, such as adendV!
quses—which cause upper respiratory infechon®
have protein spikes that project from the surfac® l‘.
the capsid. These spikes act as the binding sites i
Pemit the virus to adsor, to the surface of a ""mpl‘t-
ible host cell. In s way, adenoviruses attach to
cells lining the upper rL‘e;plr.nt(:r_\.' tract.

- t di
Adsarption of animal viruses to host cells depen
on chemicals on the viral surface.

¥ DESCRIPTION
UP AND e
ﬂﬁ OF VIRUS OF VIRUS
DounLE-STRANDED DNA Viruses
illoma virus
PJPI““ lumors

<y veloped virus
Herpes simplex virus
(human herpes
virus—HHV)

Varicella-zoster virus
(VZV)

Epstein-Barr virus
(EBV)

Cytomegalovirus
(CMV)
Poxvirus Very large, enveloped,

brick-shaped viruses
Variola virus

SINGLE-STRANDED (PLUS-STRAND) RNA VIRUSES

Picomavirus Very small, nonen-

veloped virus that in-

fects the respiratory
tract or gastrointesti-

nal tract
Poliovirys

Rhinoyins

Hepatitis A virus (HAV)

Cossackiovirys

Small virus that causes

Medium to large size on-

_RE_PU_(M'ION OF ANIMAL VIRUSES

DESCRIPTION OF DISEASE

Replication of the irus within epithelial colls ¢

which are rough, elevated benign tumors
tract, or genitals

S€5 Warts,

on the skin. urinary

Replication of the Virus within epitheli

lls causes fever blis-
ters, which are painful or itchy TECUITENE Vs
ally of the lips or genitals: the virus EOes In
by entering nerve cells so that the b
current outbreaks of symptoms oc
ally transmitted disease
Replication of the virus cau
ized by an itchy rash on t

ar lesions usu-
ormant stage

genital

enpox, which
he scalp or trunk th

ppe

Replication of the virus c:
is characterized by sore
ature and fatigue: th
change of saliva

Replication of the

Viros causes generalized saliv
ease, which is characterized by sore throat, swolle
nodes, fever, and fatigue

Replication of the virus cause
that has been eliminated thro
cination

'] irus Can oocur arfous by
Replication of the virus can oocur in v

tion within Tvous syshem can cay

cation within the nervous svstem can o

{commonty called polio or infantile paral
terized in some cases by loss of mob

some cases, viral replication w

meningitis; the virus is often transmitted via conta

food or water ; e
i t he respiratery tract cause
Replication of the virus within the i R

Id fever

oup, which usually 2
common cold, bronchitis. and croup, which ust 1|
I 2, SNECEINEG, and a
restion, coughing, sneezing
acterized by conges AR e e i
Replication of the virus within the Imrmu.wh;n i
s terized by a high fe
|I| (hepatitis A) which ts characterized by .1' I:;, ,‘,“
: ; i b * tir Joss of Hve
sundice (vellowing of the skin due to loss e
:] virus is often transmitted via contammated food &
i e » respiratory tract causes the
Replication of the virus within the respiratory tra S
L AVILY Causes
% mon cold, and replication within the oral < avi e
S £ ] i
]“ TPANZINA, which is charactenzed by lesions at the
herpangina,
the mouth
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muus gl‘ vmul::inon DESCRIPTION OF DISEASE
TYPE OF VIR

Togavirus

Db, 4

Small, enveloped virus;
some transmitted by
insects

5t Lowis encephalitis

Rubetla virus
Hepatitis C virus (HCV)

Flavivirus Small, enveloped viruses
Yellow fever virus*

SINGLESTRANDED (MINUS-STRAND) RNA Viruses

irus

Influenza A, B, and

to large size,
enveloped virus

C viruses
P us M 10 large size,
enveloped virus
Measles virug
Munps virus
Rhabdovirus Medium-size, enveloped,
bullet-sha v
e Hiet-shaped virus
Doume-smanom kA Vinuses
Reovirus
H Small, naked virus
Heovirug

Welkoe vt virm

& Anvivin, —
2 Spirate x
TAFEA s of Vit (e gy v
wans yello)

(rius-sTRAND) RNA Viwses—cont'd
SINGLE-STRANTHID

Replication of the virus within brain cells causes encephalitis,
which is characterized by coma and often is fatal; the virus is
transmitted via mosquitoes

Replication of the virus causes German measles, which is char-
acterized by the eruption of a skin rash ok

Replication of this virus within the liver causes hup;?t!l:-a (_
which is also called non-A, non-B hepatitis; hepatitis C is
characterized by a high fever and jaundice (vellowing of the
skin due to ius-s:{ui liver function); the disease is transmitted
via blood

Replication of the virus within the liver causes yellow fever,
which is characterized by a high fever and jaundice (yellow-
ing of the skin due to loss of liver function); the virus is trans-
mitted via mosquitoes

Replication of these viruses within the respiratory tract causes
influenza, which is mmonly called flu; influenza is charac-
terized by a high fever, cough, malaise, and body ache; the
virus is transmitted through the ai secondary infections can
cause fatalities due to preumonia; susceptible high-risk indi-
viduals {elderly and immunocompromised individuals)
should be vaccinated to prevent this disease

Replication of this virus causes measles, which is characterized
by a red skin rash, high fever,
Replicativn of the v
by swe

cough, and malaise

1rus causes mumps, which is characterized
lling of one or both salivary glands

i{upl'u_‘-ltiun of the virus within the
which is initially charact
as light and noise,

nErvous system causes rabies
erized by sensitivity to stimuli such
difficulty in .‘i\\'a”ir\.\‘i[l}:,-‘l fear of water |
ihvdmphnb:ab. followed by delirium, coma, and death; the
disease is usually transmitted via the bites of infected animal® |
OF i some cases by inhalation and is prevented by vaccination |

Replication of the virus
acute infantile
tha

within the gastrointestinal tract causes
tis Eastoenteritis characlerized by severs diarhed
a8 common disease in children -
Replication
of the v i
Isease the virus in himans does not cause a recognized
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[ crour AND DESCRIPTION
| TYPE OF VIRUS OF VIRUS

! pounLE-sTRANDED RNA Vinuses Contaning

DESCRIPTION OF DISEASE

REVERSE Transcaipy 0N

Retroviruses Medium-size, enveloped
virus
Human lmm”“f‘d"f" Replication of the virus within T lymphocytes of the immune
| ciency virus (HIV) defense system causes acquired immunodeficiency :ndn:n:r
| (AIDS), which is characterized by a loss of immune defenses
| against infections, leading to opportunistic infections by vari-
ous pathogens and eventual deatt
Human T cell leukemia Replication of the virus within T Ivmphocytes causes leukernia,
virus (HTLV-1 and which is characterized by the malignant ;;'n.m th of inru‘h_u‘-
HTLV-IT) cells

Some animal viruses are uncoated outside of the
host cell so that only the viral nucleic acid enters the
host cell. This occurs in enteroviruses, such as po-
lioviruses, which are single-stranded RNA viruses

bound ve
Most animal viruses, however, enter the host cell by

In some cases

" weral wavs. X
FIG. 9-11  Viruses can enter host ““‘[‘“ Hl\ul-rrltl\ ane o

: ' subseque :
ter the hast cell via endocytosis and subseq

animal and p
ased into the cvtopls




; an organelle that con-

r amie. A lysosome i
with a lysosc ) de-

tains digestive enzymes. Lysosomal 1‘1‘!-‘__\'Iﬂ'le_‘:vi 5
grade the capsid, releasing the \:IJ‘J' nuclw.n .l\.l.r... :
other cases, such as for herpesvirus, the virus 5 rc..-
Joased within the cytoplasm where uncoating oecurs
when enzymes attack the capsid

Some animal viruses contain enzymes as well as
nucleic acid within the capsid. These viral enzymes,
which are released during uncoating, can initiate the
synthesis of viral nucleic acid and proteins. The su.hv
ﬁéqumt process of protein synthesis and nucleic acid
replication varies greatly, depending on the nature of
the nucleic acid acting as the hereditary macromole-
cule, Some animal viruses are single-stranded DNA,
others double-stranded DNA, others single-stranded
RNA, and yet others double-stranded RNA. Animal
viruses are further distinguished based on the rela-
tionship between the nucleic acid of the virus and the
viral mRNA (FIG. 9-12). A viral mRNA is designated
as a plus strand and its complementary sequence that
cannot be used as an mRNA is called a minus strand.
Similarly, a DNA strand complementary to a viral
mRNA is designated as a minus strand. Thus it is the
minus strand of DNA or RNA that serves as the tem-
plate for the formation of viral mRNA.

FG. 912 A, Viruses have a central nucleic acid core, which
|

may be RNA (gold) or DNA (green) surrou

.-n_dmn\'m.l_-.. have isometric = mmetry and a DNA g
Other viruses, such as coronavirus, have complex cap

an envelope with protruding proteins surrounding an .l-‘.N.-\

genome.

ded by a protein
eoat called a capsid (bie). B, Some animal viruses, such as

3 Double-stranded RNA
ey S PR

Single-stranded DA,

Single-stranded (+)
RMA can octas a
messenger

Single-stranded -]
RMNA con act as a
messenger

Retrovirus

Reverse franscriplose

Because viruses only replicate within host cells, the
|aboratory culture of animal viruses requires that living
animal cells be used. In some cases, whole live animals
such as mice, tabbits, guinea pigs, and monkeys are
sed, Some animal viruses can be cultured only in such
living animals ’

Amniofic
inoculation

» Inoculation of eggs 10 grow vine

T—— creprodudion. —rTE

LaBORATORY Cutturs of ANmaL Vinuses

s B, Vinuses being cultured for influenza vac-

REPLICATION OF ANIMAL VIRUSES an

In other cases, animal viruses are cultured in'embry-
onated eggs (fertilized eggs in which an embryo is de-
veloping) (FIG. A). Most often, embryonated rhu‘kr.n
am{ duck eggs are used. A hole js made through the egg
shell and a suspension containing the virions is injected
The cultured viruses can later be harvested and used for

Chericallantoic
membrane
inoculation

Allantoic
inoculotion

‘




Cell lysis

B1, Infections of animal cells can pesult

In various

saentific studies or for other uses, such as vaccine pro-
duction.
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FIG. 913  Replication of animal viruses often takes hours, as shown as the time needed to
increase the plague forming units (PFU), or yield, of viral particles

The DNA of animal viruses generally enters the
nucleus. There it is replicated, whereas RNA animal
viruses need only enter the cytoplasm of the animal
cell to be replicated. In some cases, viral assembly oc-
curs within the cytoplasm, whereas other animal
viruses are formed within the nucleus of the host cell,

Once assembled, the virions can be released in one
of two ways, Some viruses, such as the rhinoviruses
that cause the common cold, are released by Iysis and
hence death of the host cell. Such viruses exhibit a
replication cycle, which closely resembles that of lvtic

smalipuy hits been eliminated

MMM“WWNSI Visis

bacteriophage. In such instances there is a step-wise
growth curve, with a burst of a large number of
viruses released simultaneously. Unlike bacterio-
phage, however, the single-step growth curve for an-
imal viruses occurs in hours rather than minutes
(FIG. 9-13).

Other viruses are released gradually from living
host cells by a process called budding (FIG. 9-14)
Viruses released in this manner include the AIDS-
causing human immunodeficiency virus (HIV) and
the herpesviruses. Budding is a form of exocytoss in

e e futher studied as 2 model of how
e dsease. These scientists argue that alter-
nate animal hosts should be developed to perntit such

studies, even thotgh it raises the risk of reestablising

smallpox as an infect Lt shi
argue that scienkiy vctious disease. Public health officials

fic curiosity doesn't warrant the health

x:;d”m”yp‘““* out that the last case of smalipoy 1
ks llhtwm necidental releass of the smallpox virus
u The‘:r:\::, E“?u;::' whiere the virus was being
; Gan Society for Microblology sup

Parts destriction of the smallpox virus, to be consid-

ered ag
Roalt A‘im‘ﬁ“l ;fhn i the interst of protecting humat

Scientisty iy g sadd
o final decisl wapectid to meet (o 1
POR Virvacs 1t the fate of the Just temaining small-

are enclosed within a membrane that comes from the
host cell and are said to be enveloped. Budding re-
lease generally results in a protracted infection in
which the host cell may be debilitated.

Budding releases enveloped viruses without killing
the host cell.
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[ Hast cell
plasma
| membrone Modified RNA
; virus buds Merture RINA
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‘ RNA om host E;U:J;mh-dlded
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[ = ==
FIG. 9-14 Some enveloped viruses are released from the host cell by budding.
Repucanion oF DNA AniMAL ViRuses
which the plasma membrane of the host cell engulfs ) 3
an assembled virus, forming a vesicle that is trans- Double-stranded DNA Viruses
ported outside of the cell. Thus the viruses released The replication of adenoviruses, which often causes

respiratory tract infections, is representative of the
replication of the doublestranded DNA animal
viruses. Following penetration of the virus, the host

cell continues its normal metab:

ilic activities for a

short period of time (FIG. 9-15). It may take several
hours before uncoating of the virus occurs. The un-
coated viral nucleic acid genome enters the nucleus

Translation

Protein &i"
inserted into @

membrane

FIG. 9-15

The replication €y cle of

Rephication

Y
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where it codes for the inhibition of normal host cell
metabolism. The viral DNA genome acts as a. tem-
plate for its own replication. directing enzymes Tl.nr'
mally involved in cellular metabolism to make viral
pudleic scids and proteins, Viral proteins produced at
the ribosomes in the cytoplasm of the host 1:‘I!u move
1t the nucleus where assembly of .:dum\\_':ruse:: oc-
curs. Accumulation of adenoviruses within ﬂf‘" nu-
cleus produces inclusion bodies consisting of crys-

— e

FG. 9-16 Colorized micrograph of densely packed aden-
oviruses. (120,000 x).

talline arrays of densely packed adenoviruses (p;
9.16). The accumulation of adenoviruses leads 1 1y-
sis and death of the host cell. With lysis of the hog
cell, numerous adenoviruses are released.

Herpesviruses, which include those that cayg,
genital herpes and infectious mononucleosis, arp
similarly assembled within the nuclei of the host celjs
in which they replicate. These viruses acquire an en.
velope of host cell membrane lipids when the assen-
bled viruses bud through the nuclear membrans
Thus herpesviruses are enveloped viruses that ar
surrounded by a portion of host cell nuclear mem.
brane. Enveloped herpesviruses are released slowly
from the host cell by exocytosis. Once a herpesvirus
infection occurs, the host cells remain infected and 3
latent herpesviral infection persists for the entire life
of the host. During latency, the viral nucleic acid per-
sists within the neurons of the nerve ganglia. There s
no release of viruses during this period,

Poxviruses, such as the smallpox virus, use a
somewhat different replication strategy (FIG. 9-17),
Poxviruses are large double-stranded DNA viruses
that carry their own RNA polymerase protein, which
they use to make mRNAs. These viruses are able to
replicate within the cytoplasm of an infected host
cell. They are released when there are sufficient as-
sembled viruses to initiate host cell lyses, These re-
leased viruses are enveloped; they acquire the enve
lope from the nuclear membrane.

Siﬂﬂi""mndsd DNA Viruses
parvoviruses contain a single strand of DNA_ Many
sl QWNErS WOITY about parvovirus infections that
can cauise lethal i“fl_'L‘l.IUﬂb of dug.t,_ Some populations
of pan'n\'i"“-“t‘-" contain only a minus strand or a plus
srand of DNA, wiwrc;-':a ot her px_\pnldliunt. have
roughly equal numbers \.}.! viruses with plus and mi-
aus strands of DNA. Within a host cell the single
strand of DNA of a parvovirus is copied to make a
double-stranded DNA. macromolecule. Replication
of this double-stranded DNA can produce plus
and minus strands of DNA for incorporation into the
Virons.

RepucatioN OF RNA Animat Viruses
pouble-stranded RNA Viruses

Reoviruses (respiratory enteric nl’phan viruses) are
double-stranded RNA viruses that carry an RNA
polymerase that is used for the synthesis of new viral
RNA molecules. Reoviruses, such as rotavirus that
causes diarrhea in children, contain several different
double-stranded RNA molecules. Each of the RNA
molecules codes for the production of a different pro-
tein. The proteins are assembled into the viral capsid
and the viral RNA produced during replication is in-
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Hurtu_'.d into the capsid before release of the completed
reoviruses (FIG, 9-18)

Single-stranded RNA Viruses

““_‘ ﬂl_ﬂ_l:h“!-tmndud RNA picornaviruses, such as
poliovirus, are among the smallest viruses (pico
means small). Because poliovirus is a plus strand
virus, the RNA genome can function as an mRNA
The poliovirus RNA is translated into proteins that
inhibit the host cell’s synthesis of RNA and protein.
The RNA genome also codes for the production of a
large polypeptide that is subsequently cleaved to
form several different proteins, including an RNA
polymerase and the proteins used to make the
capsid (FIG. 9-19). The RNA polymerase is used
produce a complementary replicative minus RNA
strand, which then can serve as a template for the
synthesis of new plus strand viral RNA £ENOmes.
The assembly of the capsid and insertion of the RNA
is followed by the release of a large number of viral
particles. Release of the poliovirus occurs because
blockage of cellular protein synthesis by the po-
liovirus leads to breakdown of lysosomes. Lysosomal
digestive enzymes lyse the host cell

In the case of influenza viruses, the individual
single strands of viral RNA are minus strands that

1C

FIG, 9-18 Replication of reov
RNA molecules are placed into
template to form the { ) strand

capsids, @

of the doul

ises, which are
i nd integral capsid- !
ble-stranded RNA RENME.

blestranded RNA viruses. The (+)
L A replicase uses this asa
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HIGHLIGHT

between pathogens and hurngn:. came when Hrazi) ease. Finding the answer fook scient : il
::; a highway deep in Amazonian jungle 1o its neyw decades, In 1980, the Orpotiche virus was isolated from

tal, Brasilia. Soon after construction of the highway biting midges, During constriction of the ‘highway
NP:M 19505, viruses, some of which were tnknown, through the Amazonian jungle, the midges had tndes
:’.‘\-u found in the blood of highway workers, Ong of

Bane a population explosion. This led to & huge increase
these viruses, the Oropouche virus, also was found in in veetors carrying the

How New ViRaL Diseases ORIGINATE

human immunodeficiency virus that causes AIDS in e
{ate 1970s and the hantavirus that killed over 20 people

virus.
: sloth dead at the side of the highway, Similar environmental changes underfie the
in the summer of 1993 (mostly Navajos) in the south- i MD‘:‘::{,:-BS was not known to be mspmfl\e fl:::r emergence of the new viruses that :Lm Ebols
west United States. ) : of int or Is before 1960, In 1961, hemorrhagic fever, Marburg hemorrhagic &vu' and
In recent years, scientists have found evidence that the Oropouche virus was identified as the cause of a fiu. yellow fever—where the viruses probably initially c-
changing mv'mceﬂ . isac:_*-a 'mo?ﬁdu\::?m‘; 1ike epidemic in Brazil that afflicted 11,000 peaple. curred in monkeys; Rift Valley fever—where the viruses
fectious diseases. Construction 7

jungles and rain forests may allow pathogens to spraad
rapidly to huge numbers of people. One of the most dra-
matic indications that humans were disrupting the bal-

ly initially occurred in cattle, sheep, and mosqui-
le it was clear that Oropouche was to blame f9: probably y doc

umwdemic. it was not clear how a virus never seen in toes; and Hantaan virus—where the viruses probably
an:xn beings before had emerged to cause a new dis- mitially occured in rodents.
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MNew virus raleasad
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Je

AG, 921 Retroviruses replic

produce \-:mikr'r:::li-m. and RA A sing reverse transcriptase to form DNA that is used 1o
S NA genomes for v Wen » elec ant

shows the viruses (biue) at the Sikrfacs of 2 cal] iral progeny. The eleciron micrograph (left)

SRR T I e
7G. 922 Colorized electron mic R %

that causes AID ; Tograph of the
05 budding from the host c,_.;{ rhm‘P:\‘xdn:;r:d|n:nmnml.:nm.nn. virus (HIV)
od |

wing budding release of human ir
B, Colorized transmission electron

. Some of the RNA acts as mRNA for synthesiz-
8 viral proteins, and some of the RNA is put into
the R - : I

% RNA of the viral progeny.

