Contributors to Volume 46

Bruce DempLE, Department of Cancer Cell Biology, Harvard School of
Public Health, Boston, MA 02115, USA (Bdemple @hsph.harvard.edu)

PeTER GILBERT, School of Pharmacy and Pharmaceutical Sciences,
Coupland III Building, Coupland Street, University of Manchester,
Manchester, M13 9PL, UK (Peter.gilbert@man.ac.uk)

Jorn D. HeLmann, Department of Microbiology, Wing Hall, Cornell
University, Ithaca, NY 14853-8101, USA (jdh9@cornell.edu)

JamEs IMLay, Department of Microbiology, University of Illinois, Urbana,
IL 61801, USA (jimlay @uiuc.edu)

TomMas MaIRA-LITRAN, Channing Laboratory, Harvard Medical School,
Longwood Avenue, Boston, MA 02115, USA

ANDREW J. McBAIN, School of Pharmacy and Pharmaceutical Sciences,
Coupland III Building, Coupland Street, University of Manchester,
Manchester, M13 9PL, UK

Mark R. O’Brian, Department of Biochemistry, 140 Farber Hall, State
University of New York at Buffalo, Buffalo, NY 14214, USA
(mrobrian @buftalo.edu)

SNEHLATA PANWAR, Department of Genetics, Cell Biology and
Development, 250 Biological Sciences Center, 1445 Gortner Avenue,
St. Paul, MN 55108, USA

PasLo J. PoMPosIELLO, Department of Microbiology, Morrill Science



X CONTRIBUTORS TO VOLUME 46

Center IV North, University of Massachusetts, Amherst, MA 01003,
USA,; and Department of Cancer Cell Biology, Harvard School of Public
Health, Boston, MA 02115, USA

RAJENDRA Prasap, Membrane Biology Laboratory, School of Life
Sciences, Jawaharlal Nehru University, New Delhi, 110067 India
(rp47 @hotmail.com)

ALEXANDER H. RickaRD, School of Pharmacy and Pharmaceutical
Sciences, Coupland I1I Building, Coupland Street, University of
Manchester, Manchester, M13 9PL, UK

GaRry ScHooLNIK, Beckman Centre, Room B241A, 300 Pasteur Drive,
Stanford, CA 94305-5428, USA (schnoolni @ cmgm.stanford.edu)

SmrrTi, Membrane Biology Laboratory, School of Life Sciences,
Jawaharlal Nehru University, New Delhi, 110067 India

Linpa THONY-MEYER, Institute of Microbiology, ETH Ziirich,
Schmelzbergstrasse 7, CH-8092 Ziirich, Switzerland

FraSer WHYTE, School of Pharmacy and Pharmaceutical Sciences,
Coupland III Building, Coupland Street, University of Manchester,
Manchester, M13 9PL, UK



Microarray Analysis of Bacterial
Pathogenicity
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Departments of Medicine, Microbiology and Immunology
Stanford University Medical School,
Stanford, CA 94305, USA

ABSTRACT

The DNA microarray, a surface that contains an ordered arrangement of
each identified open reading frame of a sequenced genome, is the
engine of functional genomics. Its output, the expression profile,
provides a genome wide snap-shot of the transcriptome. Refined by
array-specific statistical instruments and data-mined by clustering
algorithms and metabolic pathway databases, the expression profile
discloses, at the transcriptional level, how the microbe adapts to new
conditions of growth — the regulatory networks that govern the
adaptive response and the metabolic and biosynthetic pathways that
effect the new phenotype. Adaptation to host microenvironments
underlies the capacity of infectious agents to persist in and damage
host tissues. While monitoring the whole genome transcriptional
response of bacterial pathogens within infected tissues has not been
achieved, it is likely that the complex, tissue-specific response is but
the sum of individual responses of the bacteria to specific
physicochemical features that characterize the host milieu. These are
amenable to experimentation ir vitro and whole-genome expression
studies of this kind have defined the transcriptional response to iron
starvation, low oxygen, acid pH, quorum-sensing pheromones and
reactive oxygen intermediates. These have disclosed new information
about even well-studied processes and provide a portrait of the
adapting bacterium as a ‘system’, rather than the product of a few
genes or even a few regulons. Amongst the regulated genes that
compose this adaptive system are transcription factors. Expression
profiling experiments of transcription factor mutants delineate the
corresponding regulatory cascade. The genetic basis for pathogenicity
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can also be studied by using microarray-based comparative genomics to
characterize and quantify the extent of genetic variability within natural
populations at the gene level of resolution. Also identified are
differences between pathogen and commensal that point to possible
virulence determinants or disclose evolutionary history. The host
vigorously engages the pathogen; expression studies using host genome
microarrays and bacterially infected cell cultures show that the initial
host reaction is dominated by the innate immune response. However,
within the complex expression profile of the host cell are components
mediated by pathogen-specific determinants. In the future, the
combined use of bacterial and host microarrays to study the same
infected tissue will reveal the dialogue between pathogen and host in a
gene-by-gene and site- and time-specific manner. Translating this
conversation will not be easy and will probably require a combination
of powerful bioinformatic tools and traditional experimental
approaches — and considerable effort and time.
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ABBREVIATIONS