ENN“I“""” carry out reverse tronscription, using
Sverse franscriptase to make DNA from an RNA
femplate,

a Ru‘_m"irlhcn are released from host cells by bud-
:;nnﬁ.‘.lI:T; [‘_‘F'H\"““‘ll does not result in cell lysis and
i ate cell death, therefore these viruses can be
ells, l.\.,ﬁllm'h' and continuously from infected host
4 entually, however, the siphoning of cellular
.."'}I!m-“ ‘or viral replication can cause the death of
!I'n;‘\‘h:;lln' The AlDS-causing human immunodefi-
f Tus (HIV) is a retrovirus that replicates in

Hhis

LI“‘ < » WV

sy et (FIG. 9-22). Infections with HIV are pe I'1
lex

-5

._”:::Ll;ujm.» of the budding release of assemb .
..”"\;“1.'_‘:;1.. rh..-hw,[ cells (FIG. 9-23), The replic ,;[!.\:.
lily ¢ Iml Un T lymphocytes, which ,m-t-“cmml.\f'
m, ‘.‘““‘F: nents of the body's immune .E«!prlc‘l'.:\;.
" dofeng ,',;‘I’l"‘.r'"‘" decrease in the ability of 1h"| “‘1_
Uals ywigt .\]iI f against microbial infections. Indiv ‘-1‘.
Portunigy;.. )5 thus are susceptible to various Of :
€ infections and eventually succumb to the

8t of such infections

s R_!_Pl.ic_m_cm OF ANIMAL VIRUSES 281

T in blocking HIV

AG. 9-2

AIDS

rogress of

useful in tre g indi-
It does not. however,
i is not a cure for AIDS.

not lead to viral replicaty s viral DNA is
incorporated into the chromosc DNA of the host
cell. The DNA produced by re nscription
during the replication of retroviruses, as wel the
DNA -\‘l :\l“'“t: other viruses such as herpes and pap-

!

verse ir:

illomaviruses, can be incorporated into the host cell’s
This situation is analogous to that of
here the phage DNA s incorpo-
DNA of a host bacterial cell as a
he integrated viral DNA is
such incorpo-

chromoesomes.
temperate phage, w

rated into the
prophage. In animal cells
called a provirus. Like the pr..‘pha_.:c_
-ated viral DNA can be passed from one generation
Limal cells to another. It is therefore possible for
animals to inhert viral genes 1\.';rh.m the chrom

somes of the host coll the viral DNA can be tran-

scribed, resulting in the production of viral-specific

of ar
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RNA ans viral proteins. Animal cells carrying vira
DNA may have different properties than uninfected
crib

irws is virol DNA that is incorporated into the
;-mdwd“"."'"“n‘

particular, the presence of viral-derived DNA
wi:‘lh the host cell can transform the animal cell into
a malignant (cancerous) cell. Such transformed cells
have altered surface properties and continue to grow
even when they contact a neighboring cell. This re-
sults in the formation of a tumor. Viruses that trans-
form cells and cause cancerous growth are called
oncogenic viruses. The genes that actually induce
cancerous transformations are called oncogenes.

Oncogenit viruses are viruses that transform cells so
as to couse concerous growth.

DISCOVERY OF ONCOGENES

were discovered in 1975 by |. Michae]
i and Harold Varmus. They found noncancer.
ous uninfected chicken cells that contained a gene o).
maost identical to the src oncogene of Rous sarcoma
virus, This is an RNA retrovirus that causes malig-
nancies in chickens. When Rous sarcoma virus in.
fects chickens, the src gene escapes normal gene reg-
ulation, but it is transcribed and proteins are synthe-
sized that are coded for by the viral RNA.
Transcription of the src gene results in excessive cell
growth and malignancy development. Since then,
maore than 30 viral oncogenes have been discovered
that have gene sequences nearly identical to the nor-
mal DNA of the animal cells.

SUMMARY

Ontogenes are genes that induce such
transformations.

Viral oncogenes are very similar in nucleotide se-
quence to oncogenes that occur naturally in animal
cells. Animal cells have proto-oncogenes that code
for genes involved in normal cellular growth. If acti-
vated, these proto-oncogenes act to cause transfor-
mation of the cell so that it begins to grow malig-
nantly and rapidly and no longer stops growing
when it contacts a neighboring cell (loss of contact in-
hibition). A viral oncogene that becomes integrated
into thee DNA of an animal host cell causes transfor-
mation only when it is expressed. If a viral oncogene
is inserted next to an active promoter (site where
RNA synthesis begins), a high level of transcription
of the viral oncogene ensues and mRNA is produced.
Translation of these mRNAs forms proteins that ap-
pear to be involved in transforming a normal cell into
a malignant one,

Many m\co“g:ne—mded proteins are kinases, which
are enzymes that are involved in the transfer of phos-
phate from ATP to various organic compuun-.‘l&pz;:e
normal function of a kinase is to add phosphate to ei-
‘!bu the amino acid serine or threonine. In normal

) cells, phosphate is not added to tyro-
sine, but in transformed (cancerous) ¢ b

: ¥TOS i protein alters th
function of that protein, Apparently the normal nzguE-

Tl T thus altered. These
et i that ted in the cell ny-
ggesting th they act as regulator proleins to

Toleins coded for by
Such nce transcription of 3
growthand division, 0 0¢ contral in cel

ultiple oncogenes may be nec.
ssary to actually cause cancer. In many ca);es ::::h

activation does not involve viruses, Such activity can
be the result of exposure to mutagenic agents that al-
ter gene regulation so that the oncogenes are ex-
pressed. Carcinogens are agents that cause gene mu-
tations that lead to cancer. Known carcinogens in-
clude numerous natural and synthetic compounds
such as asbestos, benzene, substances in cigarette

smoke, X-rays, gamma rays, and ultraviolet radia-
Hon.

Corcinogens are natural or synthetic compounds
that cause genetic mutations that lead to cancer.

Additionally, various viral infections may lead to
specific forms of cancer. Papillomaviruses, which
cause genital warts, frequently are found in cancer-
ous cervical cells. This :-'.uggésts that these viruses
have oncogenes that can cause human cervical can-
cer. The Epstein-Barr virus, a herpesvirus that causes
Infl.’c!i.l:us mononucleosis, appears to be the cause of
Burkitt's lymphoma and nasopharyngeal carcinoma:
a cancer of the nose and throat. Burkitt's lymphoma
s @ rare cancer of the lymphatic system that mostly
affects children in Africa. Amung‘lhc RNA viruses:
only the retroviruses form DNA during their replica-
tion that can be integrated into the host cell’s chro-
“‘USﬂﬂ'l_l:‘S' Hence, it is not surprising that the only
RNA viruses that are oncogenic are retroviruses. Hi-
man T cell leukemia viruses (HTLV 1 and HTLY 2)
:;1\' examples of such retroviruses that have ht‘f’"
SR bu cause some types of human leukemid:
Leukemias are cancers affecting the white blood cells
and the human T el leukemia viruses spuuhcﬂ“_\'
cause transformation of one type of white blood cell

the T cells that are ; - dy
vy € involved in protecting the bodY
against infections, i

General Aspects of Viral Replication (pp. 257-258)

+ Viruses are composed of a nucleic acid, pither RNA or
DNA, and a capsid made of protein that surrounds

the nucleic acid.

Within host cells, viral nucleic acid directs the forma.

tion of new viruses, using the host cell’s ribosomes

for pn}ciufil“}-'. viral proteins and ATP for ca rying out
synthesis of viruses,

A high degree of specificity is required between a

virus and the host cell within which it can replicate.

Stages of Viral Replication (p. 257)

+ The stages of viral replication generally include ad-
sorption of the virus to specific binding sites on the
host cell’s surface, penetration of the cell’s cytoplas-
mic membrane by viral nucleic acid, control of the
cell’s metabolic activities by the viral nucleic acid, use
of the host's biochemical components and anatomical
structures for production of viral replicates, and re-
lease of new viruses,

Replication of Bacteriophages (pp. 258-263)

Lytic Phage Replication (pp. 258-261)

* Bacteriophages are viruses that replicate only within
specific host bacterial cells. They are called lytic
phages if their replication resulls in the lysis of the
host bacterial cell when the new phages are released.

T-even Phage Replication (pp. 259-260)

* T-even phages are double-stranded DNA viruses
whose capsids have distinct head and tail structures.
The tail attaches to specific receptor sites on the
host and releases lysozyme that breaks down the cell
wall, allowing the tail to penetrate. Contraction of
the tail forces the phage DNA from the head into
the periplasmic space. Normal host cell biosynthesis
ceases as the synthesis of proteins for new phage
Nucleic acids and capsids is directed by the viral
nucleic acid. The head and tail units are assembled
separately and later combined. Phage DNA is pack-
aged in the head structure. The phage codes for
lysozyme, which helps break down the bacterial pep-
fidoglycan wall structure. Lysis of the cell wall re-
leases new phages.

Replication of RNA Bacteriophage (pp. 260-2611

* InRNA phages, a plus RNA strand contains the viral
ht‘mﬁmry information and is used as a template for a
double-stranded RNA replicate that has both plus
and complementary minus RNA strands during ifs
Iytic replication cycle. The new plus RNA serves as
lhu hereditary molecule for incorporation into new
Viruses

f"“"_“";"r‘”}.'i' Growth Curve (pp. 261-262) =
Lytic replication cycles have a one-step growth curve
that begins with an eclips period, which is part of
the lateng period, the time between the entry of ”“.. 5
fal nuicleic acid and the release of viral progeny: Riew
Phages anv relpased simultaneously when their pum-

* reaches the burst size and the cell lyses.
.”_';iwarr Phages—Lysogeny (pp. 262-263) 3
Mperate phages establish a state of lysogeny

hich a partion of the viral nucleic acid is Incorpe”

rated into a bacterial chruomosome or plasmid. The jn-
corparated prophage is replicated with the host cell
DNA and passed to later generations. The phage
genes usually are not expressed, but when they are
l_hl’_\' can greatly alter the properties of the host cell.
‘.\p(-mflhznl transduction is the phage-mediated trans-
fer of bacterial DN - Specific genes located adjacent
to the specific site where pl’opi‘mm DNA is incorpo-
rated into the host cell can be transferred o
ent cell

A necipi-

Replication of Plant Viruses (pp. 264-266)

* Replication of the viruses that infect plant cells is sim-
ilar to the lytic replication cycle of bacteriophages. It
begins with the adsarption of the virus onto a sus-
ceptible plant cell; next the viral nucleic acid pene-
trates into the plant cell; then the viral DNA assumes
control of the host cell’s biosynthesis activities; the vi-
ral nucleic acid codes for synthesis of viral nucleic
acid and capsid components; and the viral particles
are assembled and released by lysis of the host cell.

Replication of Animal Viruses (pp. 266-282)

* The steps in the replication of animal viruses are: at-
tachment (adsarption of the virus to the surface of the
animal cell), penetration (entry of the intact virus or
viral nucleic acid into the host cell), uncoating (re-
lease of viral nucleic acid from the capsid), transcrip-
tion (formation of viral mRNA), translation of early
proteins (using viral-coded mRNA), replication of vi-
ral nucleic acid, translation of late proteins, assembly
of complete viral particles, and release of new
viruses.

» Newly formed animal viruses can be released by lysis
or bu;him;:

Replication of DNA Animal Vi
unded DNA Viruses 7
« Uncoating of a double-stranded DNA virus takes sev-

eral hours, during which the host cell continues its

normal metabolic “activities. Once within the nu.cleus
the viral DNA codes for the inhibition of :\nm!all host
biosynthests. The viral DNA acts.as a template for its
own replication. Viral mRNA produced by franscrip-
tion is translated at host cell nibosomes, pu-ﬂucms
proteins for assembly of the viral capsid. The \lnt'ﬁ.‘w
are assembled in the nucleus and released by Ivsis

S0 stranded DNA V I

. Single-stranded DNA viruses copy the single e-n::n‘i

within a host cell to make a \?uut-k-s:randni.l'.‘. A

macromolecule. mENA is }‘-r_\\amxd by tr.mf-c::!pl:m

to code for the production of capsid proteins _‘um_ de-
strandied DNA is also produced for \'|r;1.l-t,wmn1s ; =

A Animal Viruses {(pp- 277-281}

JA Viruses (p. 277)

viruses carry RNA poly-

(pp. I75-277)
A

Replication of R?
Duouble-strandad R :
+ Some double-stranded RN

merase to synthesize new viral nucleic acid mole-
TS ¥

cules. — 2 el
Single-strandid RNA Viruses fpp. 27272

v S riral
singghe-s aNA polioviruses, the vin
the singhe-stranded RN ’ .
: :;\'(\ acts as an mRNA and codes for the production



of 2 stnghe Jarge poly peptide when it enters the Julvsr
\*l‘l The polypeptide is cleaved, forming RNA
0

polymerase and the proteins used to make the viral

RNA polymerase is used to produce a
s RNA strand that
hesis of new plus

capsid. The nerase
complementary replicative minu
acts as 4 template for the syntl
strand viral RNA e
i: some singhestranded RNA viroses, the I~7.\,\
swithin the virion can act as mRNA and therefore isa
Je strand of viral R

plus strand. In others, the sing| |
is a minus strand that serves as a template for
transcription of mRNAs rather than acting as the
mRNA

Retrooirieses (pp. 2792811 : :

« Reverse transcription is the process of making DINA
wusing an RNA template Single-stranded RNA retro-
vinses use reverse transcriptase to do this.

e

@ VRALREFUCATION

formation of Animal Cells (pp. 281 -2R2)}
« Under certain conditions, animal viral DNA s incgy.
porated as a provirus into the chromosomal DNA
the host cell and is passed on with animal cell nepr.
duction. A provirus can transform the animal ce

o
a malignant cell and cause the formation of a tumaor
Viruses that transform cells and cause cance

growth are called oncogenic viruses. Oncogene:
genes that induce these cancerous transformations
Carcinogens ane agents that cause gene mutations
that lead to cancer.

An integrated viral oncogene only causes host cell
transformation when it is expressed. Many oncog
code for the production of kinases, which in trans
add p!h'-ir\h\l'.l' to the amino acid ty

formed cell
cine rather than serine or threonine. Phosphorylated
tvrosine alters the regulatory functions of the cell

CHAPTER REVIEW
Review GIUESTIONS

ribe a typical virus.

the similarities and differences between the

tion of bacteriophage, animal viruses. and plant
winuses

3. Describe the steps in the lytic replication of a T-even
bacteriophag;

4 What are the differences between the replication of
DNA and RNA animal viruses?

3. What i lysogeny?

6. What is a transformed cell?

7. What is an oncogene?

o

What is a retrovirus and how does its replication differ
from other types of viruses?

How does viral replication differ from the reproduc
tion of cellular organisms?

., Compare the budding and lytic modes of animal vires

replication.

. What is the burst size?

Describe the “growth curve” for a Iytic bacteriophage
What is meant by virus host cell specificity?

What advantages does a temperate bacteriophage have
over a lytic bacteriophage?

CRITICAL THINKING QUESTIONS

1. Why ate vituses cbligate introcellular porasites? Why
do !“!!1 moed host colls? Why do viruses normally
replicate only within certain host cells? What would
fhe cansequance be if viruses did not need specific e

= uw\sm ﬁ:MM 1o host calls?

pan virus enly replicates within huma:
I;I‘uﬁu. u:y has it bgel: possible to eliminate smal;‘-
There are some viol containing smalk i
sfored in the United States and Russia. Snn:::::r:
veant fhese stocks of smallpor virus destroyed. Othery

wan! il
3 them preserved, Should the virus be destroyed

an allernate
- system %o they can ¢ hew

G o i S Vot o

i “ﬁ‘ﬂwngmuhmd,mm

4,

o

o

~

One hypathesis about the origins of the human immun-
odeficiency virus [HIV) that couses AIDS is that it origh
nated from another virus in African green monkeys
How could a virus thet ariginally infected anly monkeys
have become infectious for humans® Could other vi-
ruses evolve the ability to couse human diseases?
What is the significance in finding thot several viruses
have oncogenic patenfial? How are these viruses re-
loted jo cancer?

Whr_oru infections with viruses that replicate with
budding releass, such as herpes virusas and HIV, per-
sislent?

How does the replication of HIV differ from the repli
cotion of the common cold virus? Why is the body
able 1o eliminate the comman cold virus but not HIVE
Why are there no useful drugs for controlling or elim-
inating the comman cold? Why can physicians use
drugs such as AZT 1o freal, bt nol 1o cure, AIDS.
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In this chapter we will:

* Study the reproduction of bacteria

« See that bacterial reproduction results in a characten
growth curve

* Leam that a consequence of bacterial re production by

binary fission is 3 high reproductive capac ity

Examine the factors that influence bacterial growth

rates

Learn the following key terms and names

acidophiles generation time
growt e
halophiles
lag phase
log phase
mesophiles

alkalophiles
2 1

binary fission

budding microaerophiles

chemostat most probable numbet

colony foreming units enumeration proods
{C ll:'-J .N"ff’l\t".

cuntinuous culiure anaerobes

ath phase

ditect counting
proced ures

doubling time

exponential phase

facultative anacrobes

osmotolerant
psychrophiles

salt tolerant

statiomary growth phase

BEACTERIAL REPRODUCTION

By FISSION

Binary fission

riol reproductior

is the most commaon me




288 CHAPTER 10 BACTERIALI REPRODUCTION AN

a duplicate genomé. In the case of the Jl_‘ll[.lulll]_\'t‘!x‘:t;’:-.
such as Streptomyces, reproduction inv olves the ‘] :
mation of hyphae. In this mode of reproduction ‘.h
cell elongates, forming a relatively fong and gene r-l
ally branched filament, or hypha. 5\'1.‘.;‘_.“1"-_‘1‘:\. of the
mode of reproduction, bacterial multiplication re-
guires replication of the bacterial chromosome and
synthesis of new boundary layers, including cell wall
and plasma membrane structures. All Hw.sa- modes of
reproduction are asexual, like binary fission

BacTeriAL SPORE FORMATION

Spores are specialized cells produced by some bacte-
rin that are involved in survival or reproduction. The
production of spares represents an interesting devia

tion from vegetative cell reproduction. Some types ol
spores, including endospores (heat resistant spores
formed within the cell) and cysts (resting or dormant
cells sometimes enclosed in a sheath) are not repro-

D GROWTH OF MICRG(J@NL

duetive structures and their production does not iy,
crease the number of living cells. In contrag,
arthrospores (spores for |m-1!l by the fragmentation of
hyphae) are |-"”‘|““"I by different bacteria as part of
their rupl'ndlh'll\'l' cycles. The fragmentation of hy

phae to produce arthrospores forms numerous prog.
eny cells. Additionally, my xobacteria form reprodug

tive structures, called fruiting bodies, within which
numerous spores, called myxospores (resting cells of
the myxobacteria formed within a fruiting bady), are
formed. Myxospores are the progeny that result from
n-}lnuhu".h!n of myxobacteria; they are able to sur

vive transport through the air and increase Lthe sur-
vival capacity of myxobacteria by permitting dissem-
ination to arcas with adequate supplies of nutrients

to support bacterial growth and reproduction

Spores are specialized resistant resting cells pro-
duced by bacterio. Endospores are invelved in sur-
vival, but other types of spores, such as
arthrospores, are involved with reproduction,

BACTERIAL GROWTH

GenerATION TiME

Bacterial growth is synonymous with bacterial cell re
production. Growing bacterial cells increase in bio-
mass through their metabolism in which they convert
compoxinds containing carbon, nitrogen, phosphorus,
and other elements into the components of the cell
Most then divide into progeny of equal biomass
through binary fission. By its very nature, bacterial re
production by binary fission results in doubling of the

LoGas

To m' Iy Ty t large bers, particularly
when fumbess may range over many orders of
:WMW fmudtiples of 10)—as is the case for mumbers
lt_tl.'laﬂlm may occur as a few or millions of
5 e a mathematical transfo
mhwmk e kil ansformation
Tt 1 o
s sty < tion. The logarithm s

umber s the expone ;
g e pOWET of 10 10 wehich a rumber g b a

ber must be ralied

o o a given mumber, Thuw the log, 10 - ‘:Tnl»-

mm i expanent o which 10 munt be rised 10 equal
b 00, Simitarly the 108100 % 2 bocaue Ii}’

o ) Needed 1o equal 100 ~

i

= RN = b, andd 5o Torth, Ot

sy dh;whmwmhﬂ abacterial cell over the

L M8 that takes 1 coll (ol = OF g )

biflion gty (et LOOG,000) 03y = 9, it i far canier 1y

number of viable bacterial cells. Therefore, during ac
hve bacterial growth, the size of the microbial popula
tion is continuously doubling, Once cell division be-
gins, it proceeds exponentially as long as growth con-
ditions permit. One cell divides to form two, each of
these cells divides so that four cells form, and so forth
in a geometric progression, The time required o
achieve a doubling of the population size, known as
the generation time or doubling time, is the unit of
measure of microbial growth rate (FIG. 10-3)

ITHMS

Plot the loga

arithm of the cell number using a scale ot 0
o 5 than it

wotld be 10 try 10 plot the cell numbers on
an arithmetic scale of | 10 1,000,000,000 (soe Figure)
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w0 cHmAPTER 12
For a growing bactenal culture, the generation
e can be expressed as

wihere ¢ is the generabon fime, i time, and » is the
number of generations. The pumber of cells of 2
growing calture ane expressed by the axjuation:
N=NxT
where N, is the number of cells at time 0, N, is the
ntmber of cells at any time 1t} after time 0 and n is
fhe number of generations. Rearranging this formula
foga. — loga N
L e
log.2
Since 1/log.2 is equal to 3.3, the original equation
for the generation time can be written as

i= 3

where 1 is the generation time, log N, is the logarithm
$o the base 10 of the number of bacteria at time ¢, log
N, i the logarithm to the base 10 of the number of
bacteria at the starting time, and t is the time period
of growth.

By determining cell numbers during the period of
active cell division, the generation time can be esti-
mated. A bacterium such as Fsclierichia oo
2 generation time as short as 20 minutes under opt
mal conditions. Considering a bacterium with a 20-
TrEmte ion time, one cell would multiply to
1,000 cells in 3.3 hours and to 1,000.000 cells in 6.6
hours.

SACTERIAL REFRODUCTION AND GRO e —tt

NISMS

OWTH OF MICROORG

Generation fime of doubling time is the unit of me,
el bacterial growth; it is the time it tokes fo,
the size of a bocterial population to double.

BacTenial GROWTH CuURVE

When a bacterium is inoculated into a new cy]
medium, it exhibits a characteristic pattern or ¢ :
in cell numbers. This pattern is called a growth curye
(FIG. 10-4), The normal growth curve of bacteria ha
four phases, the lag phase, the log or exponenty
growth phas e stationary phase, and the
phase. During the lag phase there is no increase
cell numbers. Rather, the lag phase is a
adaptation during w hich bacteria are preparin
roduction: synthesizing DNA, RNA, other
tural macromolecules, and the
needed for cell division.

After the lag phase, the bacteria b
by binary fission, doubling in nu
they divide. This is the log phase of grov
lled the exponential phase. It 1s so named t
the logarithm of the bacterial cell numbers
linearly with time. During this phase, bacter
duction occurs at a maximal rate for the spec
growth conditions. It is during this period
generation time of the bacterium is determine

After some period of exponential growth
tionary growth phase is reached. The stationan
phase often occurs when the maximum popul
density that can be supported by the available re
rees is reached. Once the stationary growth
ched, there is no further net increase in bac
cell numbers. During the stationary phase the gr

Vanous enzvmes

sre

ate i exactly cqual_lo the death rate, and cell num-
pers therefore remain constant. A bacterial popula-
ion may reach stationary growth when a required
putrient 15 exhausted, ‘.\'ht‘.n inhibitory end products
sccumulate, of when physical conditions do not per-
mit a further increase in population size. The dura-
on of the stationary phase varies, with some bacte-
ria exhibiting a very long stationary phase.

Eventually the number of viable bacterial cells be-
gins to decline. This signals the onset of the death
phase. During the death phase the number of living
bacteria decreases because the rate of cell death ex-
ceeds the rate of new cell formation

A bacterial growth curve has four phases: (1) log
phase during which bacteria prepare to divide, (2)
log or exponential growth phase during which cell
numbers increase with regular doublings of viable
cells, |3 stationary phose during which cell num-
bers remain constant, and (4] death phase during
which viable cell numbers decline.

Barcy AND ConmiNUOUS GROW

The normal bacterial growth curve is characteristic of
hacteria in batch culture. In batch culture, growth oc-
curs in a closed system with fresh sterile medium
simply inoculated with a bacterium to which new
materials are not added. A flask containing a liquid
nutrient medium inoculated with the bacterium E
wli is an example of such a batch culture In batch
culture, growth nutrients are expended and meta-
bolic products accumulate in the closed environment.
The batch culture models situations such as occur
when a canned food product is contaminated with a
bacterium

Bacteria may also be grown in continuous culture.
Incontinuous culture, nutrients are supplied and end
products continuously removed so that the exponern-
tial growth phase is maintained. Because end prod-
ucts do not accumulate and nutrients are not com-
pletely expended, the bacteria never reach the sta-
fitnary phase. A chemostat is a continuous culture
device in which a liquid medium is continuously fed
into the bacterial culture (FIG. 10-5). The liquid
medium contains some nutrient in _-_'.n\wth-'llmmng
“oncentration, and the concentration of the limiting
nutrient in the growth medium determines the rate
of bacterial growth, Even though bactena are contin-
Uously reproducing, a number of bacterial cells are
;::""u‘"li]_\' being washed out and Ti'ﬂ‘h““f h:‘m

<ulture vessel. Thus cell numbers in a chemostat
™ach a plateau

BacteRiaL Growr on Soup MEDia

The dl?"t‘fupl'l‘te'l1f. of bacterial colonies on ﬁ‘ll:]“'j
Bowth media follows the basic normal BrOW

__ BACTERIAL GROWTH P

curve. The dividing cells do not disperse and the
Population is densely packed. Under these condi-
fions, nutrients rapidly become limiting at the center
of the colony. Microorganisms in this area rapidly
realch stationary phase At the periphery of the
colony, cells can continue to grow e\pwwnﬂ-uih' even
\vn|1_t- those at the center of the colony are in the
death phase. Bacterial colonies generally do not ex-
tend indefinitely across the =
have a v

ce of the media but
dividual well-
growth of in-
¢ cterial cells. The fact that the bacteria
have reproduced asexually by b
thatall the bacteria in the well-is
be g
contamn a
gle parenta

Cuthure mediom
reservoir, with

one essenhol
nutrient in growth—
firmating omount

Medium and
bocterial culture
vesie %

b

wsly provides nutrRnts

RAG. 10-5 A chemostal confmi P cagh culture

with a growth rate limiting factor o
chamber in which bactena grow.
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' safety of its food product, routinely sent samples of
‘e ice cream to & Jocal quality control microbivlogy
labaratory. The laboratory performed viable plate
counts to detect coliform bacteria. The presence of co-

focal matter, making the ice eream unsafe for con-
sumption. The plates were overgrwn with coliform
Bacterin, and the technician at the testing laboratory

ded TNTC, the standard notation for too nu-
merous to count. Records were compiled indicating

RIAL REPRODUCTION AND GROWTH Olﬁl’{lOG_ A0 Cme 1P s
e

NEWSBREAK

RGAMNISMS

unsafe levels of contamination but no action was
taken. This was because the Board of Health inspec.
tor who examined the records did not recognize the
abbreviation TNTC and was looking for a number |
greater than 10 per 100 mL to signal a contamination
problem. The inspector did not inquire as to the |
meaning of TNTC, and it was not until another in- |
spector visited the facility and viewed the records
that the problem was detected. The underlying prob-
Jem with the ice cream wats in the plumbing of the
building, which had connected the effluent from the
restrooms directly to the influent for water used in
the manufacture of the ice cream.

count relies on the reproduction of individual bacter-
fal cells to form visible colonies, which are counted to
enumerate numbers of bacteria in a sample. Another
problem and source of possible error associated with
this technique is in the enumeration of bacteria that
grow in chains or clumps that are hard to disperse.
For example, a chain containing ten attached cells will
grow into one colony instead of ten. Therefore using
the viable plate count method to measure numbers of
bacteria that tend to remain attached to one another
can lead to erroneously low values.

The viable plote count procedure is selective be-

couse no one bination of incubation ¢ it

and media allows oll types of bacteria 1o grow,

AG. 109 The direct con
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the entire grid has 25
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Digect Count PROCED

Bacteria can also be enumerated by direct counting
procedures. In this procedure, counting is done with-
out the need to first grow the cells in culture. In one
direct count procedure, dilutions of samples are ob
served under a microscope, and the numbers of bac-
terial cells in a given volume of sample are counted
These numbers are used to calculate the concentra-
tion of bacteria in the original sample (FIG. 109)
Special counting chambers, suchas a hemocytometer
or Petroff-Hausser chamber. are sometimes em-
ployed to determine the number of bacteria. These
chambers are ruled with squares of a known area and
are so constructed that a film of liquid of known

Microscopic observation

a Petroff-Hauser counting chamber. The
wn volume, The slide is viewed and the
0y & grid. In the counting chamber show
L a lnl..l_\-u_lmm-.n 0.02
ere are 12 cells within the single large
the number of cells in this

number of cells with
! in the total area under
therefore 300/0,02 mm’.

i |‘f]‘ can be introduced between the slide and the
del c t
lip. Consequently, the volume of the 5

ample
each square is known P

COVET S

|.\(‘r" ||'|H
1 is often desirable to stain the

This helps in

cisualizing bacterial cells. Alternative Iy, a known
colume of a sample ._-'.mt.umu_-_-, A suspension of bac

feria i lem'\‘ through a filter, such as a nitrog -
jose 012 um pore size filter. The bacteria are stained
on this filter, often using a fluorescent stain, and
counted under a microscope. Many fluarescent dyes,

quch as acridine orange, stain all cells, making it im-
~assible to differentiate living from

I!.lu-.lir'ricult_\- in establishing the metabo
the observed bacteria is a major limitation of
cedure.

d bacteria

Bacterial cells can be enumerated by direct micro-
scopic count procedures,

Instruments also are available for direct coun
of bacterial cells. Particle counters, such as a Co
particle counter, permit the discrimination of
cles based on size so that particles the size of bac

15 there are no

are counted automatically. As long

nonliving interfering particles in the same size range
of bacteria, this is a rapid counting method,
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FACTORS INFLUENCING BACTERIAL GROWTH

The rates of bacterial growth and death are greatly
influenced by environmental parameters. Some envi-
ronmental conditions favor rapid bacterial reproduc-
tion, whereas others do not permit any bacterial
growth, Not all bacteria can grow under identical
conditions. Each bacterial species has a specific toler-
ance range for specific environmental parameters.
Outside the range of environmental conditions under
which a given bacterium can reproduce, it may either
survive in a relatively dormant state or may lose via-
bility. Loss of viability means the loss of the ability to
reproduce, which leads to death. The effects of enyi-
ronmental factors on bacterial growth and death
Tates can be seen as differences in rates of reproduc-
tion or death of a culture under varying environmen-

microorganism. Many laboratory and indllxstrial J]:‘?
plications use pure cultures of microorganisms This
facilitates the adjustment of the growth conditions s0
that they favor optimal growth of the particular bac
terial species. Similarly, in industrial fermentors.
which are large growth chambers (often thou§ands u—r
liters) used to grow bacterial cultures, conditions o
be adjusted to optimize bacterial growth rale..‘
thereby maximizing the production of desired bacte
rial metabolic products,

TEMPERATURE

- 5 7 g al-
Temperature is one of the most important factors

ENRICHING FoR Specipic BacTenia

By taking into .'t.'n_unnl the physiological characteristics
m: specific bacterial species or types, it is possible
design conditions Ilml.l‘n'ur the growth of those
bacteria. This is the basis of enrichment culture tech-
nique, a method used [.h Isalate specific groups of
pacteria based on designing the culture medium and
meubation conditions fo preferentially support the
growth of a particular bacterial type. Liquid enrichment
media tend to select the bacteria that are able fo grow
best among all the bacteria introduced into the media
For example, to isolate bacteria capable of metabo-
lizing petroleum hydrocarbons, one can design a cul-
ture medium containing a hydrocarbon as the sole
source of carbon and energy (see Figure) By doing
so, one establishes conditions whereby only bacteria
that ‘are capable of metabolizing hydmocarbons can
grow. Because other bacteria cannot reproduce in this
meditum, h;'dmcdrbun-ull}izin;; bacteria are thereby se-
lected, resulting in enrichment (increased proportions)

Incubate

ﬁ
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of the selected bacteria, Similarly, a culture medim
that favors the growth of Aulotrophic microorganisms
could be designed by providing ammonium ions and
carbanate as the sole source of carbon in the medium,
The design of an enrichment pricedure takes inio
consideration the composition of the médium and also
environmental factors, such as tempernture, sevation
pH. and so forth. For example, temperature can be
adjusted to 5 C o tavor the growth of microorganisms
that live at low refrigeratoe temperatures or 0. 37 C to
enrich for micro

nisms that are capable of growth
at the temperature of the hum
serated by shakir
growth of
enrich fe

1 body, Cultures may be
r by bubbling with

erd culture technique
which the growth of
che 1

mental conditions.

Inted with a sam-
A To establish an enrichment, a medtum is inoculated Wi 15T
3 A
ey for example, soil or water, that may contain Fi r\: ‘: i
+ {rcabation ©
With specific characteristics. The medium and the incal

tal conditions.

fecting rates of microbial growth. The temperatu™ |
It is a particular environmental parameter or in-

¥ o structure |
at which specific enzymes and cellular struct |

7 sanTEmA. BT eX
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teraction of environmental parameters that controls dL“pt‘miing on the specific chemical conli‘”?‘“i*’"’ ;ﬂ!l‘k-, microonzanisme capable of degrading pet : k,
the rate of growth or death of a given bacterial o

specified by the genome of the organism. The mm;, | o de
mum and maximum temperatures at which Trr L 3 pure cultures established. B, Enrichment st
croorganism can grow establish the Iel'l"_Pe’fw m“‘“'“‘k\"=\~'|!' support the growth of ""“;':T......m‘-umr-
growth range for that microorganism (FIG u-“,:l hm::;llum with petroleun hydmocarkn as s e
Within this growth range there will be an optif

. energy, hydmocarbon-degrading micorganis fack of e
growth temperat hich the highest rate of™ ey enriche (1t lask), Control showing ofl dick and 1
‘th temperature at which the highest 17
Production oceurs,

« ta dutcompete ] i I
" The desired microonganksms should be ablé ta N‘:h';-‘» ‘
Others in the sample and increase in number so they then &

species. Bacteria have parficular physiological prop-
erties that determine the conditions under which
they can grow. In nature, conditions cannot be con-
trolled and many species co-exist; fluctuating enyi.
ronmental conditions favor population shifts because
of the varying growth rates of individual microbial
Populations within the community of a give
tion. In the laboratory it is possible to adjust
Hons to achieve optimal growth rates for a

T the To=
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% vhat

L mrbun-degrading microorgantsms emulsifies l-h:p:l‘l':' :l.!l..- L
wu through the i b the flask, A r““f;,umr culture

degrader can be isolated from the enochs g

n loca-
condj-

The temperature growth range is defined by the
Biven

minimum and maximum temperatures at whi
microarganism can grow.

‘A—‘




298 { -1 AN
BACTERIAL KEPRDDIJLrIL.,ET N
——

CHMAPTER 10

Optimum

Maximum

Temperaturs

==
AG. 10-11 A, Microorganisms exhibit specific temperature growth ranges. There is a min
imal and a maximal temperature for growth. B, An incubator is used to control tempera

ture for culturing microorganisms.

TABLE 10-2

Bacteria Under Optimal Conditions

The optimal growth temperature is defined as the
temperature at which the maximal growth rate oc-

curs. This is the temperature that corresponds to the TEMFPERATURE GENERATION TIME

shortest generation time (Table 10-2). The ability of a i ORGANISM Q (MIN)
microbial species to compete for survival in a given | Mhermophile
system is favored when temperatures are near its op- Bucillus stearo- 6l 11

timal growth temperature. It is not surprising that hermoptiilits

the optimal growth temperature for most human Mesophile
pathogens is 37 C, the temperature of the human Escherichia coli 37 20
body. I.fdr'rfl'rl:: subtilis 37 27
Staphylococcus 37 28
6 AUrens
Optimal growth temporature is the temperature ot Streplocoee 17 a0
which the generation ime is shertest and tharefore i e
at which the maximal growth rate eccurs, luctis
Paesdormomas 30 45
iy . it
Different microorganisms have different optimal i Psychrophil
| ! v v o4 " - i LRy
growth temperatures (FIG, 10-12). Some mic TOOrgan- | Vibrio marinus ]:P 80
Extreme
thermophile
Thermophile

po
10 00730 4 50
——— Temperaiuieic)
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les, and thermophiles

HISTORICAL PERSPECTIVE

s>

Deer Sea THermar Vent Bactemia

the wark of Holger Jannasch established that microbial
setivities occur at very low rates in the deep oceans;
deep ocean sediments, in effect, are biological deserts
pecause of their low temperatures, high pressures, and
Jow inputs of organic matter. These rates are so low that
bologna sandwiches accidentally submerged inside
he submessible Alvin were not decomposed during
several months of exposure to microorganisms of the
deep sea.

What a surprise when investigators found an area of
avtremely high biological productivity at a depth of
1550 m in a region of thermal vents (subsea volcanoes)
off the Galapagos Islands. The thermal vents warmed
the waters, but what was the source of food supporting
the growth of worms several feet long and clams ¢
eral feet across? There was no light to support photo-
synthesis, and transport of organic matter from the sur-
face was unlikely. The most likely explanation was that
chemaolithotrophic metabolism by autotrophic bacteria
based on oxidation of hydrogen sulfide from the vents
was providing the organic matter to support the growth
af other organi (see Figure). Establishing that bacte-
tial chemolithotrophy was the source of organic matter
would be difficult; to reach the vents in the Alvin would
take hours, time on the bottom to carry out experiments
would be extremely limited, and working Alvin’s me-
chanical arms would be difficult. Nevertheless, this was
the task undertaken by Holger Jannasch and Carl
Wirsen of the Woods Hole Oceanographic Institution

A, hotograph of the

Jannasch and his associates were able to collect sam-
ples using Specialized pressurized chambers and refum
:‘I::tuu:aulru;:x:r-‘ru ti:v thermal vents to the laboratory
¥ == investigators found that all surfaces in-
!_vrmmunlh' exposed 1o H,-b-w:nmalrun_\: hydrothermal
fluid were coversd with mats composed of layers of
prokaryotic, Gram-negative cells interspersed  with
amorphous manganese-iron metal depos
ment cultures using thiosulfate as
made from mat material resulted in isolation:
ent types of sulfur-oxidizing bacteria, including the ob-
ligately chemolithotrophic genus Thiomicrospirg, These
studies established that chemalithotrophic bac
ported the productivity of the thermal rift region
Jannasch and other scientists then asked about the
maximal temperature at which bact 1 thermal vents
could grow. Bacteria were observed in waters COmINg
from the vents with kemperatures well in excess of 100"
C. Could bacteria a grow there or had the bacte-
ria grown elsewhere at lower temperatures? What was
the upper temperature limit at which bacteria can re
produce? Some scientists hypothesized that. since there
was liquid water because of the high pressures, bacteria
could grow at temperature ven SO0 C
Experiments w ncted by John Baross and
Jody Deming who incubated bacterial -.lmph\- from the
thermal vents in chambers under very high pressures at
temperatures of 2307 C. Because the chambers had to ne-
main sealed under pressure to maintain the tempera-

ey wea submarine AL VIN
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of Beggistos are abundant.

ture and prevent water from turning to steam, it was
possibl ple the chambers and culture bacteria,
Deming and Baross therefore measured protein and nu-
cleic acid content at the end of the experiment, both of
which appesred 1o increase. Based on these observa-
tions they reported that bacteral growth occurred in the
chambers incubated at 250° C. Their results were imme-
dhistely questioned by many scientists, Holger Jannasch
could repeatedly grow some of the bacteria from the
thermal vents at temperatures of 100° to 110° C, but not
at higher temperatures. No one was able to repeat the

isms grow best at low temperatures, Such organisms,
hroohil
known as p , have op I growth tem-

peratures of under 20° C. As long as liquid water is
available, some psychrophilic Microorganisms are ca-
pable of growing below 0° C. Psychrophilic microor-
ganisms are commonly found in the world's oceans
-:x_:d are also capable of growing in a household re-
;E.d-;a;:r where they are important agents of food

oiacs . ane microon:, that have optimal
peratures in the middle temperatyre
range 'bq:mem 2F and 45° C. Most of thl:' hnt::lt:t
mia grown in tnrru_ifmory microbiology laboratory
'c::.‘r.‘l‘:ﬁlc;n mesophiilic. Many mesophiles have an ap-
perature of about 37° C. Many of the normal

r;s.ldmi micriorganisms of the human body, such as
schericia coli, are mesophiles, Similarly, most human
Pathogens are mesophiles and thys Brow rapidly ang

an infection within the human body.

B, Colorized micrograph of deep sea thermal vent bacterial community; the filaments

experiments that purportedly demonstrated bacterial
growth at 250° C. Independent confirmation is critical in
science. Eventually it was shown by Art Yayanos at the
Scripps Institute of Oceanography. that the results re-
ported by Deming and Baross could be explained by
abiotic changes that occur at high temperature and
pressure. Bacterial growth apparently had not occurred
at 250°C. The initial report had not met the essential test
of the scientific method—that of repeatability by others.
The upper demonstrated growth temperature remains
about 110° C.

PR =

Thermophilic microorganisms are organism
with high optimal growth temperatures. Thermet
philes, such as Bacillus stearothermopliilus, grow at rel
atively high temperatures, often growing only ¢
A" C. The upper growth temperature for extrn®
thermophilic microorganisms, such as those found
deep thermal rift regions of the areas where volan
acti heats the ocean water under very high P
sure, {5 about 11(° C. Water will remain in a I':l]lml
state at temperatures above 100° C when it is 51
jected to high pressure, Thermophiles have "P".”ml
growth temperatures above 45° C and many e
mophilic microorganisms have optimal growthe
peratures of about 55° 1o 60° €. One finds them™”
philic microorganisms i o
SPrings and effluents from laundromats. HOWe'™!

many thermophiles can survive very low temp
tures, and viable thermophilic bacteria are routil
found in frozen antarct

such exotic places @
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FIG. 10-13

Drawing showing oxygen growth r
ultative bacteria in tubes of nutrient media. T

3o

Increasing axygen concenfration

gately fermentative) would be the same as that of facultat

of fermentation and respiration)

Psychrophiles have optimal growth temperatures of
under 20° C; mesophiles grow best between 20

ond 45' C; and thermaophiles grow best at higher
temperatures above 45° C, with 55 to 80 € often
being optimal.

Oxvcen

Another factor that greatly influences bacterial
gowth rates is the concentration of molecular oxy-
Ben. Bacteria are classified as aerobes, anaerobes, fac-
““-?liu- anaerobes, or microaerophiles, based on
their Oxygen requirements and tolerances (FIG. 1t-
). Aerobic bacteria (obligate aerobes) grow only
i Oxygen is available to support their respiratory
e bolism. In laboratory cultures and industrial
.nlch. cultures, oxygen is often supplied by forced
:.‘(l:':::mn OF mixing (for example, on a rotary -=|\‘1]M~.ri
'Pport the growth of aerobes, Anaerobic bacteria

3:; l:,%‘:tf‘a“aemb'-’s' grow in the absence of nmlucu.
”“"‘itniitl‘,:" Anaerobic hau.‘- a4 may carry ‘“i : I\_
St .!n-l .w anaerobic respiration to generate £ 3
Presen I-" robes have very high death rates I.‘.‘ -Hi
‘Ili[\tan‘a [_‘I oxygen, and such organisms are ter me :‘
il srieg erobes, Even the 1““,‘.”_\' exposure to '_11_r|:1'1__
hlnnl.ﬂlhl-:n.wlulws. Other obligately .11|.u~n1l'|u ll|;.,
N the I—.n.k:’ﬂ_‘ unable to grow, have low death rates
“'hi]t".\l-:]lt.l‘ of Oxygen + in the absence
of Mislacy| 1:\("‘. e oy ooy ml :. : u.'it as
Bl ey Oxygen, facultative anaerobes suct :

tive 4 1y facu
"'-‘Pu:ll:rdre-mh‘.s are capable of bath l}-r|m‘|\t.ln:'rl:::;:

e dn}d '””"‘l"'i_ml\- Some are capable ©

Anaerobic respiration,

AN grow with or without oxygen. M

Aerobes need oxygen to support their respiratory
metabolism and anoerobes grow in the chsence of
molecular oxy: rying out fermentation or

anoerobic respiration; focultative ancerobes grow
oerobically or cnocrobically.