EST Expressed sequence tag

INH Isonicotinic acid hydrazide

IPTG Isopropyl B-D-thiogalactopyranoside
LPS Lipopolysaccharide

MOI  Multiplicity of infection

PT Pertussis toxin

ROI  Reactive oxygen intermediates

SDS  Sodium dodecyl sulfate

1. INTRODUCTION

1.1. Microarray Experimental Paradigms

The rapidly expanding number of genome sequence databases of pathogenic
bacteria and their hosts provides an unprecedented opportunity for the study
of pathogenesis from a whole-genome perspective through the use of DNA
microarrays. For the purposes of this discussion, a microarray will be con-
sidered to be any device that provides a surface containing representations of
all (or most) of the identified open reading frames (ORFs) of a sequenced
and annotated genome. The surface used and the method by which ORF-spe-
cific DNA is bound, oriented and arranged on the surface vary with the
system employed. However, all array formats share in common the capacity
for parallel recognition, by complementary base pairing, of each of the DNA
or RNA species in a complex sample which have corresponding ORF-spe-
cific sequences on the array surface. This simple experimental system
provides the basis for two, quite distinct applications: comparative genomics
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and functional genomics by expression profiling. The distinction between
functional and comparative genomics has led to the use of the terms
‘genome’ and ‘transcriptome’ to differentiate and classify information
coming, respectively, from the study of an organism’s genome content and
transcriptional repertoire. Below, these two experimental paradigms are dis-
cussed in general and in greater detail in subsequent sections. Not discussed
in this chapter are two related areas: ‘proteome’ and ‘phenotome’, which
refer to the protein coding capacity of the genome and the phenotype diver-
sity these proteins confer.

1.2. Comparative Genomics

Two genomes can be rapidly compared at the ORF-content level of resolution
by hybridizing labelled DNA from a non-sequenced strain to a microarray con-
taining representations of each ORF from a sequenced, reference strain.
Despite its limitations (discussed in section 5), this application can be used to
deduce the evolutionary relatedness of strains and species by providing a quan-
titative measure of diversity and information about how that diversity arose. It
can also illuminate possibly crucial differences between pathogenic and non-
pathogenic strains by identifying pathogen-specific genes that might code for
virulence determinants.

1.3. Functional Genomics

The value of microarray-based functional genomics comes from the recogni-
tion that the transcriptional state of each gene of a genome under multiple,
different conditions of growth is far more informative than the genome
sequence itself or even the direct base-by-base comparison of two sequenced
genomes (Ferea and Brown, 1999). Microarray-based functional genomic
studies use RNA prepared from an intact micro-organism in a particular
growth state. Hybridization of the labelled RNA (or corresponding labelled
c¢DNA) to the array surface affords access to an organism’s transcriptome by
providing a quantitative measurement of mRNA. The hybridization intensity
directly reflects gene-specific RNA abundance and serves as a reasonable
measure of the gene’s transcriptional activity for the condition of growth at the
time just preceding lysis of the organism (providing methods and reagents are
employed that instantaneously stop RNA transcription and prevent RNA
degradation). In contrast to gene-by-gene assays of transcript abundance that
have long been used by molecular microbiologists (Eisen and Brown, 1999),
whole genome DNA microarrays measure the transcript abundance of each
ORF simultaneously (i.e., in parallel), thus providing a condition-specific
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and time-specific genome-scale snapshot of transcriptional activity. The
resulting information is commonly termed the ‘expression profile’ and dif-
ferences between expression profiles illuminate the regulatory networks and
metabolic and biosynthetic pathways and are active during the assayed growth
state. Here it must be emphasized that the power of this method does not
reside in the absolute quantitative measurement of transcript number per cell,
but rather in the comparison of expression profiles obtained from carefully
selected, different experimental conditions. Commonly studied comparisons
include expression profiles from contrasting conditions of growth, at different
time-points in a time-course or at different stages in a multi-stage develop-
mental program.

The relatively small number of microarray expression studies of bacteria
pathogens published thus far and reviewed below are surprisingly diverse with
respect to experimental question and design. Not evident from the examination
of individual studies are two trends that emerge from a survey of the field in
aggregate.