Although oxyvgen is e
many Mmicrog
CTOOrgaAnism

N Con

oxXyg
known as microaerophiles, Mic
naximal

centrations are toxic to these

Oxypen can exist in sey reetic states, some
of which are more toxic than
enretic states, called singlet oxygen, is
: mely toxic to livir

s O these en-

hemically

reactive form that is extr
isms. Phospholipids in bac
can be oxidized by singlet ox
ane function and the death of

-vte cells

srial plasms
ruption of membr: : ac-
terinl cells. Peroxidases in saliva and ph

(blood cells involved in the defense mechanism of
the human body against invading microongant
accounting in part for the

renerate singlet oxvgen,
. terial activity of saliva and the ability of

antibac ‘ f : i
ells to kill invading microongan-

phagocytic blood ¢
ISms.

Singlet oxygen is chemically reactive and extremely

roxic to living ergonisms.
The conversion of oxygen to water oours w hen

as a terminal electron acceptor in s
I'his involves the formation of an

DXVZen serves
piration pathways
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METHODOLOGY

Growing CuLTURES OF AEROBIC AND AnasrOBIC BACTERIA
| Gimilarls; {he amino acid cysteine and other compounds
ming sulfhydryl groups can also be used 1
molecular oxygen from a growth medivum, Fop
liguid “cultures, nitrogen may be bubbled through the
medium to remove air and traces of oxygen, and then |
the culture vessel is sealed tightly to prevent oxygen
from neentering. '

There are many fypes of anaerobic culture chambers
that can be employed to exclude oxygen from the atmo-
sphere {FIG. B} Common farms of anaerobic chambers, |
sisch as the Gas Pak system, generate hydrogen, which
reacts with the oxygen as a catalyst within the chamber
to produce water. Carbon dioxide is also generated in
this system to replace the volume of gas depleted by the
conversion of oxygen to water. It is also possible to
combine several approaches to ensure absolute anaer-
obic conditions. In the Hungate roll tube method, after
sterilization of a prereduced medium (a medium from
which oxygen is excluded by the incorporation of 2
chemical that scavenges the free oxygen) within &
sealed test tube, the medium is rolled during cooling so
that the medium covers the inside of the test tube; the |
medium is then inoculated with a microorganism un-
der a stream of carbon dioxide or nitrogen and tightly
sealed with butyl rubber stoppers to keep oxygen out;
the develop aof microbial colonies can be seen on

|Seeranid

the tube surface, and individual cultures can be ob-
served without disturbing other cultures.

oy Ty

ditions in liguid

‘;’;‘:"""‘b“ﬁmhhh this miny be wsed to cultire s02t
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iltative anaerobes usu-
d superoxide dismutase
5 permit such microorgan-

move to
the fz
tive to

=

Halophiles ar

sodium chlor

d this enzyme

intermediary form of oxygen known as the superox-
je anion (O ), in addition to forming sin. oxy-

gen. The superoxide anion is converted I
peroxide and oxygen by the action of the enzyme su-
peroxide dismutase, which is produced by mos
obic and facultatively anaerobic bacteria. Superox
mutase removes the toxic superoxic
forms hydrogen peroxide (H,0.), which
The reaction that describes the action of superoxide
dismutase is:

rogen

d

20, + 2H* — H,0. + 0
Hydrogen peroxide is frequently used to kill bac-
for example, when hydrogen peroxide is ap-
to a cut to prevent infection. Some bacteria pro-
\1!1\.1'('“2_\'”'“"\ that destroy hydrogen peroxide. Cata-
lase converts h_\'dmg(-n. p-prmu!-‘ to water and
'i'“'i:l'“- The reaction that describes the action of cata-
a5 15: . Tl ek TaAR

2H,0. + 2H.O + O,

Moderoie hak

[manne organism)

Bacterial production of catalase can be demon-
'-ff-m-\i by adding a loopful of a microbial ¢ to S

sotution of hy drogen peroxide. The evolu

- :‘“H’lv-. oxygen, is evidence of the acti he E
“alase (FIG, 10-14) 3
i
4]
3% Soturcied
Vo SUPEROXIDE brine
w Sodium ion concentraton
Aerobe s " R R
| i-“‘ul!-ltu..- dnaerobe +
lic Waerophife h
_“‘]"!ﬂﬂtu Anaerobe
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FG. 10-14 Halophiles growing within salt
lakes often furn the water pink; this some-
times occurs in Great Salt Lake, Utah

Concentralion in moles/liter
[oH1 W]
10 10°
w0 10"
107 107
1o 107
10" 10
i 10
10% - - 10
107 107

10* - 10"
107 - 107
10" 107
107 1o
10° 10
10! 10"
10° 1o

FG. 1 cale i
017 pH scale showing PH values of some COmimon «

Examples

pH
0 Hydrochloric acid

1 Stomach acid

21 Lemon juice

3} Vinegor, colo, beer
4 Tomotoes
5} Black coffes

|
& Ir Uring

Saliva [4.5)

7 |‘ Distilled water

| Blood {7.4)
8] Sea woter
9t Boking soda
10}~ Great Salt Lake

11 F Househeld ammanic

12~ Bicarbonate of soda

13+ Oven cleciner

14" Sodium hydroxide
NaOH)
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Bacterial/fungal growth

Mast fungi ~

11
12-
13

14 -
Growth rate

ubstances

.t concentrations. The d.t.'}‘\l'r'g_' of sensitivity to saly
varies for different bacterial species Many bacteria
vill not grow at a salt concentration of 3% Same
sfrains of Staphylococcus, however, are salt toleran
and grow at concentrations g or than 10% NaC

This ph!'-lnhlgu'.ll adaptation in Staphylococens is im
~ortant because some members of this genus grow

n skin surfaces where salt concentrations can be rel-
atively high.

Aciomy AND PH

The pHof a solution describes the hydrogen ion con-
centration ([H"]). When bacteria are cultured in the
laboratory, they produce acids that can interfere with
their own growth. To neutralize the acids and main
\ain the proper pH, chemicals called buffers are in-
cluded in the growth medium. Peptones and amino
acids in some media act as buffers. Many media also
contain phosphate salts, which exhibit their buffering
effect in the pH growth range of most bacteria. They
are also nontoxic and even provide phu»-phnru- an
essential nutrient element.

Buffers neutralize acids and maintain the proper
pH.

Microorganisms vary in their pH tolerance ranges
[FIG. 10-17). The pH is equal to log [H'] or 1/log
[H*). A neutral solution has a pH of 7.0; acidic solu-
tions have pH values less than 7; and alkaline or ba-
sic solutions have pH values greater than 7. Most mi
tro-organisms grow best at near neutral pH. These
microorganisms are called neutralophiles or new-
trophiles. Fungi generally exhibit a wider pH range,
growing well over a pH range of 5 to 9, compared to
most bacteria, which grow well over a pH range of 6
109 (Table 10-4),

Although most bacteria are unable to grow at low
PH, there are some exceptional cases. Some bacteria
talerate pH values as low as 0.8, There ane even some
l‘-!clur'l.l. called acidophiles, that are resl ted to
Bowth at low pH values. Some members of the

H*"Il\uq Thiobacilius are acidophilic and grow only at
P

values near 2; they can grow in sulfuric acid

Alkalophiles are microorganisms that prefer to
5"'“ at high pH values. These microonganisms are
ind i alkaline environments that are high in
*dium such as salt lakes and soils rich in sodium
Ptbonate The alkalophile Bacillus {5 ETOWS
bestatpH 10,5

P"hsu:s

:::;‘.:‘h‘"" concentration of a solution affects ‘\:‘::,::\
"“"fl'lbrr Tessure that is exerted across :hrl ;_ “ : .]I_
Athvply dm’. The cell walls of bacteria make thern n

¥ resistant to changes in osmotic pressune but
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MINIMUM
| ORGANISM OFTIMUM  MAXIMUM

pH pH pH
ACIDOFHILE
14 2028 4060 |
1046 5866 68 |
NEUTRALOPHILE
44 80-70 80
6076 8540
S6 Hbt-T10 11
5h 71 93
carody
AL KALOFHILE
R-E5 105 1.0
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FG. 10-18 Cells respond to osmotic pressure. n hypotonic solutions, cells may burst.

reach a maximum. Although light intensities above
his level do not result in further increases in the rates
of pt ynthesis, light i ties below the optimal
level result in lower rates of photosynthesis

The wavelength of light also has a marked effect
on the rates of photosynthesis. Different photosyn-
thetic microorganisms use light of different wave-
lengths. For example, anaerobic photosynthetic bac-
teria use light of longer wavelengths than eukaryotic
algae are capable of using. Many photosynthetic mi-
croorganisms have accessory pigments that enable
them to use light of wavelengths other than the ab-
sorption wavelength for the primary photosynthetic
pigments. The distribution of photosynthetic mi-
croorganisms in nature reflects the variations in the
al':" ty to use light of different wavelengths and the
differential penetration of different colors of light
into aquatic habitats.

The :ﬁ:::phmmynlh.!'u is a function of light in-

Exposure to visible light can also cause the de
of bacteria (FIG. 10-19). Exposure to visible ligh!“:;:
Jead to the formation of singlet oxygen, which can re-
sultin I.hc death of bacterial cells, Some bacte
duce pigments that protect them against the lethal ef-
fects of exposure to light. For example, vellow, or-
ange, or mdu:‘:jat:tl?mfpi_mm-‘ interfere mti'; the
i on of singlet oxygen, prevent
i#ts lethal action. Bacteria possessing cnn:{‘mnd ;::;H
ments can tolerate much higher levels of exposure tn

ria pro-

sunlight than nonpigmented microorganisms. Pig
mented bacteria often grow on surfaces that are ex-
posed to direct sunlight, such as on leaves of frees
Many viable bacteria found in the air produce col:
ored pigments.

|
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=~
|

a3 5

E

g * Yellow
| i pigmented

53
|
| % - Nr.mplgi\liﬁ"""d
'3 4
E
E )
|
|
|

oA

| 0 | 2 3 4
| Time [hour)
e et L
G, 1019 Pigmentation is important in the abiity ¢

bacteria to survive exposure 16 light.

TUMMARY

scterial Reproduction (pp. 287-288)

Binary Fission (p- 287)

» Binary fission is the normal form of asexual bacterial
n‘pnl’U\'m“' and results in the production of two
equa size daughter cells. Replication of the bacterial
chromosome is required to give each daughter cell a
complete genome.

o A septum oOr Cr wswall is formed by the inward
movement of the plasma membrane, separating the
two complete bacterial chromosomes in an active
}—,n}[uln-lul]uit’lnj: process, physically cutting thechro-
mosomes apart and distributing. them to the two
daughter cells. Cell division is synchronized with
chromosome replication

Alternate Means of Bacterial

Reproduction (pp. 2 288)

+ Other modes of bacterial reproduction are predomi-
nantly asexual, differing in how the cellular material
{s apportioned between the daughter cells and
whether the cells separate or remain together as part
of a multicellular aggregation, Budding is character-
ized by an unequal division of cellular material. In
hyphae formation the cell elongates, forming rela-
tively long, generally branched filaments; crosswall
formation results in individual cells containing com-
plete genomes.

Bacterial Spore Formation (p. 288)

» Sporulation results in the formation of
sistant resting cells or reproductive
spores. Endospores are heat-resistant nonreprc wduic
tive spores that are formed within the cells of a few
bacterial genera; cysts are dormant nonreproductive
cells sometimes enclosed in a sheath. Myxobacteria
form fruiting bodies within which they produce prog
Ny Myxospores that can survive transport through
the air. Arthrospores are spores formed by hyphae
Iragmentation that permit n_-prm!uc'.lcm {increase in
cell number) of some bacteria

Bacterial Growth (pp. 288-291)

* Binary fission leads to a doubling of a bacterial popu
lation at regular intervals. The ger tion or doubling
time is a measure of the growth phase

Leneration Time (pp. 288-290)

* The time n_'llmr:;d to achieve a doubling of the p
lation size is known as the generation time oF dou
bling time

srowth

it
The generation time is a measure of bacterial g
rate.

* The generation time of a bacterial culture can be ex-
Pressed as:

t

33 (loga N log, o)

i.!-u.mm Growth Curve (pp. 291 -292)
The normal growth curve for bacteria
:11].1-:._-'-' lag, log or exponential, stationary
fing the lag phase, bacteria are preparing for e
Production, synthesizing DNA and enzymes for o

has fous

it
and death

division; there i

n increase in cell numbers, During
m of bacterial biomass in-
me; this phase determines the
time. Bacteria reac

station-
to new teditm
phase then:

the proese

bactera

Factors

Influencing Bacterial Growth {pp 296-306)
k al

m temperatunes at

w these extremes of
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which microonganisms can. g
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wemperatite at n'l:ch growth ocours pstablish the
Sempera ywit Tange

» Sevoral ::-5%:“ of bacteria are defined _hwlri' ‘::
optimal growth femperatunes. ps}'chrt:‘phﬂo.:- -1.

| growth temperatures of under -i'{’ £y mv.ﬁ;—
philes have optimal growth temperatunes in lhg: mid-
die range (20" 10 45° Cl: and rhvrﬂw[‘h_lil‘-* grow oph-
mally at higher temperatures, above 45" C.

y . 301-303)

?ﬁnéswmr;\umams grow only when oxygen is
avallable (respiratory metabolism). Anaerobic mi-
croorganisms grow in the absence of molecular oxy-
gen by fermentation or anagrobic respiration. Obili-
kame anacrobes grow only in the absence of molecular
exygen. Facultative anaerobes can grow with or with-
out oxygen and are usually capable of both fermenta-
tive and respiratory metabolism. Microaerophiles
grow only over a very narmow range of Oxygen con-
centrations; they require oxygen, but high concentra-
tions ame toxic. ) :

* Microorganisms possess enzyme systems for detoxi-
fying various forms of oxygen; catalase is involved in
the destruction of hydrogen peroxide; superoxide
dismutase destroys the toxic superoxide radical

Salinity (pp. 303-305)

» Most microorganisms cannot tolerate high salt con-
centrations, but some salt-tolerant bacteria, such as
Staphylococciis, will grow at high salt concentrations
Halophiles require sodium chloride for growth and
extreme halophiles can grow at very high salt con-
centrations.

o AND GROWIH OF MCROORGANINS.
EHARTER 10 BACTEOAL EPODICTE—— :

Acidity and pH (p- 31.;; .
o The pH of a solution describes

Pres
» E

GANISMS

ts hydrogen ian con.
contration. Microorganisms vary in their pH gl
ance Tanges, with fungi generally exhibiting a Wider
pH range (5 to 9) than bacteria (6 to 9),

. \Juulra]ll[:‘]\l]t‘ﬁ grow best at near neutral pH. Add,,

philes are restricted to growth at low pH valye
Some acidophiles grow only at pH 1-2. Alkalophiles
grow best at high pH values

ure (p. 305)

reme osmotic pressures can result in microbil
hrink and become desiccated iy

death because cel
hypertonic solutions; In hypotonic solutions, cells
may burst. Osmotolerant microorganisms can grow
in solutions with high solute concentrations. O
mophilic microorganisms require high solute concen.
trations

« Hydrostatic pressure is the pressure exerted by a col-

umn of water as a result of the weight of the water
column (10 meters water 1 atmosphere of pres-
sure). Most microorganisms are relatively tolerant to
hydrostatic pressures in most natural systems, except
deep ocean regions.

Light Radiation (pp. 305-306)
+ Exposure to visible light can cause death of some mi-

CHOOTgANISINS; SOme Microorganisms produce pig-
ments (often yellow-orange) that protect them against
the lethal action of light radiation. Photosynthetic mi-
eroorganisms require visible light to carry out metab-
olism and the rate of photosynthesis is a function ol
light intensity.

CHAPTER REVIEW

Review QuesTIONS

1. Define bacterial growth.

2. What is binary fission?

3. How are microorganisms classified based on optimal
growth temperature?

i. Define pH .mfi explain its relation to microbial growth,

5. Define psmotic pressure and explain its relation to mi-
crobial growth,

8 Hmr_ are microorganisms classified based on oy
fequinements?

7. How can axygen be toxic to cells? How do cells protect

S themselves from these toxic molecules?
What are the phases of microbial growth?

9. What I8 generation time?

10 Describe some direct and indi
bial growth.

Il What are the similarities and differences between bac-

yien

rect measures of micro-

17. How long would it take a

teria growing in the environment and those in a con
tinuous culture?

12. What are the advantages and disadvantages of the ¥F

able plate count method to assess bacterial numbers?

13, What are the advantages and disadvantages of the di

rect microscopic count method to assess bacterial num

bers?
14. What special requirements do bacteria need to survit®

in very hot environments? In very cold environments

15, Describe the different parts of the bacterial P-“’“"h <

ele. What is happening in the cell and in the populatio®
of cells in each phase?

16. What does exponential growth mean? What is happe™

Ing during the exponen:

srowth phase?
e bacterial cell to I
a generation time of 30 minules

it

1000000 cells if it had

B i i _ CHAPTER REVIEW 309

CRITICAL THINK G QUESTIONS

1. Suppose you wanled to isclate a microorganism that

was a mesophilic, degraded cellulose and was mj.
croaerophilic. Whot conditions would you hove 1o
pmiidﬂ lo isolate such a microorganism in the lobo-
rofory? Where would you obiain the inoculum for es-
ioblishing the culture?

. Some bacteria that live in deep ocean walers are ob-

ligate borophiles that tend fo lyse or rupture when
brought to normal atmospheric pressures. What spe-
ciol requirements would these bacteria need to suryive
in their high pressure environment? Why can't they
survive af the ocean surface? How can they be cul
tured in the laboratory?

3. Why would you want o distinguish betwsen the num-

bers of live baeleria and dead bacleria in popule-
o

fion? How would you go obout deing this? How

would you degl with viable nenculturable bocterio?

4.t \okes about 40 minutes fo replicate the bacterial

chromasoms. Given thal every doughter cell formed
by binory fission must have a complete baclerial chro-
mosome, how can some bacteria reproduce avery 30
minutes?

5. Why does the clinical microblolegy labaratory am-

ploy o many different methads for isclating and iden-
tifying pathogenic microorganisms? Why cont one
set of standardized conditions be employed?

Atlas M and R Bartha: 1993. Mic

lipids of a deep-sea bacterium to changes in hydros

READINGS

3, Menlo Park, C

TEI101-1103.
< e physiological effec
teria and the role of their memt

this ertoinonment.
Dweorkin M: 1985, Developmental Biology of e Bacteria. Menlo Park
LA Benjamin/Cummings.

Descrilies the special features of bacteria
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In this chapter we will:

« Leam that microbial populations can be controlled by
limiting growth or increasing death rates.
+ Examine the factors that control rates of microbial

growth and death.

» See how physical enviranmental conditions can be
modified to control microbial populations.
+ Study the chemical approaches for killing or preventing

microbial growth.

+ Review various types of che

micals used to control

microorganisms, including pathogens.
+ Learn the following key terms and names:

algicides

antibiotics

antimicrobial agents
ics

bacteriostatic

chloramination

decimal reduction time (D
value)

desiccation

disinfectant

dry heat sterilization
ethylene oxide
sterilization
fungicides

fungistatic

ermicides

i iciency particulate
air filters (HEPA
filbers)

high temperature-short
time or HTST process

incineration

infrared radiation

low temperature-hold
(LTH pmcn:s:::

ozonation

pasteurization

preservative

quaternary ammanim
compounds (quats)

sanitizer

shelf life

sporicidal

sterilization

thermal death point (TOF)

ultra high temperaturt
process (UHT process)

virucides

P
oN‘I’ROl. OF MICROORGA
CAVIRONMENTAL SRCTORN

gates of microbial growth and death are greatly in-
uenced by several environmental factors. Some en

il 7
vimnmental conditions favor rapid microbial repro
Juction; others |‘|-L.L-]ml.- microbial growth or even

pesult in microbial death. Each microorganism has a

certain tolerance range for specihic environmental pa-
rameters. Outside the range of environmental condi-
tions under which a given microorganism can repro-
duce, it may either survive in a relatively dormant
sate or may lose viability, Loss of viability means

that it will lose the ability to reproduce and conse-

quently die
" By adjusting environmental conditions, one can
increase the death rate of microorganisms. This is an
important consideration when tryi

to kill microor
ganisms. The ability to kill microorganisms is very
important in many instances, such as when trying to
1 foods so
that they do not spoil, and when it is necessary to to-
fally eliminate microorganisms from p':\.arn\.-:wulu-

reduce the numbers of microorganisms

cals and medical instruments to make them sterile
{free of living organisms) and safe for use with pa
tients. Microbial populations also may be physically
removed or excluded so as to limit the numbers of
microonganisms that can multiply.

_Mi(robiul populations can be controlled by modify-
ing environmantal conditions.

It is also possible to alter environmental condi-
fions so that microorganisms do not die but also do
not reproduce. This method is used for the preserva-
tion of microorganisms, such as in culture collections
and food preservation, and for preventing spoilage.
Many times the conditions needed to heat sterilize a
product alter the texture and color of the desired
product. 1t is for this reason that we use freezing 1o
preserve many foods whose taste and textural quali-
lies are destroyed if sterilized at high temperatures
_ There are many factors that determine the effec
fiveness of a particular t in controlling microor
Banisms, These factors include the type of microor
anism, the amount and type of mat jal to be
treated, the duration of the treatment, the concentra-
:::‘: f‘: .“‘l"n.\il_\ of the agent, and environmental fac-

Ssuch as pH, temperature, and water av atlability.

PYsicaL ExcLusion or REMOVAL O
ICROORGANISMS
;EHI\I\I“‘I;“\." method for controlling microonzanisms
e IT:\‘.""WJ“\' excluding them i
Rases, t_‘l'“\“\'u 11.|u'n-mgn.nn;!n:‘ from lic Spes
senerally, filtration is _|f.-m|1]|[l-il|_'1.1 by pa

tration can be
|ui.§-; and

ISMS BY PHYSICAL

1 such filters.

ms are eliminated

be removed from air by

high efficiency particulate air fil-

Ve p

mater-

ch a

decrease
e
ha
woun

with patients wt

wwmmw

Duting the Crimean War m the 18508, poor sanitary
conditions led fo the rapid spread of typhus. More
soldiers wene dying of disease than as a dinect fesull |
of warfare. Flotence Nightingale was called on to
help in the military hospitals. She attemprted to create
anitary conditions, believing in the healing powes of |
pure air. Her reforms in haspital sanitation ssarkedly
improved the survival mie of patients and lismited .
the further spread of disexse Althaugh Nightmgalt
hasd only contempt for the geem theory of Jisease,
the sanitary conditions she fiomtered workd because
she was shemming the spread of dispase-CIuSINg M-

CTOOTRANESTES. _._I

l .




n

fsms, many items that ane free of mimmrgnni.ﬂn?s are
kept sterile by wrapping them in paper. pln?rlr. or
foel. Such wrappings are |mr\>rmuabh-_h- microor-
Ranisms and prev ent recontamination. For (“JI‘E1P||.‘.,
foode ane rm'kagui in cans, fars, or other cuntm.ncrs
that prevent contamination with microorganisms
that could contaminate the foods, causing them to
spoil and rendering them a threat to human health.
Similarly, syringes, needles, scalpels, and other med-
ical instruments are sealed in sterile packages, as are
Petri dishes, pipettes, and many other items used in
the microbiology laboratory. Surgical gloves and
gowns help prevent microorganisms from passing
from one person to another, especially during surgi-
cal procedures or where a hospilal worker comes in
contact with a patient that has a contagious disease

HiGH TEMPERATURES

Temperature is one of the most important environ-
mental factors affecting the rates of microbial growth
and death. Temperature influences the rates of chem-
jcal reactions by altering the three-dimensional
shapes of proteins, thereby affecting the rates of en-
zymatic activities. Heat can kill microorganisms by
denaturing their enzymes. Consequently, high tem-
peratures can be used to kill microorganisms in order
to control their proliferation. At temperatures ex-
ceeding the maximal growth temperature, the death
rate exceeds the growth rate. The higher the temper-
ature above the maximal growth temperature, the
higher the death rate for that microorganism.

Temperature influences the rates of chemical reac-
fians by affecting the three-dimensional configuro-
tion of proteins and thus enzymatic activity; high

o kill microorganisms by denaturing
their enxymes,

High temperatures can be used to reduce the num-
bers of microorganisms or to eliminate all viable mi-
croorganisms. When using heat to kill microorgan-
isms, the degree of the microorganism’s heat resis-
tance must be considered so that the correct ex posure
times and temperatures are used, Heat resistance
varies among different microorganisms; these differ-
ences can be expressed through the concept of ther-
mal death point. Thermal death point (TDP) is I.hl.'
lowest temperature required to kil all of the mj-
croofganisms in a liquid suspension in 10 minute

Heat is the most widely applicable and effective
agent for killing microorganisms and also the
economical and easily controllid

The heat killing of microorganisms can be de-
:cnhcd by the decimal reduction time (D value)
(FIG. 11-1), D is defined as the time required for s teq-
fold reduction in the number of viable cells at a given

most
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FIG. 11-1 The D value s the time in minutes needed to re-
duce the number of viable microorganisms by a factor of
ten (one log unit).

temperature, that is, the time required for a lo
duction in the number of microorganisms. This
time required to bring about a 9
numbers of viable microorganisms. As the tempera-
ture is increased above the maximal growth temper-
ion

, reduction in the

ature for a microorganism, the decimal reduct
time is shortened. The decimal reduction time varies
for different microorganisms. In the food industry
the decimal reduction time is important in establi
Ing appropriate processing times for sterilizing ood
products

The D volue describes the rate of death ot a given
temporature.

Pasteurization

Pasteurization is a process that uses relatively brie!
exposures to moderately high temperatures to &
duce the numbers of viable microc yrganisms and 10
ehiminate human pathogens (FIG, 11-2). Such proce
dures prolang shelf life and ensure safety of the food
a8 long as human pathogens are eliminated. A pa&
teurized food, however, retains viable microorgal”
1sms, which means that additional preservatio’
methods are needed to extend the shelf life of the
product. These other preservation methods, such ¢
refrigeration, are used to reduce the growth rates 0f
the surviving microorganisms, Pasteurization
milk, for example, is required by law in the US W
eliminate pathogenic bacteria, namely Brucelld 5P
Coxielle  burnetii, and Mycobacterium  tubercule™®
These bacteria are associatid with the transm
of disease via contaminated milk. They are relativel!
sensitive o g and p.-.-h-\llh’-‘

ission

slevated temperatu
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1TH (63 )

4 \HTS] [71.55C

1\

Log number vioble calls.
~

20 %0

Time (mins)

AG. 11-2 Pasteurization reduces th,
microarganisms and eliminates hu
same meduction of viable microc
to 63° C for 30 minutes as is accomy
71.5° C for only 0.33 minutes. The
TH) pasteurization process uses 63° C and the
perature-short time (HTST) pasteurization proc

5C

fion is, therefore, normally achieved by exposure of
milk to 62.8° C for 30 minutes (low temperature-hold
or LTH process) or 71.7 C for 15 seconds (high tem-
perature-short time or HTST process). Milk pro-
duced in the United States is normally preserved by
pasteurization and requires refrigeration to extend its
shelf life,

P\.:llcuriznriun uses brief exposures to moderately
high temperatures to reduce numbers of viable mi-

troorg s and oli human pathog v
does not elj all viable microorg
Sterilization

Bhste s @
lerilization is the complete elimination of hving oF-
"

BMisms. In many microbiological procedures, high
“Mperatures are used to kill all viable microorgan-

5 that is, to sterilize materials. As long as

;m.- no t‘"ll“-‘-p“"l‘-lurnuu,; bacteria, boiling ¢
oy Tinutes is adequate to eliminate microonian
(8 from water. When the potential for the contam
.l_mtmu of water supplies with enteric p.n'.i'\ N OX-
:::‘t-“'r‘“lllmﬂ ensures the bacteriological safety : if |."u:
Mrdpd I” many cases, higher I|-|n;wr.|h|r\l~ j.| a

O ensure that all microorganisms, INCIVAITE

i
dospore pProducers, are killed

ot s .
terilization eliminates all living organisms.

B fpe
it rlp“"'" heat destroys the quality of milk, for £
!‘mr;ll' boiling alters the smell and taste of milk, but

*Posure to high temperatunes kills all the mi*

an

croorganisms in milk

vithout destroving its qu
Y ] estroyving its quality
'r|‘t‘ u||l:‘-! high temperature or UHT process, exp-
SUre to 141 2 :
1L lor 2 se - 2
Sterilized milk § I-Jlml ;'“]k
era Uro-
een ntroduced in the
etinite shelf life, provided

onds is used to s

marketed in se
Pean cour

angd

lates. It has a

men: al structure
Dry heat sterilization requires
h )

high te

1 in incineration, a

s usec

and dispose of o

dress ¥ dISpose

1abie MICTOOTEA

Dry heat sterilizotion uses higher temperatures ond
often takes longer thon moist heat sterilizotion.

ilization proce
is at least
C o

endospores (FIG. 11-3). Cult
ical labara = are normally prep.

wurs and kills

o o steam unde
wber that «

Iv a ch
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Door handles

|l — Pressure regulator

Wi

= StemiuTy TEsTING

‘of sterility is an important quality control
Auloclaves have pressure gauges and
 that monitor the sterilization operation.

: suppl 1 with § 1}

| affer adequate exposure to elevated temperature, the
" chemical spells oul the word STERILE or
(see Figure). In this way the proper
of the sterlizer is monitored and,
" ﬁwmmﬂmﬁﬂhm}y

"

b5 y
mﬂ’ showing sterility check with special heat-sensitiv®
e flask is before steritization and right flask i after att
aving. The heat sterilization eauses the letters on the tape
Ppear, indicating that the media has been autoclaved.

OBIALGROWTH ANDDEATH T ——

) -ess, the medium 15 expose ko,
{zation process posed to steam at 4

emperature o :
pnllﬂd’” per square inch pressure) for 15 minutes in

un autoclave

1217 € (which corresponds to 15

An autoclave is an opparatus in which objects or
materials may be sterilized by steam under pres-
sure at temperafures over 100" C.

Canning
Canning is the use of heat followed by maintenance
of anaerobic conditions (FIG. 11-4). In this preserva-

E'G' l_‘" Canning is widely used to preserve foods and
*Eep them free of pathogenic microorganisms. Canning in-
Volves heat killing of microorganisms and hermetic sealing
Under anaprobic conditions to prevent recontamination

angd spoilage.

CONTROL
£I0 OF MICROORGANISMS BY PHYSICAL ENVIRONMENTAL FACTORS

ns

ton method the high temperatire exposune kills all
the MICroorganisms in the product, the can or jar
as a physical barrier to prevent recomtamination of
the product, and the anaerobic conditions prevent
m’ld.!lmn of the chemicals in the food. | Xposurne to
15" C for at least 15 minutes is generally considered
necessary in home canning to ensure k
dospore formers in moderate acid (pH 4
acid (pH 5.3-7.0) foods (Table 11-1)

aeis

Hing of en-

-5.3) to low

ctl.lllllﬂg is o food preservation methed in which
suitably prepared foods are ploced in glass or
metal containers that are heated, exhousted, and
hermetically sealed,

Particular concern is given in canning to ensuring
sterility of such foods because of the possible growth
of Clostridium bot

and the seriousness of the
disease botulism. Somewhat lower temperatures, for
example, exposure to 100° C for 10 minutes, are often
employed in the home canning of acidic (pH less
than 4.5) foods. This can be d

e in part because of
the lowered thermal resistance of microorganisms

under acidic conditions and because of the fact that
C. botulinun is unable to grow at low pH values

The canning industry typically heats food at 121
C for 2.52 minutes. This is 12 times the D value for
the endospores of C
the probability of the survival of C. botulimum en-

it and therefore reduces

dospores to 10 Thus, if there were ong spore in
every can, the probability of contamination remain-
ing after processing should be reduced to one in
every trillion cans. Heating at 1217 C for 2.52 minutes
therefore should ensure the safety of canned foods
with respect to }‘l“-r-ll‘h.' contamination with C. botu-
linunt. Several commercial canning operations that
have not adhered to the necessary standards and
whose operations resulted in outbreaks of botulism
have been put out of business. Most problems occur
with home canning, where a lack
care can result in insufficient heating.

of knowledge or

SPOILAGE AGENTS

PROCESSING
<UDy ciass pH  REPRESENTATIVEFOODS srocssn |
Nund(‘id-]u\\' acid 67 Beans, peas, carrols, beets, Ml‘;“?}u:,!'“m ) t‘]:l, o

' ASparagus, potatoes, poultry, Clostradiunt spp.
beef, fish, low acid tomatoes e [
I i .
J\:ldiﬁmoc!vrntul\- acid  4-5 Tomatoes, pears, peaches, oranges. Aciduric bacteria, fungi “::15 w
- apricots, apples, pi:mpphs, |
strawberries, sauer craut e
Highly 1 L ach i yoasts and athes fungi  Boiling water !
i, 3 Pickles, relish, vinega g |
"“N_._,______ - ¥ S iy % - |
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HISTORICAL PE_I!SPECT

DEVELOPMENT OF CANNING

IVE

etists day. Spallanzani in 1765 showed that begf
broth a‘:::ll'\cud gees:aboijed for an hour and sealed dig
not spoil. Appert applied to foods the resulls of Spal-
lanzani's experiments. Not being a scientist, Appert
probably did not understand why his method worked
or its long-range significance. It was not until almost o
half century later that Pasteur, in disproving the theory
of spontaneous generation, provided the scientific basis
for understanding why Appert’s canning method
works. Pasteur pointed out that Appert’s method, even
when modified by using temperatures below 100° C
and relatively short incubation times, was a practical

; gen- thod for preventing und
role of microotganisms in fer n method of canning, begun almost two centuries ago, is
mmd&ud by the premier sci- awidely used method for preserving foods.

ble ferments, Today, the

Low TEMPERATURES

Low temperatures limit the rates of microbial repro-
duction and thus can be used to prevent or to limit
microbial growth (FIG. 11-5). Refrigeration and freez-
ing are widely used to restrict microbial growth,
Samples collected in hospital wards for microbiolog-
ical analysis sometimes are chilled to prevent micro-
bial growth before reaching the clinical microbiolo-
gist. Many foods are kept in the refrigerator or
_fmtn prevent microbial spoilage. Most mesophil-
iE microorganisms grow extremely slowly at refriger-
alor temperatures (5° C). Although most pathogenic
microarganisms are unable to grow in refrigerated

E\.n: 'I'-S ﬂ::-‘ifmum is used 10 limit microbial growih
- ilmmun £ mpn::m, ncluding microbinlogical mp.
e PhOtograph, an preserved by refrigery.-

foods, C. botulinum type E will grow and produce
toxin. Psychrophilic microorganisms are also able to
grow slowly at 57 C. Thus, although refrigeration ex-
tends the shelf life of a product, it does not do so in-
definitely.

Freezing at temperatures of —20° C or lower pre
cludes microbial growth entirely, Freezing does not
kill most microorganisms, although some microbial
death may occur during freezing and during thawing
as a result of ice crystal damage to microbial mem-
branes. In fact, freezing at extremely low temperd-
tures is routinely used for preserving microorgan-
Isms in fype culture collections. Therefore, when
food is thawed, the microorganisms associated with
that food can grow, leading to food spoilage and po*
tential accumulation of microbial pathogens and tox
ins if the food is not promptly prepared or consumed
Not all food products can be preserved by freezing
because of the damage that may occur to the food 45
a resull of ice formation. Desiceation of frozen foods
(freezer bumn), although not a microbial spoilig®
Process, causes serious quality defects.

Low temperatures limit rates of microbial reprody®

tion, Temperatures below 20 € preclude mierobiol
growth entirely.

Unce thawed, it is generally not advisable to ™
fl\'(e;*.l.‘l food products, {1,—““"‘,“‘:”‘.1“,",‘}.\_ and refreed
ing d!ﬁn_lp{g. the texture of the food and in addition
Permits invasion of the food by microorganisms {hat
are normally restricted to the food surfaces. WhE"
thawed a second time, refrozen fopd products 'm:
mare prone to microhial spoilage than foods that ar
allowed to thaw only once ¥

[ 1978, containers of chocolate milk were delivered 1o
4 school in upstate New York. The milk was refrig, 4

nz

ReFRIGERATION Falls 10 Protcr Acamsy YERSINIA ENTEROCOLITICA

fuuds: Unfortunately, the children who drank the milk

over 4 holiday kend, but it was contami 4 with
Yersinia enterocoliticn; a disease-causing bacterium that
can grow at refrigerator temperatures. Incubation over
the weekend meant that each container of chocolate
milk was a culture of Yersinia. Fortunately, the ability of
a human pathogen to grow at refrigerated temperatures
{8 limited to few species like Yersinia enterocolitics. Oth-
erwise, refrigeration would not be useful for preserving

c % Yersinin icd
pain and other symptoms that rumu.llyrm characteris-
tic of appendicitis. In all, 200 children were afflicted.
One by one they reported to physicians, some of whom |
dingnosed these as cases of appendicitis, rather than the !
actual cause—a Yersinia infection. Appendicitisis notan. | |
infectious disease and would not afflict 200 children <i-
multanecusly, Ten appendectomies wene performed be-
fore the Gause of the disease was recognined.

RemovaL OF WaTER—DESsICCATION

Many foods are preserved by desiccation (removal of
water). Water is required for microbial growth. By
eliminating water or keeping surfaces dry, microbial
growth can be prevented. Exposed wood surfaces are
often painted to keep the wood dry enough to pre-
clude microbial growth. Canvas and other textiles are
preserved in temperate zones by the lack of water in
the air, but in tropical zones these same materials are
subject to biodeterioration because the humidity is
sufficiently high to permit microbial growth

r, is used
- ' ilize v freeze-dryving.
FIG. 11-6  Lyophilization, ¢ »s a higgh vacuum an
twag
Howing viability to be maintained

strument used for this process Use
limes (goes from the solid frozen S
imen without disrupting cellula

tate directly
r structunes, &

Because water is required for microbial growth,
many foods can be preserved by desiceation.

Although lack of available water prevents micro-
baal
death

rrowth, it does not necessarily accelerate the

» of microorganisms. Some micre WOrgansms,
therefore, can be preserved by drying. Active dried
» purposes. After the addition
arry out active metabo-

yeast is used for ba

of water, the veas

on) 15 a commaon

e used for pre-

1-6), During freeze-

to presenve microbial cultures. The in-
J Jow temperature so that water sub-
1. This removes water from the spec
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3 imati tis, wa-
drying, waler & remaved by sublimation, tha
ser i converted directly from the solid to the gas
erally eliminates damage to

phase. This process gend
micobial a-l"k‘s from the expansion of ice crystals.

water prevents icrobial growth but does
e nﬂcru':hl deoth rate, making

ﬂwwdm

Whereas some microorganisms ane relatively resis-
tant to drying, other microorganisms are unable to
survive desiccating conditions for even a short pe-
riosd of time. The ability to withstand drying can have
important pathogenic mplications. Muycobacterium
tuberrutosts is a classic example of an organism capa-
ble of withstanding severe desiccation and still re-
maining infective. In contrast, Treponema pallidum, the
bacterium that causes syphilis, is extremely sensitive
to drving and dies almost instantly in the air or on a
dry surface.

Some microorganisms produce specialized spores
that can withstand the desiccating conditions of the
atmosphere. Such spores generally have thick walls
that retain moisture within the cell. Many fungal
spores can be transmitted over long distances
through the atmosphere; some spores even travel
from one continent to another. The transmission of
fungal spores through the air is a serious problem in
agriculture because it permits the spread of fungal
diseases of plants from one field to another.

_.NEWSBREAK
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RADIATION

High-energy, :.l“‘!'?-\‘\"l\';’lt'I\}',th radiation di""’"F‘ls
DNA molecules. Exposure to such radiation May
cause mutations, many of which are lethal, I""‘!"’Sm.\-
to gamma radiation (short wavelengths of 10 i
10" nanometers), X-radiation (wavelengths of 1

to 10 * nanometers), and ultraviolet radiation (ylgr,
violet light with wavelengths of 100 to 400 nangmge.
\ors) increases the death rate of microorganisms ang
is used in various sterilization procedures to kill mi.
croorganisms. Gamma and X-radiation have high
|,w|\.'tr.!ling power and are able to kill microorgan.
isms by inducing or forming toxic free radicals (jons)
Therefore gamma and X-radiations are referred to as
jonizing radiations, Free radicals are highly reactive
chemical species that can lead to polymerization and
ather chemical reactions disruptive to the biochem
cal organization of microorganisms. Viruses and
other microorganisms are inactivated by exposure t
ionizing radiation (FIG. 11-7).

Exposure to radiation may cause microbial muta-
tions, induces the formation of toxic free radicals,
increases microbial death rates, and is used as a
sterilization method.

Sensitivities to ionizing radiation vary. Nonrepro-
ducing (dormant) stages of microorganisms tend o
be more resistant to radiation than growing organ
isms. For example, endospores are more resistant
than the vegetative cells of many bacterial species

FG. 117 foni -
s onizing radi I jeroord”
Isms, including \'il’t‘i_wﬁ vy K

on irradiation as a food preservation technol-
mmn after World War 11 when the US. Army be-
a series of experiments irradiating fresh foods for

in the field. Since 1963, the United States Food

and Drug Administration (FDA) has passed rules per-
mitting irradiation to curb insects in food and microor-
in spices, control parasites in pork, and retard

ge in fruits and vegetables. On May 2, 1990, the

FDA approved the use of irradiation as a safe and effec-
five muans to control 8 major source of foodborne ill-

SAFETY OF IrrADIATED Foop

————v——ﬁ

CONTROL
e T OF MICROORGANISMS BY PHYSICAL ENVIRONMENTAL FACTORS Ny

oppanents charge that the FDA, the World Health Or-
Baniza mhmnndthnudﬂrptmtrh‘lﬂhﬂy!ll :
g b promiote the tech
it S nigue an a way to dispose of nu-
To counter fears about radia tion, the FDA paints
out
that irradiation does not make food tadioactive. The
specified exposure times and energy levels of radiation
sources approved for food cannot induce radivactivity
in lh_rlund< Food irradiation does not leave a residue
that is harmful to people. It removes potentially harm-

pess—Salmonella and other  foodb b n
raw chicken, turkey, and other poultry, Food safety ex-
believe that up to 60% of all pouliry sold in the
United States is contaminated with Salmonells and that
all chicken may be contaminated with Campy-

ful pathogens and food spoilage mic

ing the irradiation process, the genetic material of bac-
teria is damaged such that they can no longer survive or
multiply. No radivactive material is ever added to the
product, The same technique is used to stetilize many

Tohacter organisms. Eating poultry ¢ i 1 with
these organisms may cause disease, with symptoms
ranging from a simple stomach ache to incapacitating

Jisposable medical devices.
The FDA requires that irradiated foods be labeled as
such so that consumers know what they are buying. A
datory logo was added in 1986. It consists of a sobid

tomach and i inal disorders, occasionally resulting
in death.