First, the expanding microarray-based expression database for a particular
strain or species has generated an archive that in the future will serve as a
whole-genome transcriptional reference of an organism’s physiological reper-
toire. Comparison of new expression profiles obtained from bacteria living is
complex and undefined microenvironments with these archived, condition-
specific profiles from in vitro experiments should help define the
physicochemical features of host tissues and cells. The expression profile thus
serves as a bioprobe of an organism’s microenvironment from the perspective
of the microbe and in circumstances not amenable to direct measurement with
physical sensors.

Second, the comparison of expression profiles obtained from multiple con-
ditions of growth and the analysis of these profiles with various clustering tools
has led to the identification of sets of genes with common expression patterns.
Providing the number of compared conditions is large, the resulting clusters are
likely to contain genes that are co-regulated, including of course, operons, but
also non-operonic sets of genes controlled by the same transcription factor.
Such gene sets can be proposed as regulons. By contrast, a ‘stimulon’ is the
non-clustered expression profile as a whole that was evoked by a particular
condition of growth and probably encompasses several regulons (Tao et al.,
1999). Membership in a cluster not only implies co-regulation, but also sug-
gests that the products of the clustered genes carry out some common
metabolic, biosynthetic or pathogenic function (Eisen ef al., 1998; Ferea and
Brown, 1999). Moreover, because approximately one-half of the ORFs com-
posing most sequenced genomes code for proteins of unknown function
(usually annotated as hypothetical or conserved hypothetical ORFs), it can be
anticipated that the same proportion of genes in any cluster will also be of
unknown function. However, because genes in a cluster are likely to be
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functionally related, those with known functions suggest functions for the
others (Ferea and Brown, 1999). In this way, the cluster analysis of expression
profiles can contribute to the annotation process.

A powerful additional application of expression profiling is the dissection of
regulatory networks. While such networks are implied by the cluster analysis
described above, expression profiling can be used to experimentally identify
genes whose regulation depends on a particular transcription factor. One
approach comes from the recognition that transcription factors are often co-
regulated with the genes they in turn regulate. Therefore, cluster analysis can
lead to the identification of a gene encoding a putative transcription factor
within a cluster of other genes. This hypothesis can be tested by determining
if disruption of the transcription factor abolishes expression of the gene clus-
ter of which it is a member. In this case, both the hypothesis and its test come
from expression experiments. Alternatively, genome sequence projects typi-
cally classify genes according to functional categories and amongst these are
various classes of regulators. Expression experiments that identify conditions
that change the expression level of a putative transcription factor can be fol-
lowed by the use of these same conditions to study transcription factor mutants.
The resulting expression profiles, compared with those obtained with the wild-
type parent, should disclose gene sets regulated by the transcription factor. If
used systematically, this approach can in principle identify genes governed by,
for example, each annotated alternative sigma factor or two-component regu-
lator in the genome. Because some of the regulated genes will be other
transcription factors, it should be possible to reconstruct hierarchies of regu-
latory networks from these data.

While the combined use of mutational and microarray studies will identify
transcription factors and the genes they regulate, in most cases the results will
not distinguish between direct and indirect mechanisms of regulation. Indirect
regulation can simply be a consequence of a multi-tiered regulatory cascade
and the position of the transcription factor high in the hierarchy. Here, the dis-
tinction between a direct and indirect effect can only be made with certainty by
the use of assays that determine if the transcription factor physically binds the
promoter of the gene it is presumed to directly regulate. Alternatively, indirect
regulation can come from the use of conditions and strains that cause
pleotrophic downstream effects. This source of ambiguity can be mitigated by
the use of short time-courses and conditions that do not alter the overall fitness
or growth rate of a mutant compared with the wild-type parent. Accordingly,
to avoid identifying differentially expressed growth phase or growth rate-spe-
cific genes in the expression profile, most workers now recommend the use of
experimental conditions that do not cause differences in growth between two
tested conditions. This often poses subtle and difficult experimental design
problems and is a frequent cause of expression profiles that contain a combi-
nation of specific and non-specific effects.
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Microarray expression profiling per se will not necessarily identify a tran-
scription factor whose effect on expression is due to a post-translational event.
Examples of these include phospho relays through two component systems and
the activation of preformed transcription factors by changes in their confor-
mation. Additionally, because most microarray formats do not represent
regions of the genome that specify small, non-translated RNAs, their increas-
ingly recognized regulatory functions may fail to be identified by this method
(Wassarman et al., 1999).

2. MICROARRAY FORMATS

The studies described in the following sections have employed one of three
array formats. For the purposes of this discussion, the three formats will be
referred to as ‘high density oligonucleotide arrays’, ‘microarrays’ and ‘mem-
brane macroarrays’.