Although the FDA has concluded that irradiation of
food is safe, the public remains frightened by any use of
radiation. They are fearful that irradiated foods may be
contaminated and carry dangerous radioactivity. They
associate radiation with atomic bombs and nuclear ne
actor accidents like Chernoby! and Three Mile Island.
Action groups have formed to block the distribution of
foods sterilized by irradiation. Three states (Maine,
New York, and New Jersey) have banned or issued
moratoriums on the sale of irradiated foods. Irradiation

circle, representing an energy source, above two petals,
which represent food. Like the FDA, the World Health
Organization concludes that irradiation can: substan-
tially redic food poisoning. It sees the use of imadia-
tion as a means of reducing food cost because it can re-
duce food spoilage. The first major food irradiation
plants are currently under construction. The success
these plants will depend on o accep of the
products. You can expect 10 see foods labeled with the
FDA-required labels soon on the shelves of your food
market.

—_—

Exposure to 0.3 to 0.4 Mrads (million units of radia-
fion) is necessary to cause a tenfold reduction in the
number of viable bacterial endospores. An exception
1 the bacterium Micrococcus radiodurans, which is
Particularly resistant to exposure (o fonizing radia
tion. Vegetative cells of M. radiodurmts tolerate as
much as 1 Mrad of exposure to jonizing radiation
¥ithno loss of viability: It appears that efficient DNA
®Pair mechanisms are responsible for the high de-
Bree of resistance to radiation exhibited by this bac-
terium,

or sterilize

T paret
OMizing radiation is used to pasteurize
W 1\I.1.~'[t\

;‘f:'::]\' |’Irmluuls_ Most commercially produce =

dj.u'mp ates are sterilized by exposure IE’_}‘“““"""F'“

e R Foods also sometimes are sterilized in TS

Manner, Most such sterilization procedures employ

?;il‘:l'l:n Ir‘h!inlinn from “Co or ""Ce Hﬂ.‘ on, "Tr‘_“‘ll',
5 % €an be sterilized by using radiation doses ¢
U" 5.6 Mrads, :

l'\‘ﬁnl:i-ho Bamma radiation, ullra\.'iull'l.“ﬂl.“ ‘llhlf\‘:
SN0t have high penetrating power. Itis usefut i

killing microorganisms only on or near the surface
of clear solutions. The strong, germicidal wavelength
of 260 nanometers coincides with the absorption
maximum of DNA, suggesting that the principal
mechanism by which ultraviolet light exerts its lethal
offect is through the disruption of the DNA. Micro-
organisms have several mechanisms that can repair
the alterations in the DNA that are .'-Hl_e-ni by ex-
posure o ultraviolet light, limiting the effectiveness
of using UV exposure to control 1\1:\-nsl.r|‘1l |,‘.1.\|,1ui.l-
tions. Exposure o ultraviolet light sometimesis used
to maintain the sterility of some surfaces. In. some
hospitals, penchtops ane |11.1|11|A|nu_d bacteria-free
when not in use by using an ultraviolet lamp. The
ers involved in human exposunt 1o excess uitra-

dang ; de
\‘:ulvt radiation include blindness it light is viewed
directly.
i i i i i nly on of
Ultraviolet light kills microorganisms 0 i
near the surfoce of clear solutions by disruphing
thoir DNA.




I

CONTROL OF MICROBIAL
320

Lonig wavelengths of infrared radiation tu-.n‘:.e
Jengths of 10" to 10° nanometers) and microwa .
radiations (wavelengths greater than 1 rmnnmt|
ters) also have poor fmwlraling power. Inrr.lm-d_.!n:—
mn..-mwm'a- radiations do not appear to kill mic r-l,_
isms directly. Absorption of such long wave
: .on however, results in increased tem-
length radiation. howeve s
perature. Exposure a

to infrared or microwave 1
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Hons can thus indirectly kill MICrOOrganisms p,
exposing them 1o temperatures that are higher thay
their maximal growth temperatures. Because
crowaves ;_'.g‘nemll_\' do not ki]]. microorganisms d
rectly, there is some concern in the food industry
that cooking with microwave avens may not g,
quately kil microorganisms that contaminate fooq
products.

CONTROL OF MICROBIA
AGENTS

Chemical inhibitors are widely used to prn{\:cnt the
spread of disease-causing microorganisms. ]hc_\.- are
also used to preciude the growth of mi.crm_rgamr_u.'ns
that cause spailage of foods or biodeterioration of in-
dustrial products. Chemicals that kill microorgan-
isms ar prevent the growth of microorganisms are
called antimicrobial agents.

Antimicrobial ogents are chemicals that kill or pre-
vent the growth of microorganisms.

Various types of antimicrobial agents are em-
ployed to control microbial growth. Many antimicro-
bial agents are designed to block active metabolism
and prevent the organism from generating the
macromolecular constituents needed for reproduc-
tion. Because resting stages are metabolically dor-
mant and are not reproducing, they are not affected
by such antimicrobial agents. Hence, growing mi-
croorganisms are more sensitive than dormant
stages, such as spores. Similarly, viruses are more re-
sistant than other microorganisms to antimicrobial
agents because they are metabolically dormant out-
side host cells.

Antimicrobial agents are classified according to
their application and spectrum of action (Table 11-2),

I GROWTH BY ANTIMICROBIAL

Microorganisms vary in their sensitivity to particula
antimicrobial agents. The suffix -cidal is generally
added to indicate the ability of that particular agent
to kill microorganisms. A sporicidal agent, for exam-
ple, kills bacterial spores, a bactericidal agent kills
bacteria, and so forth. Other chemical agents ar
tagged with the suffix -static, indicating that growth
of the microorganism is stopped (but the cells are not
necessarily killed). A bacteriostatic agent inhibits the
growth of bacteria; a fungistatic agent prevents the
growth of fungi.

" Antimicrobial chemicals are also classified accord-
ing to their intended use (Table 11-3, p. 322), In par-
ticular, antimicrobial agents are differentiated based
on whether they can be safely ingested or applied lo
body tissues. The term disinfectant refers to antimi-
crobial substances that kill microorganisms on inan-
mate objects. Generally, disinfectants are too harsh to
be used on living tissues such as skin. Under appto-
priate conditions, a disinfectant may pmduct‘ com-
plete sterilization, that is, disinfectants may kill all
microorganisms. In such cases they are termed steri
izing agents. However, disinfectants may not inactl-
vate spores. A sanitizer represents a p.lrticu].\r kind
of disinfectant that is used to reduce numbers of bac
teria o levels judged safe by public health officials

TABLE 11-2

ACTION

Tnmuuhwhm’d

TERM
: EXAMPLES
Algicide Agent that kill
% al

w Agent that ki'll: ;-ﬁ:m Copper sulfate
Biocide Agent that kills living organisms Chlorhexidine, ethanol |
Fangicide Agent that kills fungi : Hypochlorite (bleach)
Cermicide ical agent that specifically kills IHSbUAT: Ethanol, zine pyrithione

. iaons ) pathogenic Formaldehyde, silver, mercury
Virucide 5'-'“:'\:;:: :Elrl:lsi::c ;“;‘L:"I;Mim Glutaraldehyde

ey lose the ability to Cationie detergents (Cepacol, fy}\l\ﬂl‘ll!

Inhibits the growth and reprodu

Fungistatic Inhibits the growth and !!prndncﬁ‘;: :: ?:ﬁl;"" Sorbate, benzoate |

Zinc oxide, cal

um propionate _ i

o CONTROL OF MICROBIAL GROWTH BY ANTIMICROBIAL AGENTS
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Discovery o Anmiseprics

The use of antiseptics to prevent infections was intro-
duced by Joseph Lister, an English Quaker and physi-
cian, who revolutiontzed surgical practice in 1867 by
introducing antiseptic principles (see Figure), The dis-
covery in the early 18505 of anesthesia and its adminis-
tration to patients made surgery much easier but, of
course, did nothing to reduce the incidence of postsur-
gical disease, which was often as high as 90%, especially
in military hospitals.

As a surgeon, Lister investigated various problems
relating to inflammation and pus formation and the co-
agulation of blood in wound healing. Lister knew that
in the 1840s, lgnaz Semmelweis, a Hungarian physician
who worked in maternity wards in Vienna, showed that
physicians who went from one patient to anather with-
out washing their hands were responsible for transmit-
ting childbed fever (puerperal fever), In an attempt to
minimize postoperative infections, Lister tried to have
his wards kept as clean as possible and to perform his
surgeries in an environment that was also as clean as
possible, but his patients still contracted hospital bacte-
rial infections at an alarming rate.

Lister was also aware that Pasteur in the 1860s
demonstrated that microorganisms in the air caused
fermentation and putrefaction and reasoned that these

Joseph Lister (1827-1912) recog)
curtail the development of fixtion He dievels
carbalic ackd (phenol) to tuat wonnds

————

samé microorganismes could also cause wound infer
Hons. Thersfore, if wounds could be kept free of mis
croarganisms, he thought, they would not become in-
fected. Lister experimented with solutions of carbolic
acid (phenol) a4 an antiseptic during surgery fo kill the
mucroorganisms, He first used bandages soaked in car-
balic acid to dress wounds due 1o compoun: fractutes
W diminish the Tikelihood of infection. Later he used 4
carbolic acid spray in addition to direct application of
this compound during surgical procedures. Lister
Quickly achieved amazing results and in 1867 was able
0 report marked decreases in rates of infection and
deaths due 10 infection. He eventually discarded the
practice of spraying after 17 years of trials as unneces-
sary, but he retained the pse of direct application. Lis-
ter's frequent modifications of his system and the fact
that many physicians and surgeons would not accept
the germ theory of disease caused many vears of delay
before Lister’s innovations received widespread appli-
cation. The evolution of aseptic surgery. preventing ac-
cess by germs 1o the operative site by the use of steril-
zation for gowns, drapes, and instruments was simply
the logical extension of Lister's work, making his
achievement one of the first great triumphs of applied
bacteriology in medicine

‘ ting the sntanination of wounds o
plios 4% ““r“;‘:::mm?“mﬂuum I:I proventing inhecnon TEES
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TABLE 11-3

Terms Used to Desc
i

ribe Antimicrobial Agents Ba

sed on Their Application
_ EXAMPLES

microoTganisms

on living tissues

T Agent prcd by microganisms ha nkibis o
e
.%&nmmp«mbﬂwmﬁolw-
.qféunﬂmldlﬁmmnninanmmwiﬁ"

A disinfectant that is used to reduce numbers of bac-  Ethanol
" feria o levels fudged safe by public healih officials

Penicillin, erythromycin, tetracycline,
cephalosporin

Mercurochrome, gentian violet, hydrogen peroy. |
ide, tincture of iodine, phenolics, ethanol |

Hypochlorite (bleach), formaldehyde, glu- |
taraldehyde !

Antiseptics kill or prevent the growth of microor-
ganisms on living tissues. The term antiseptic literally
means a substance that opposes sepsis, that is, a sub-
stance that works against putrefaction or decay. Such
agents have minimal toxicity to human tissues and
can safely be applied to body surfaces. They may be
toxic, however, if ingested. Antiseptics are widely
used to prevent disease by eliminating viable mi-
croorganisms from surface body tissues. Their use in
preventing disease is discussed in detail later in this

chapter.

Anlibiotics, which are substances produced by
microorganisms that inhibit or kill other microorgan-
isms, are used to treat infections within the body.
They were first discovered by Alexander Fleming
who observed that the bacterium Staphylococcus au-
retis would not grow in the vicinity of the fungus
Penicillium because this fungus produces the antibi-
ofic penicillin, Since the introduction of penicillin in
medicine about 50 years ago, antibiotics have revolu-
hlxuzed medical practice. Today many antimicro-
lmls are produced synthetically and the term antini-
erobic is often used instead of antibiotic. The role of
antimicrobics in medicine is discussed in Chapter 17.

Disinfectant; m;' icrobi 'ahj that kifl
g ects. Saniti -
:;e barcterial numbers to safe leluols. Anti:a-plics"
or prevent the growth of microorganisms on liv-
ing tissues, Antibiotics and other antimicrob
used Io treat infections within the body.

Foob Preservanves

F.oud preservatives are antimicrobial agents that pre-
;':_-t\-uw growth of microorganisms in food products,
i preserve food pmdu_ds against spoilage or
hwmm tion, The_)' are important for increasin
flife (preventing spoilage) of the food and for
mi ﬁ‘}: ?]r‘n;\;?m of disease-causing microqr-
in the food. The use of food preserva.
tives Is w 1 and rep an iz'lpmrta:t

means of preserving foods and other products. A va-
riety of food preservatives are used to protect differ-
ent food products against specific microorganisms
(Table 11-4). There is great public concern over fhe
addition of any chemicals to foods because of the
finding that some chemicals that were used as food
additives, such as red dye number 2, are potential
carcinogens. Still it must be remembered that the ef
fective preservation of food prevents spoilage and
the transmission of foodborne diseases. In the United
States the FDA is responsible for determining and
certifying the safety of food additives and must ap-
prove any chemicals that are added to foods a
preservatives.

Food preservatives are antimicrobial ogents that

protect a food against microbial spoilage or the

growth of disease-causing microorganisms.

Salt and Sugar

The addition of salt or sugar to a food reduces the
amount of available water and alters the osmotic
pressure. High salt concentrations, such as exist if
saturated brine solutions, are bacteriostatic—that &
they prevent the growth of bacteria. Salting is effe¢
tively used for the preservation of fish, meat, and
other foods, However, because of the association of
high levels of salt in the diet with high blood pr
sure and heart disease, there is currently great infé”
est in Iuh'i:ring the salt content of hmd!*--sug'""-‘ such
as sucrose, also act as preservatives and are effecti'®
in preserving fruits, candies, condensed milk, 3™
other foods. Some foods, including maple syrup ™"
honey, are preserved naturally by their high V8"
content, goF

Acids

r = » icrobid
Various carboxylic acids are inhibitors of micr
Brow th. .F._l“:“(‘; acetic, propionic, citric, benz
sorbic acids or the
tives,

oic, am

resery 2

their salts are effective food pr
the .{\.n examination of the lists of food additiv® o
@ various foods in your pantry will rapidly &

jes I

- et

—
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| PRESERVATIVES MAXIMUM __ TARGETORGANISMS  FOODS
propionic acid and propionates 0.32% Fungi R
Sorbic acid and sorbates D.2% Fungi Chﬁ.ﬂ;& i . mfe]l'
Benzoic acid and benzoates 0.1% Fungi MNEJ“:’::: e lﬁ. cakes
oo , relishes, soft |
sulfur dioxide, sulfites, 20— 300pem  Mickoncs ST
bisulfites, metabisulfites i Dried fruits, grapes, molasses |
Fthylene and propylene oxides 700 ppm Fungi Sities !
Sodium diacetate 0.132% Fungi Beead |
Sodium nitrite 200 ppm Bacteria Crived mests, fidh |
NaCl None Microorganisms Meats, fish |
| Sugar None Microorganisms Preserves, jellies l
| Wood smoke None Microorganisms Meats, fish i

vince you of the wide use of organic acids as preser-
vatives. The effectiveness of a particular organic acid
depends on the pH of the food. For example, at the
same pH, citric acid is less effective than lactic acid,
which in turn is less effective than acetic acid.

Propionates are primarily effective against fila-
mentous fungi. The calcium and sodium salts of pro-
pionic acid are used as preservatives in bread, cake,
and various cheeses. Lactic and acetic acids are effec-
tive preservatives that form naturally in some food
products. Cheeses, pickles, and sauerkraut contain
concentrations of lactic acid that normally protect the
food against spoilage, Vinegar is dilute acetic acid,
which is an effective inhibitor of bacterial and fungal
growth. Acetic acid is used to pickle meat products
and is added as a preservative to various other prod-
uets, including mayonnaise and catsup. Both of these
Preservatives, however, will prevent surface fungal
growth on a food only if molecular oxygen is ex-
cuded. ¥

Benzoates, including sodium benzoate, methyl p-
h.“'d“-‘x_\'bcnznatu (methylparaben), and propyl-hy-
drot_vbem:mtu mepyjp.'mﬂ_wn'l. are extensively used
3 food preservatives in such products as frut juices,
ms, jellies, soft drinks, salad dressings, fruit salads,
relishes, tomato catsup, and margarine. They are also
"Sed as preservatives in many pharmaceutical prepas
fations, -

Sorbic acid, used primarily as calcium, sodium, or
ﬁ:::-‘:nium I.\all.-; (for example, sodium .-aorbﬂft‘]n_:f
‘-.-n:( l.‘"l_‘_t‘ll\'(‘ asa pn»_u..m.w'qtn-u. at pH 4Th 1hnr1uc}t‘
5 q‘_“;\‘h- .qurhalr:h» inhibit fungi and bac ll.l’rl.'i..-l‘l i
-"pec; dimonella, - Staphylococcus, and .“I"]"‘b‘ "r: :
ﬁ\lul‘:ﬁ-‘-‘)ﬂrhﬂtcs are frequently .\\dd.t'd as prese '\

5 1o cheeses, baked goods, soft drinks, fruit juices,

syrups, jellies, jams, dried fruits, margarine, and var-
ious other products

Boric acid is used as a preservative in eyewash
and other products. The limited toxicity of boric acid
to human tissues makes it suitable for such applica-
tions. Boric acid is also used in urine collection jars to
prevent bacterial growth between the time of collec-
tion and analysis
Nitrates and Nitrites
Nitrates and nitrites are added to cured meats to pre-
serve the red meat color and protect against the
growth of food spoilage and poisoning microorgan-
isms. Nitrates are effective inhibitors of Clostridium
um in meat products such as bacon, ham, and
sausages. Recently, however, there is great concern
over the addition of nitrates and nitrites to meats be-
cause these salts can react with secondary and ter-
tiary amines to form nitrosamines, which ane highly

botuli

carcinogenic.

DisiNFECT
Various chemicals are antimicrobial agents that are
used as disinfectanks and antiseptics { Table 11-5) Dr-
infectants are used for reducing the numbers of mi-
crogrganisms on the surfaces of mamrm.tu objects
such as floors and walls. Many household \'il.'ﬂﬂllj._h'.
agents contamn disinfectants. Disinfectants are also
used to limit microbial populations within liquids;
for example in swimming pool water. Disinfectants,
are not considered safe for application to
human tissues or for internal consumption. If they
are used to destroy microorganisms from & consum-
able product, such as drinking water, their concen-

however,
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TABLE 11-5
pisinfectants and Antisepfics

TR

sedd isinfectant or antiseptic because of its toxicity to tissues. Deriva.
s hn‘?:,gh :plwnn dl’\lr?pmﬂ: Ll'.":.'ﬁ(\.l].mf.lgn:inal, and hexachlorophene are used as dis.
tives of phenc as y Apast
infectants and antiseptics, o :
Chlorination is extensively used to disinfect water: drinking water, swimming pools, and waste
i s Y 4 . 1 e
humu:lplmleﬂ‘lmtamdisinicdedb_\'u pareH o i :u _.ulx used
disinfect spas immi 1s, and cooling towers. lTodine is an eﬂ'ecn\? antiseptic;
; ophors are n::as dﬁzﬁgﬁ:ﬂu and antiseptics; the soaps used for surgical scrubs often |

contain iodophors. . A ;
Alcohols are bacteri icidal but are not effective against endospores and some
g o fU“SDT‘;E commonly used as disinfectants and antiseptics. Ther-

< and o;::i !sUPfUPﬂ-Tl are disinfected with alcohol, and swabbing of the skin with

aleohol is done before injections.

Formaldehyde is used as a preservative and disinfectant; glutaraldehyde is used to sterilize some
surgical equipment.

Heayy metals such as silver, copper, mercury, and zinc have antimicrobial properties and are
used in disinfectant and antiseptic formulations. Silver nitrate was used to prevent gunuso_cca!
eve infections. Mercurochrome and Merthiolate are applied to skin after minor wounds. Zinc is
used in antifungal antiseptics. Copper sulfate is used as an algicide.

Several dyes, such as gentian violet, inhibit microorganisms and are used as antiseptics for treat-
ing minor wounds.

T

Soaps and detergents are used to remove microorganisms mechanically from the skin surface.
Anionic detergents (laundry powders) remove microorganisms mechanically; cationic deter-
gents, which include quaternary ammonium compounds, have antimicrobial activities. Quater-
nary compounds (quats) are used as disinfectants and antiseptics.

Ethylene owide is an excellent sterilizing agent, especially for objects that would be destroyed by
heat: ethylene oxide sterilizers are used for the disinfection of plastics and linens, Ozone is a
powertul oxidizing agent; ozonation may replace chlorination for the disinfection of drinking
water; hyd de is a mil ic that is effective against anaerobic bacteria.

Ben [ i d antisep
ganic acids can control microbial growth and are frequently used as preservatives. Sorbic, ben-
zoic, lactic, and propionic acids are used to preserve foods and pharmaceuticals. Benzoic, sali-
cylic, and undecylenic acids are used to control fungi that cause diseases such as athlete’s foot

tration must be reduced before the product is con-

sumed.

Concentration and contact time are critical factors
that determine the effectiveness of disinfectants and
antiseptic agents against a particular microorganism.,
Mlcrom-gxmsms vary in their sensitivity to particular
antimicrobial agents. Generally, growing microor-
- are more it

Antimicrobial agents are chemicals that kill or pre”
vent the g h of mi i

a9

Disinfectants obviously should have high ,\zt'l"'m‘";

1 ¥ 4 g (0

dal activity. They should rapidly kill a wide range ;d
microorganisms, including spores. The agent shou!

C| 1 senice Of
be chemically stable and effective in the presence

mant stages, such as spores. Many antimicrobial
agents are aimed at blocking active metabolism and
o ism from generati ]

molecular cunsli:ﬁ::.b nl!lhiedg;nr m‘p:rr::zuu:fh::‘ca
cause vesting stages are metabolically dormant and
are not reproducing, they are not affected by such
timicrobial agents. Similarly, viruses are m
fant than other microorganisms to a

preventing the

agerts because they

wide host cells.

than i = g ? | s
o Mt e organic compounds and metals. The ability to P

trate into crevices is desirable. It is essential tha! ‘
disinfectant not destroy the materials to which e
applied. Furthermore, it should be inexpensive 2%
aesthetically acceptable.

an-

mare resis- Effnctive disinfectants kill o wide range of .ni:rlﬁf"
ntimicrobial g 8, including spores;: are chemically stabl®
i work in th & - n
¥ are metabolically dormant ot T¥ in the presence of organic compounds @

ma‘;uls: Penetrate crevices; are safe on surfoce®
ond are inexpensive and aesthetically P"‘c’”.g‘
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Two factors must be evaluated in determining the
tiveness of .aniisvptic?' the agent must produce
plfecti » antimicrobial .}cln'm and must not be toxic
1o living tissues. A particularly meaningful approach
for mmpﬂriN’, antiseptics that enc impasses the an-
simicrobial activity _dl_ni the toxicity to tissues is the
,;me[ntiun of a toxicity index. In the tissue toxicity
'“-,l, germicidrﬁ are tested for their ability to kill bac-
\eria and their toxicity to chick-heart tissue cells. The
toxicity index is defined as the ratio of the greatest di-
]utiun'u!' the product that can kill the animal cells in
10 minutes to the dilution that can kill the bacterial
cells in the same period of time and under identical
conditions. For example, if a substance is toxic to
chick-heart tissue at a dilution of 1:1,000 and bacteri-
adal for Staphylococcus aureus at a dilution of
1:10,000, the toxicity index would be 1,000/10,000 or
0.1. Typical toxicity values for iodine solution and
Merthiolate are 0.2 and 3.3, respectively. Ideally, an
antiseptic should have a toxicity index of less than
1.0, that is, it should be more toxic to bacteria than to
human tissue.

Antimicrebial activity and lack of toxicity to living
tissue must be determined for antiseptics by gener-
afing o toxicity index.

Halogens—Chlorine, Bromine and lodine

The halogens—chlorine, bromine, and iodine—are
effective microbicidal elements that are widely used
& disinfectants. Chlorine kills microorganisms by
disrupting membranes and inactivating enzymes
(FIG. 11-8). Various inorganic and organic forms
of chlorine are used for disinfection purposes
Hypochlorite solutions are commonly used in disin-
fecting and deodorizing procedures. Sodium hypo-
chlorite (Clorox bleach) is widely used as a house-
hold disinfectant. Food processing plants and res-

8 3
|B%
2
2
| E Chlorine |
£
g‘ 1
IS e T
0 1 2 '
Time [mins) |
S e 1
wmm] 18 Chiorine rapidly kills microonganisms and i
¥ Used for the disinfection of water.

taurants also use

Hray calcium and sodium hy pochlorite
solutions to disiy

; tect utensils. In some hospitals,
1ypochlorite is used to disinfect rooms, surfaces, and
nonsurgical instruments.

Chlorine kills microorganisms by disrupting mem-
brones and inactivating enzymes.

The germicidal action of chlorine is based on the
tormation of hypochlorous acid when it is added to
water. Hypochlorous acid releases an active form of
OXygen that reacts with cellular biochemicals. Chio-
fine gas condensed into liquid form is widely used
for such disinfection. Chlorination (treatment with
chlorine) or chloramination (treatment with chio-
famines) is the standard treatment for disinfecting
drinking water in most communities. It is also used
to disinfec lent sewage treatment pIJr‘H to
minimize the spread of pathogenic microorgan
Because most forms of chlorine are inactivated in the
presence of argani 1, this disinfection process
does not completely eliminate microorganisms from
the water.

The disinfection of water is very important be-
cause the same water supplies that are used as drink-
ing water often are also u for human waste dis-
posal. The outfall from one city's sew
plant often flows dos
intake of another city. When the di
ing water is inadequate, othe
ing before use, must be em
safety. For example, when flooding
sewage directlv into the water

reatment

tive disinfection procedures become necessary. Out-

breaks of diseases s
often occur if drinking water supplies are not oom

ted

pletely disinfe
mds containing

Campers often use 0

ite water sup-

chlorine to disinfect water T
ply may be contaminated with fe
ciated human pathogens. Halazo (
i ucainchlorimide

natter and asso-

dichtoramidobenzoic ac
examples of such chi ing COMpOUr

I » quite stable i
These organic chlorides, are quite stable in

tablet form, become active wher
halazone concentration of 4 to 8 mil

ed in water. A
ams per 1
g

L) safely disinfects water containir
i, the bacterium that causes ty phoid fever, wit
I 1 concentration of 12

(m

10 minutes. Succinchlorimide a
mg/L will disinfect water within it
ace vehicles to treat potable wake r‘

disinfect swimming poois.

uses iodine in sp
Chlorine is also used to

i chlorite =olutions are fre-

Liquid chlorine and hypochlorite solu ey
such purposes. A residual chlorine

L will achieve control of microbial
populations and prevent the nm]llpucangnht. of
: i . such levels of chio-
pathogens in swimming pools. Such Jevels ot chik

s harmless to human hssues, ak

quently used for
level of 0.5 mg/

rine are relatively
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. Coeentration and contact time ane critical factors that
| determine the cffectiveness of an antimicrobial agent
a particular Several standard-
» Hﬂpmudﬁuhmbunmphmdfurwnlum
the effectiveness of disinfectants. The classic test proce-
e wsed until 3 fisw decadies ago is the phenol coeffi-
Mmmﬂmul.whichisnlsoknnwnaswlmlk
acid, was the antimicrobial chemical used by Joseph Lis-
tor for p g infections following compound frac-
funes and for anfiseptic surgical practice. The phenol co-
efficient test compares the activity of a given product
' with the killing power of phenol under the same test
conditions.

To determine the coefficient, dilutions of phe-
ok and the test product are added separately to test cul-
tures of eus aureus or Salmonella typhi. The
tests are run in liquid culture. After exposure for 5, 10,

5. 10, 15 minutes

!mmﬂorm:mnmsiormmm

and 15 minutes, a sample from each tube is collecag
and transferred to a nuirient broth mediam, After incy.
bation for 2 days, the tubes from the different disinfer
tant dilutions are examined for visible evidence of
growth. The phenni coefficient is defined as the ratio of
the highest dilution of a test germicide that kills the test
bacteria in 10 minutes but not in 5 minutes to the dily-
tion of phenol that has the same killing effect. For ex.
ample, if the greatest dilution of a test disinfectant pro-
ducing a killing effect was 1:100 and the greatest dilu-
tion of phcn.ol showing the same result was 1:50, the
phenol coefficient waould be 100/50 or 2.0.

The phenol coefficient indicates the relative toxicity
of various disinfectants but does not establish the
appropriate concentration that should be used for
disinfecting surfaces. The Association of Official Ana-
Iytical Chemists (AOAC) use-dilution method, which

A‘iil:::’k’ & Dilutions of test disinfectant
7 3 g

Culture olter

expasure for

o a disinfuctant iy that of phenol for killing

his replaced the phenol coefficient as the standard
method for evaluating the effectiveness of dis]nlecln;-nl:.
establishes appropriate dilutions of a germicide for ﬂc:
wal conditions (FIG, B). In this procedure, disinfectants
are tested against Staphulococens aurens straim ATOC
6538, Salmonella choleraesuis strain ATCC 10708, and
Pseudomrionas aeruginosa strain ATCC 15442, Small stain-
fess steel cylinders are contaminated with specified
numbers of the test bacteria. After drying, the eylinders
ane placed into a series of specified dilutions of thu

0

test disinfectant. At Jeast 10 replicates of each

ot the test dilutions of the disinfectant ‘a’?x:!
“."' cylinders are (1) exposed to the disinfectant for 10
minutes, (2) allowed to drain, (3) transferned fo a =
priate culture media, and (4) incubated for 2 days Tﬁ’:
incubation the tubes are examined for gr:lwfh n‘! the
test bacteria. No growth occurs if the disinfectant is of-
fective at the test concentration. An acceptable use-
dilution is one that kills all test organisms at least 95% of
the time. i

Bacteriol
culture

I‘\(\
¥ e y
Agi, Stainless steel
l{"lv--r: 4
7. ,W im cylinders
/ .
il
_,..’
/ ) e T Transfer cylinders

Expose fo dilutions
of dlsmfecrur\l for
10 minutes

to growth medivm

»h.- ¥ -f = =
Determine proparhon
of ubes locking growth

jon ol a disinfoctant that shoold e

The use ditution method estabiishes the APPOF

Used
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0
0 2 4 10 20
Chlorine concentration (ppm)
AG. 119 Chlorination is used to control Legiomella in

cooling towers: chlorine effectively kills Legronelle.

though prolonged exposure can cause irritation to
thie eves and will bleach swimsuits.

Chlorination of water in air-conditioning cooling

towers i important to control populations of Le-
gonella  puenmophila, the bacterium  that causes
Legionnaire’s disease (FIG. 11-9). Qutbreaks of Le-
gionnaire’s disease have frequently been traced to
aerosols released from cooling towers that are then
dispersed through the air. It has also been suggested
that disinfection of home water heaters may be nec-
essary to prevent the multiplication of L. prewmoplila
and it subsequent release in aerosols produced by
shower heads. When excessive levels of L pne-
maphile are detected, shock treatment with calcium
hypochlorite ata du._w of 50 mg/L per day will lower
the concentration of this disease-causing bacterium
ko acceptable levels.

Generally, bromine is too toxic to be used safely
around  people. Hn_\\furer. organic-bromine com-
plexes are used to disinfect the water in swimming
pools, hot tubs, and whirlpools.

d lodine is a very L-ffecti.\'c antiseptic agent because
i s bactericidal and sporicidal so that it kills all type:
3 bacteria, includi 5 aldcy fiortive
of I - Including endospores. 11 is also ef
Against many protozoa. lodine is used in alcohol so-
lulmn_lhmu.!e of indine) and in combination \\'Iuh
organic molecules (an indophor). lodine comb
o 25 combined

polymers such as polyvinylpyrroli 3

iy ; > Polyvinylpyrrolidone is a par-

ularly effective antiseptic becayse b

pl cause the fodine is rp-
leased slowly. lodine is Iy i i
’ o EINE 1S Irequently applied to minor
wounds to kill microorganisms on the ski
vl . on the skin, therehy
Preventing infection of the wound. Normally it does
not seniously harm human tssyes but tinctire of jo-
dise stains tissue and may cause local skin irritag
and pocasional allergic reactions, i i
lodophers are less irri
and do not stain ¢

fective

tating than tincture of ioding
he skin surface. Antiseptic

CONIROLOF MICROBIALGROWTH ANDDEATH

iodophors are psed routinely for preoperative

i 2 , skan
cleansing and disinfection. Wescodyne and Bey

; aid Betading
are freque ntly used for preoperative d""“'\‘fﬁnn of
<kin and laboratory par.!piu'rn.lh,l. In surgical Proce.
dures, the surgical staff often scrubs with S0P .
pregn.lted with iodine, and the patient’s skin i the
area of the incision is normally treated with ioding
before beginning the surgical procedure. Betadip,
and lsodine are frequently used for this purpose, 4
standard surgical scrub with a 10% solution i
available iodine) decreases the cutaneous bacter;|
population by 85% and is particularly effective
against Gram-negative bacteria.

Phenolics

Phenol (carbolic acid) is probably the oldest recog-
nized disinfectant. Its use as a germicide in operating
rooms was introduced by Joseph Lister in 1867, Phe
nol and its chemical derivatives (phenolics) disrupt
plasma membrane: activate enzymes, and de
ture proteins, thereby exerting antimicrobial activi-
ties. Phenolics are particularly useful as disinfectants
because they are very stable when heated or dried
They also retain their activity in the presence of or
ganic material. Phenolics are commonly used for the
disinfection of hospital floors and walls.

Phenolics disrupt plasma membranes, inactivate en-
zymes, ond denature proteins. They are stable
when heated or dried and remain active in the
presence of organic material.

Cresols, which are phenolic derivatives of coal
tars, are good disinfectants, Although cresols are
only moderately effective against bacterial spores
and are disruptive to human tissues, they are useful
for disinfecting inanimate objects. The active ingredi-
ent in Lysol, a commonly used household disinfec
tant, is the cresol l'-phm-1_\'|plwrm] In hospitals the
commercial phenolics One-Stroke Vesthene and Wex
ide are used to disinfect emergency rooms and oper
ating rooms (FIG. 11-10). The distinctive aroma of
these phenolics gives many hospitals their characte™
istic smell. In addition to their use for disinfecting
floors and walls, phenolics are incorporated into e
phone poles, railroad ties, and other wood F‘Tn;hlf“
16 prevent microbial deterioration of the wood
Several phenolic compounds are widely used ant®
septics. Resorcinol (meta-dihydroxybenzene) is 00
about one third as active as phenol, but it is oth bae
tericidal and fungicidal, Resorcinol is used in the
ln-u?rm:nt of acne, ringworm, eczema, psoriasis: der
matitis, and other cutaneous lesions, It is usually 3
plied as a 107, ointment or lation, }-]m-.-l!\’ﬁurfi*""l i
commonly used jn mouthwashes and in overth®
counter drugs used for treating sore throats. ]'n.\-m-'l-
18 used in vaginal deodorants at a concentration
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FIG. 11-10 Hospital staff scrub to disinfect skin and reduce the

pathogens.

1% because of its antibacterial and antifungal activi-
tes.

Hexachlorophene is one of the most useful of the
phenol derivatives. Combined with a soap, it is a
highly effective skin disinfectant. Unlike most phe-
nolic compounds, hexachlorophene has no irritating
odor and has a high residual action. Hexa-
thlorophene is more effective against Gram-positive
Ih.‘m against Gram-negative bacteria. A 3% solution
b h“'"hh’1'l‘phl‘nv will kill Staphylococcus within 30
seconds, but up to 24 hours may be required to kill
L‘r.dm'm'g'm\"-‘ bacteria. Because most bacteria on the
skin are [;r‘““-F‘l!bili\'L‘. hexachlorophene, the active
Jgredient in pHisoHex, once was commonly used
% surgeons, physicians, and other health care work-
5 It was also used in the 1960s for daily bathing of
;_ftl::\hm‘:‘ to prevent fatal Staphylococcus infections.
r.“m‘,“\‘_t'l', it was found that frequent bathing of in-
Sy ith humchIumplwnv could lead to neurologi-
M.'_ ‘t“mdm’ and therefore this practice was largely

Sontinued.  Over-the-counter preparations  of
s:‘\";:.h{'\nm]:'hl?ﬂl_’ were banned in the United States
It.mj i' DA, !_\RIII hexachlorophene is still used for lim-
PUrposes in hospitals,
I.:;g:.;t:_ Lll.w of pHisoHex as a ~u|‘;;iu‘.1.l scrub 1"1.1“'
(seruhy *een replaced by the use of pm.uiuncl:o_‘l |::
I‘hl‘-’llll':"‘?"‘ form of Betadine) and Hi '|L.l. e
IL‘fh\-l- ’-'h ine gluconate). These two scrubs .1I:l .‘,1.
umnlur.;:t“_'”.‘it many |mI\'nus1}:.m::-'11\.~ mmf“_ﬂ" \;llm-
dite e in hospitals. I.I\;- antimicrobial ac hn.llj l. 1
; % already been discussed, Hibiclens is chemi
¥ Gifferent from other antimicrobials that are

e of tranterring

commonly used in the ted States. It maintains a
high level of antimicrobial activity in the presence of
organic matter, such as blood, and does not irritate or
dry the skin. Chlorhexidine is not a phenol, alth f
its structure and application res:
phene. It is frequently 1
and mucous membra
chlorophene. It is combined w i

hol for surgical hand scrubs and preoperative skin
preparation in pat
more rapidly than hexachlorophene and is equally
persistent on the skin. The skin does not absorb it,
and no toxicity has been reported. Iis killing effect is
membrane. It is ef-
bacteria, but not

s. In such applications, it works

related to damage to th
fective against most vey
aganst spores.

Detergents
Detergents also are effective for removing microor-
floors and walls. One énd of a det

ganisms from
o i in rell -.-h
gent molecule is hydrophilic and mixes well wit

water. The other end is hydrophobic and is attracted
to nonpolar organic molecules. If the detergents are
electrically charged, they are termed 1 Anionic
||1eg.1ll\'r|\ charged) deterger re o Iv bac-
Anionic detergents are used as laundry de-

tericidal :
tergents o remove soil and debris. They also neduce
nbei m

numbers of microorganisms associated with th :
Cationic (positively charged) deter-

mi

being washed : e
gents are highly bactericidal, that is, they kill bacte
ria. In particular, cationic detergents are effective
wovens and varipus viruses. This qual-

against 5
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ity i them excellent candidates for disinfecting
mrﬂ w%u:@aﬁmi:delrmt"t”” qua-
sernary smmonium compounds (quats). These com-
povinds have four organic groups bonded to § DY
atomi, Some examples of commonly e
are Ceepryn (cetylpyridinium chloride), Phemerol
jum chioride), and Zephiran i'wlnmlkz
i ide). chemicals are commonly use
w;m mouthwashes. They are gf—
fective against fungi and Gram-positive bacteria.
Their bactericidal action appears to be based on the
disruption of L and enzyme func-
um-rThequnmury ammonium compounds that are
efiective antimicrobial agents are used in concentra-
tioms that are not irritating to human tissues. Several
quaternary ammonium cationic detergents are used
25 antiseptic agents. These compounds are relatively
nonirritating to human tissues at concentrations that
are i ¥ 10 microorgani However, they act
slowly and are inactivated by soaps, They are also
adsorbed by cotton and other porous materials,
which can severely interfere with their effectiveness
a5 antiseptics. Many mouthwash formulations con-
tain quats, as do storage solutions for contact lenses.
Many hospitals also use quats for disinfecting floors
and walls, 25 antiseptics, and for surgical scrubs,

Lot

G 4 i pounds have four or-
gonic groups bonded 1o o nitrogen atem. Their bac-
Jaricidal action is based on disrupting plasma mem-
brones ond enzymes.

There are. however, some problems associated
with the use of quats as disinfectants. Their antimi-
crobial activity is lowered if they are absorbed by
porous or fibrous materials such as gauze bandages
!'hrd Water containing calcium or magnesium ions
m with their action. Also, they can cause
Ilfﬂ_ai m mn::x Mn."" importantly, rather than
killing species, quats actually support
::d growth of these bacteria. As such, qun)ts- arip:m
ot in operating theaters because of the danger that

¥ Will permit Pseudomonas to survive and infect
wargical wounds.

Alcohals

Alcohols are among '!fe_ most effect
u.ulied‘m agents fur' d:s:::mim (FIG. 11-11), Alco-
¥ - disrupt ik structure,
and m;ﬂ;l:e:f}i:cr::;ng agent, all of which cur;:
tribute helr ETeSs as an antiseptic. E
:\d-_um Mactivated by alcohol. Methanol, elim‘::r
e gy Aare commonly used for disinfection
thaee, isopropyl alcohol has the hi
g ¢ ighest bacte-
Activity and therefore is the most widely used;

ive and hi!a\"liy

r————-—'—'_'____—__'_—-—_““'ﬁ-‘

Log number viable cells
g

Time (mins)

FIG. 11-11  Aleohol is a widely used antiseptic for killing
microorganisms on skin. Its effectiveness is concentration
qu\de'nt. The most effective cpncentmlinn is about 70%
(higher concentrations are less effective).

In practice, a solution of 70% to 80% alcohol in water
is generally employed, although isopropyl alcohol is
effective in solutions of up to 99%. On the skin, 7IF

ethanol kills nearly 90% of the cutaneous bacterial
population within 2 minutes. Before puncturing the
skin with a hypodermic syringe, the area is generally
wiped with alcohol. Cabinet surfaces are frequently
disinfected by wiping with alcohol. Some medical in-
struments are left soaking in alcohol to maintain their
sterility. Oral thermometers are often wiped with al-
cohol to kill disease-causing microorganisms that
otherwise might be transmitted from one patient to
another. Even though brief exposure to alcohol is not
sufficient to achieve sterility, it reduces the numbers
;‘LTifrmrganisms to levels that make infection un-
ikely.

Aleohols denature proteins and disrupt membrone
structure,

Aldehydes

Formaldehyde and glutaraldehyde are useful for di
infecting medical instruments. These aldehydes Kl
microorganisms by denaturing proteins. In_-:tnlml‘?"t‘-‘
<an be sterilized by placing them into a 20% solutio?
of fnrmnld"h."de in 70% alcohol for 18 hour
Fbmaldeh)-de_ however, leaves a residue and it
necessary to rinse the instruments in sterile water %
fore use. A solution of glutaraldehyde at pH 7.5 ¥
Staphylococcus within 5 minutes and Mh‘""f’"ﬂmﬂm
rubcrfniinsis within 10 minutes, but endospores MY
?“F‘“-'e fip Up t0 12 hours. The use of glummldeh.\'d"
claliped by its expense. It is used for sterilizing 5P
clalized medical instruments such as bronchoscoP®

Aldehydes denature proteins, thus killing mico®”

Acids
several e
concentration of 2%
centrations is h.ydf-rlnsl.\ll\'. It is occasionally used at
3 concentration of 1% in surgical dressings. Pseido-
monas aeruginosa is particularly susceptible to acetic
acid, and this acid may be employed in burn therapy.
[t is used in vaginal douches to suppress fungal and
rotozoan infections of the vaginal tract.

Undecylenic acid is active against various fungi,
including fungi that cause superficial mycoses. It is
usually compounded with zinc but may also be used
slone. Compounded undecylenic acid contains 2% to
5% undecylenic acid and 20% zinc undecylenate.
This antiseptic agent is very useful for the treatment
of ringworm. Undecylenic acid is the active ingredi-
ent in Desenex, which is used to treat athelete’s foot
and other fungus infections of the skin. Benzoic acid
and salicylic acid used in combination also inhibit
fungal growth. Whitfield's ointment contains ben-
zoic acid and salicylic acid in a ratio of 2:1. This oint-
ment is used to prevent fungal growth on the feet, as
occurs in athlete’s foot.

Ethylene Oxide

Ethylene oxide has several applications as a steriliz-
ing agent. The ethylene portion of the molecule
T“’(h' with proteins and nucleic acids. Ethylene ox-
ide kills all microorganisms and endospores. It is
foxic and explosive in its pure form, so it is usually
f““"d with a nonflammable gas such as carbon diox-
ide or nitrogen.

A special autoclave-type sterilizer is used for eth-
¥lene oxide sterilization. Several hours of expostre to
12% ethylene oxide at 60° C is used for sterilization.
Iis remarkable penetrating power is one reason why
elhylene oxide was chosen to sterilize spacecraft sent
Wland on the moon and planets—using heat to ster-
lize the electronic gear on these vehicles was not
Practical,

Because of their ability to sterilize without heat,
55565 like ethylene oxide are also widely used on
::::‘;LSUPP“ ?Il'ldl uquilpml.'nl Ih;lll c.umut.\.\'i{h.-
able Wr.‘;':" sterilization, Examples include dlb[,k‘l\\-
p|.1||_-5., I'EF ]:_!lashcwan- such as inges .uul.[I:_.trl
e :Iinun:.. sutures, lensed instruments, artificial
. Tt valves, heart-lung machines, and mattresses.
m::f:::-:‘:-‘ hospitals I1;|\'|,-. L.,th"lklm‘ oxide cl‘l.»lmf-"t‘r-‘--
1hl'1'r:<tl.:rj"|'-. enough to sterilize ||I|..1llu~:<_-c.~:. as part x'\[
Such a5 "'Ult‘.mg equipment, r\dd.]%u'llld“_\'. some fl\'l‘\\ -:
"‘h\rle,'u_. » and spices are sterilized by exposure I

= oxide.

acids are used as antiseptics. Acetic acid at a
is bactericidal and at lower con-

E s ey
“'"vlene oxide sterilizes without heat, moking it

Seful fo, . n >
high hm::"rﬂ:::'g materials that cannot withstan
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Hydrogen Peroxide

Hydrogen peroxide % Hoctive inerte
The m’.’.l‘-.—:.lr is un:t!'lll.:lrJ:l:ci“:i:tf“n;l“ _'“'""LP"‘

i i cgrades into water
and oxygen. Anaerabic bacteria are particularly sen-
sitive to peroxides because they do not have catalase,
an enzyme that degrades peroxides. Hydrogen per-
lmdu_cunwnlr.mnm of (1.3% to 6.0% are used as an-
h.ruu_pt.u'e-. A 3% solution is often used to cleanse and
disinfect wounds Although its germicidal action is
brief, the effectiveness of hydrogen peroxide .1gain-:-l
anaerobic bacteria is important because several
deadly anaerobic bacteria often are associated with
soils that may contaminate wounds Higher concen-
1\r.:tiun.~ of £.0% to 25.0% can be used in sterilization.
Such treatment is useful for surgical implants and
contact lenses because it leaves no residual toxicity
after a few minutes of exposure. H.0. is not effective
against Gram-positive bacteria, including staphylo-
cocci found on skin.

Ozone

Ozone is a strong oxidizing agent that kills microor-
ganisms by oxidizing cellular biochemicals. In some
communities, ozone replaces chlorination as the pri-
mary means of disinfecting drinking water. Unlike
chlorination, ozonation leaves no residue. The cur-
rent cost of ozonation limits its widespread introduc-
tion for disinfection purposes. However, ozonation
costs may eventually come down, particularly with
the advantage of leaving no residue

Dyes

Various dyes that are bacteriostatic or bactericidal are
widely used as antiseptics. For example, crystal vio-
let, which is also called gentian violet, is a potent bac-
teriostatic agent for Gram-positive bacteria. It is bac-
tericidal at concentrations of less than 1:10,000. The
mechanism of action of this compound against
Gram-positive bacteria appears to be very similar to
that of penicillin. It blocks a final step in the synthe-
sis of cell wall material. Crystal violet has been used
for the treatment of vaginal tract infections because
the protozoan Trichomonas and the fungus L'f:rrd'r.tr al
bicans, two common etiologic agents of vaginitis, are

very sensitive to this dye.

Heavy Metals

Microorganisms are inhibited by heavy metals such
as mercury, silver, and copper. Mercuric chloride was
once used as a disinfectant solution, but because it is
inactivated by organic matter, it is not widely used
anymore. Cﬂ]."":‘t'l sulfate is effective as an algicide.
This compound is frequently added to swimming

pools and aquaria to control algal growth.
Heavy metals are also used in antiseptic formula-
tions. Mercury, zinc, and silver are examples of heavy
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metals used to kill m_icnu rrp.anim‘nh. The inlhihih.n-
effect of heavy metals is tul_'rnml oligodynamic actig,
(FIG. 11-12). Heavy metal mns. can rm.q W_lth !-ulﬂ\_\_
dral groups (—5H) on proteins, which inactivates
them. " h

Silver nitrate has cl.l:;~'.|¢._lll_\- been .‘1}1]_\|,ﬂ-; to the
eves of newborn human infants to kill _].‘nRhihlu mi
crobial contaminants, It is particularly important i
the pmruntinn of the transmission of gonococcal .
fections from mother to newborn, .‘-~|I\u:'_cnm]a'ﬂh._H
with proteins and disrupts b.:clun.ll. hlilrf.u‘u struc.
tures, Silver nitrate and silver sulfadiazine are used
to treat severe burns. Preventing infections of tissues
exposed by burns is critical to the recovery of the
patient. iy

Organic mercury compounds are effective antisep.

igody ¢ actd f heavy 2 g
HG. 11-12  Photograph of oligedynamic action of heavy tics for the treatment of minor wounds and as pre

TABLE 11-6
Some Representative Antibiotics
MECHANISM
ANTIBIOTIC OF ACTION TARGET ORGANISMS SOME USES
Penicllin G Inhibits bacterial cell  Gram-positive bacteria Streptococcal sore throat, gonorrhea,
wall synthesis syphilis
Ampicillin Inhibits bacterial cell  Gram-positive and Gram-  Middle ear infections, urinary tract infec-
wall synthesis negative bacteria tions caused by Enterococcus fagcalis, in- |
fections caused by some strains of Es-
cherichia coli
Methicillin hﬂ\ihi‘.:s bacterial cell  Gram-positive and Gram-  Penicillinase-producing Staphylococcus mi-
wall synthesis negative bacteria reus infections
Cephalospating Mdﬂ? har:-dnl cell  Gram-positive and Gram-  Urinary tract and other infections caused
R A negative bactetia by Esclierichia coli, middle ear infections
and meningitis caused by Haemophilis
- 4 influetiza
Streptomycin wm a Gram-negative bacteria Bubonic plague, tularemia !
. "'l‘h:;“‘""‘"‘"  Gramenegative bacteria Sometimes used as a topical cintment for |
Chiocamphenicol. ] F"I_ synit els's et general cuts and abrasions of the skin |
‘t“‘“h 3 ] ve and Gram- Meningitis caused by Hi Wil fti- |
roldin & _ : gitis caused by Haemop :
P ynthesia negative bacteria fluenza or Netsseria meningitidis, I’)’Ph‘“‘d !
w i > fover |
lmm, G:m'::’s"w"' and Gram-  Pneumonia caused by Mycoplasna, non+
‘Bacitracin Inhibits bacterial cell Gr:g Vl:ﬂl;nmm . __ gonococeal urinary tract infections
wall synthesis | e bacteria Topical ointment for general cuts and
Erythromycin Inhibits bacterial Gram-positive asd G abrasions of the skin
protein synthesis negative bact nd Geam- Whooping cough, diphtheria, diarrhed
s eaused by Canpylobacter and pneume
Rifampicin Inhibits bacterial Gram-positiv by nia caused by Legfonelln or Mycoplasmt
RNA synthests some Gmnm:\::‘ Tuberculosis and Hansen disease (16p-
’ X 3 - rosy)
Nystatin Dirnages tive bacteriy
8 plasana ¥,
Griseofulyin e = Candida albicans infections of skin and
ron ! Inkibits mitosis Fungi vagina
Amphotericin B Damages plasma Fung) Tinea (ringworm) of halr and nails

Histoplasmosis, cryptococeal rmeningitis
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cervatives in serums and vaccines. The organic mer-
curials are bacteriostatic and relatively nontoxic
wercurochrome im.vrhu:nnn_r was the first organic
Im;-r\'llfial antiseptic to be introduced. Mercuro-
chrome actually has limited bacteriostatic action and
the lowest therapeutic index of the commercial mer-
curial antiseptics. Metaphen and Merthiolate are

mare effective.

salts of zinc are used as mild antiseptics. Zinc
oyrithione is -s_mi as an antidandruff agent.
Calamine lotion, for example, contains zinc oxide.
Calamine Iotion is used in the treatment of ring-
worm, impetigu, and various other cutaneous dis-
eases. White lotion, which contains zinc sulfate at
a concentration of 4%, is also used to treat skin dis-
pases and infections. A mixture of a long-chain fatty
acid and the zinc salt of the acid is commonly used as
an antifungal pn\\'dur or ointment. 1t is particularly
effective in the treatment of athlete’s foot. The zinc
salt also acts as an astringent and aids in healing
superficial lesions, as does zinc oxide paste. Zinc ox-
ide paste also is commonly recommended for treat-
ing diaper rash and its concurrent bacterial or fungal
infections.

AnmigioTiCS

Antibiotics are antimicrobial substances that were
originally produced by other microorganisms. Many

antibiotics today are synthetically manufactured by
pharmaceutical companies. However, the t.m;:m.il
parent compound was isolated from a MiCTOargan-
ism. For example, penicillin, the first antibiotic to be
discovered, was isolated from a fungus, Penicillium
treptomycin was first isolated from the
promye TSeis

. Antibiotics are used clinically to prevent or treat
numan diseases caused by microorganisms (Table 11-
b). A more complete desc ption of antibiotics and
their use in combatting human infections is pre-
sented in Chapter 18, Antibiotics are also used in con-
trolling microorganisms in nonhuman animals. They
are routinely added to animal feeds to protect swine,
cattle, poultry, and other farm animals from microor-
ganisms. The addition of antibiotics to animal feeds
~1|.rr1ul.1lc- the growth of the animals by controlling
intections, especially in an animal’s intestinal tract.
This probabl i
animals, whic

contributes to faster weight gain by the

1in tumn reduces the amount and cost

of feeding them. They are especially useful in pre-
venting outbreaks of disease when l..m,:u nur:\hur-\., of
animals are housed together, such as in chicken
is concern, however, that the wide-

coops. There
spread us

lead to gre

residues of antibiotics will

Croorganisms
cause problems in ing duals who consume these

food products

SUMMARY

Cantral of Microorganisms by Physical Environmental

Factors (pp. 311-320)

* Environmental factors influence rates of microbial
growth and death. Some environmental conditions
increase microbial growth and others decrease or end
microbial growth. Microbial populations can be con:
trolled by modifying the physical conditions under
which they live,

thl:l_l.g:-r.!m & r.mgc for specific environmental conditions,
Vsical Exclusion or Removal of Microa

lmn_\'1|\p_ 311-312)

* Filtration is an effective method for achieving sterility
_nl liquids and Bases,

High Temperatures (pp. 312-315)

* High temperatures can be used to kill all microonzan
s in 4 sample. This is heat sterilization. Decimal
Teduuction time describes the heat killing of microar-
Banisms. It is the Hime required for a tenfold reduction
in ||||- "“I""I.‘ of \'h.lll[‘ \'t'li.‘ ata F- o l.-]“i‘ilhl“l!‘\_-
The D value decreases as the temperatuire is raised
aboye maximal, The I value for heat-resistant, €n
e process

ach microbial species has a specihic

forming microorganisms is used for
“'.lttl:.‘ the canning industry

urization uses relatively brief exposures tom
" high temperatunes to reduce the number of Vi
ucroorganisms and to eliminate human path

ol

ably

= to kill all viable
k eam under
pressun
sune al
for
temper
» Canning uses
that ensure the
prescerve foods
Low Temperatures (p- 31
o Low temperatures limit the rates of microbial repro-
nt or limit microbial
preciudes micro-

i by conditions

nbic condibions o

duction and can be used

growth. Freezing at

bial growth entirely. Refrigeration at 5° C limits the

rate of microbial growth
Removal of Water—Dessicat;
» Desiccation removes the water

rn'qmruj for microbial
v increase the death
be preserved by dry-
imation mn meere-

growth; it does not neoesss
rate. Some MICPONZATHSITS O
n be removed by =

yophilization}

o Microorganisms are unable to grow at low waler ac-
tivity \..i.nng: salt limits microbial growth and in-
creases the shelf life of some foods. Drving is used to
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many foods, such as powdered milk, dried

fruits, and coreals
Hadiation (pp. 318-320) |
. MsunnE:um can be killed by exposure to :nrm_n
forms of radiation, Gamma and X-radiation .h.l:]v
high ating power and kill microorganisms l -
traviolet light does not have high penetrating power
bul kills microonganisms on surfaces. Infrared and
microwave radiations have poor penetrating power
and do not appear to kill microorganisms directly.
The absosption of long wavelength radiation results

in increased temperature, killing microorganisms,

il

Control of Microbial Growth by A
{pp. 320-333)
?wammpﬁ {nhibitors are used to prevent the spread of
disease-causing microorganisms and to preclude the
growth of microorganisms that cause the spoilage of
foods or biodeterioration of industrial products
; of Antimicrobial Agents (pp. 320-322)

Antimicrobial agents are classified according to their

application and spectrum of action. [hncl&lf*s are

agenits that kill living organisms or inactivate viruses.

Germicides are chemical agents that kill microorgan-

isms. Vinicides fnactivate viruses; bactericides kill

bacteria; algicides kill algae; and fungicides kill fungi.

Food Preservatives (pp. 322-323)

» Chemical additives are used in the preservation of
food and other products. The addition of salt or sugar
to food reduces the amount of available water and al-
ters the osmotic pressure, creating bacteriostatic con-
ditions.

» Various low molecular weight carboxylic acids are ef-
fective inhibitors of microbial growth. Propionates
are effective against filamentous fungi and are used
in milk and bread dough products. Lactic and acetic
acids are effective, naturally occurring preservatives
in such food products as cheeses, pickles, and sauer-
kraut. Benzoates are used as preservatives in fruit
juices, jams, jellies, soft drinks, salad dressings, cat-
sup, margarine, and pharmaceuticals. Sorbic acid in-
hibits fungi and bacteria at pH 4-6. Boric acid is used
asa .pres:n'arive in eyewash and other products.

* Nitrites and nitrates are added to cured meats to pre-
serve red meat color and protect against the growth
anﬂ poilage and palsoni B Microorganisms.

hﬂ'l:lf‘eﬂimls and Antiseptics (pp. 323-333)

* Disinfectants are antimicrobial substances that kill or
prevent the E"“w_lh of microorganisms and are used
on inanimate ub1u11 Disinfectants must have high

germicidal activity; rapidly kill a wide
crodorganisms, including « : be
and effective in the pli‘s:ﬂ::ﬂ i
and metals; be able 1o pene

E m am_i aesthetically acceptable,

ttration and contact time are critical factors in
d“‘!'“““m_ B effectiveness of antimicrobial agents;
standardized tests evaluale the effectiveness of disin.

range of mi-
chemically stable
of organic compounds
triate crevices; and be inex-

Bl s :
mu:s;? Ane antimicrobial agents with relatively
ties Lo huuman tissues so that they can be g,

plied 10 the skin, Ssiioni s

» Antiseplics are used for surface .\|1l\!i...||i‘.\n_‘. 1o big.
logical tissue but are not .[Il'\.'(_'.\n'drl.l_\' safe for cop.
sumption. A toxicity index is the .l'.'lilu of the greapeg
dilution of the product that can kill animal cells i, 1
minutes to the dilution that can kill bacterial cells ir
the same period of time and under identical cong;.

Antiseptics should have a toxicity index of Jusg

Hions.
than 1.0. - .
«+ Chlarine kills microorganisms by disrupting menm.
branes and inactivating enzymes, Chlorination s the
standard treatment for disinfecting drinking water
and effluents from sewage treatment plants,
lodine is bactericidal and sporicidal and is also effec-
tive against protozoa. lodophors are used for preop-
erative skin cleansing and disinfection
Phenolics disrupt plasma membranes, inactivate en.
symes, and denature proteins; they are very stabe
when heated or dried and retain activity in the
presence of arganic material; they are in common
household disinfectants and are used in hospital
wards and operating theaters. Phenolics include n-
sorcingl and hexachlorophene. Resoreinol is bacterici-
dal and fungicidal and is used in the treatment of
acne, ringworm and other skin infections. Hexa-
chlorophene combined with soap is a highly effective
skin disinfectant and deodorant.
Detergents, particularly quaternary ammonium com-
pounds, are effective disinfectants used for removing
microorganisms from floors and walls. Anionic deter-
gents are used as laundry detergents to remove soil
and thus lower the numbers of associated microor-
ganisms. Quaternary ammonium cationic detergents
are used as antiseptic agents.
Alcohols are the most effective and most used agenis
for sterilization and disinfection; they denature pro-
teins and disrupt membrane function.
Aldehydes, such as formaldehyde and glutaralde-
hyde, are used for disinfecting and sterilizing medical
instruments
Acids used as antiseptic agents include acetic acid
and undecylenic acid.
Peroxides, in the form of hydrogen peroxide, are ¢
fective nontoxic antiseptics because they are unstable
and degrade into a reactive form of oxygen that
toxic to microorganisms. They are used with surgict
implants and contact lenses
Dyes, such as crystal violet, block the final step in the
synthesis of cell wall material, :
Ethylene oxide sterilization is used in hospitals t dis

infect materials that cannot withstand steam steriliz*
ton,

.

Ozane is a strong oxidizing agent that kills micro!
- y o1 H 1 g
Banisms by oxidizing cellular biochemicals. O20m
tion is used to disinfect drinking water.
Heavy metals, —mercury, silver, and copper i
nucrfmrgnmﬁm‘e. Heavy metals are inhibitory o
crobial growth because A
Antibiotics (p. 333)
. Al_\hbmlics are antimicrobial substances produ
microurganisms

* Antibiotics are used to treat disease in human
nonhuman animals

1! inh‘l"'l

of their oligodynamb

ced 1Y

o and
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ReviEw QUESTIONS

Define sterilization.

Define disinfection.

Explain how you could disinfect different types of ma-
terials.

4 Describe how you would sterilize several different
types of materials.

5. Define antisepsis and explain its relation to the elimi-
nation or suppression of microbial growth

. What is a germicide and what is its relation to the elim-
ination or suppression of microbial growth?

7. How is microbial growth affected By the type of mi-

CrOOrgANIsm and environmental conditions?

|. How can you determine if a disinfeciant or antiseptic
is bacteriostatic or bactericidal? How can you defer-
mine the appropriate disinfectant to use for cleaning
the floor of a hospital® How can you defermine the op-
propriate antiseptic for treating minor abrasions?

What physical methods can be employed to control mi-
crobial growth?

What factors determine the effectiveness of a disinfec
ton agent?

10. How are disinfectants evaluated?
1. What is pasteurization?

How does refrigeration increase the shelf life of millk?

13. l\:h\- don't you have to refrigerate sugar-coated cereal?
14. What is a phenol coefficient?

Which heavy metals are used as disinfectants or anti-
sephics?

How are the halogens—chlorine. bromine, and io-
dine—used as disinfectants?

CRITICAL THINKING QUESTIONS

4, If your local water treatment plant shuts down because
of a natural disaster, how could you freat the water ot
home to ensure that it is safe to drink®

Many health food stores market foods that are fres of
preservalives. What special precoufions must be used

«

2. What are the possible consequences of irradiafion of with such foods? Are such foods sofe for comsump-
food? Is it safe to eat perishable food that has been ir- tion®
radiated to extend its shelf life? What precautions, if . What special precautions ore foken during surgical
any, should be taken with irrodiated food? procedures? Why does the surgical sioff scrub if they
3. What factors would you have to take into account in are going to wear gloves? Are the gloves, gowns, ond
search for o new anfiseptic? A new disinfectant? A masks worn by the surgical sioff aimed at protecting
new food preservative? the pafient or the physicians and nurses?

o
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