Bacterial expression studies, independent of the array format, entail the prepa-
ration of labelled cDNA probes from total RNA because, unlike eukaryotes,
bacterial mRNA is not polyadenylated and thus cannot be purified or selectively
primed in the same manner as eukaryotic mRNA (Tao et al., 1999; Arfin ez al.,
2000). Since ~85% of total RNA is composed of rRNA and tRNA, the use of
random hexamers by most protocols during cDNA synthesis will mainly label
non-mRNA. While it is not clear if this decreases sensitivity by increasing the
background, the signal coming from rRNA spots on membrane arrays may be so
intense that adjacent spots are obscured. Thus, new methods to preferentially
label mRNA in bacterial systems have been examined and two studies have
used primers specific for the 3’ end of each E. coli ORF to prime first-strand
cDNA synthesis from total RNA (Tao et al., 1999; Arfin et al., 2000). One of
these studies compared the two priming methods and found that the hybridiza-
tion success rate with probes produced with ORF-specific primers was only
one-third that of probes produced with random hexamers (Atfin et al., 2000).

2.1. High-Density Oligonucleotide Arrays

High-density oligonucleotide arrays, manufactured by Affymetrix (Santa
Clara, CA, USA) consist of 15 to 20 different 25-base oligonucleotides for
each ORF of a sequenced genome. Also represented in the same manner are
intergenic regions greater than 200 bps (Lockhart et al., 1996; Lipshutz ez al.,
1999; Harrington et al., 2000). The selection of gene-specific oligonucleotides
is based in part on sequence uniqueness in order to reduce cross-hybridization
artifacts between paralogs, i.e. other genes in the genome that contain related
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sequences. Each oligonucleotide is paired with a so-called ‘mismatch’ control
oligonucleotide that differs from its ‘perfect match’ partner by only one, cen-
trally located base. Comparison of the hybridization intensity of the perfect
match and mismatch oligonucleotide provides a method for determining and
subtracting background fluorescence.

Affymetrix arrays are manufactured by combinatorial solid-phase, light-
directed oligonucleotide synthesis that is performed on a 1.28 x 1.28 cm glass
surface. Synthetic linkers containing a protecting group that can be photo-
chemically removed are attached to glass. Light directed through
predetermined windows of an otherwise opaque ‘mask’ causes localized depro-
tection leaving behind a reactive group through which a reactive
deoxynucleoside can be coupled. The stepwise application of a new mask,
deprotection of the growing oligonucleotide and coupling with an added
deoxynucleoside yields a microarray containing thousands of different, but
predetermined oligonucleotides each complementary to a sequence of interest.
The complete repertoire of an array consisting of 25 base oligonucleotides and
representing each ORF and qualifying intergenic region of a bacterial genome
sequence, can be synthesized by a maximum of 100 cycles (4N, where N is the
oligonucleotide length).

To obtain expression profiles from bacteria using a high-density oligonu-
cleotide array, a recent study used biotin-labelled cDNA from total RNA that
was not heat-denatured before reverse transcription in order to reduce priming
of rRNA (De Saizieu ef al., 2000). Hybridization of biotin-labelled cDNA to
the array was followed by fluorescent staining with streptavidin—phycoery-
thrin. If necessary, the signal can be further amplified with a biotinylated
antistreptavidin antibody followed by the streptavidin—phycoerythrin conjugate
(DeSaizieu et al., 2000). The pattern and intensity of the resulting signal is
detected by laser scanning using the Affymetrix gene chip scanner. In contrast
to the two-colour hybridization microarray system described in the next sec-
tion, RNA from each sample is hybridized to a separate array (Harrington et
al., 2000), and thus an experiment comparing the expression profile from two
contrasting conditions requires two high-density oligonucleotide arrays.

2.2. Glass-Spotted DNA Microarrays

The DNA format first described by P. Brown and colleagues at Stanford
University (Schena et al., 1996; DeRisi et al., 1997; Eisen and Brown, 1999)
consists of a microscope slide whose surface contains an x by y matrix of
printed spots, each spot containing a polymerase chain reaction (PCR)-derived
double-strand amplicon that corresponds to all or part of an ORF of the
sequenced genome. Alternatively, single-strand synthetic 50 to 70 base
oligonucleotides containing unique ORF-specific sequences have also been
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printed instead of PCR products. In either case, each ORF of the genome is
represented on the array as a separate spot, its location designated by its xy
address. Additional spots are added and correspond to internal controls which
monitor the printing and hybridization steps. Thus far, most such arrays do not
contain representations of intergenic regions.

The principal innovation in gene expression profiling introduced by Brown
and colleagues is ‘two-colour’ hybridization (Eisen and Brown, 1999). This
method employs two populations of cDNAs that have been differentially
labelled with two different fluorochromes (ordinarily Cy3- and Cy5-dUTP)
during a first-strand reverse transcription reaction using random hexamers as
primers. The resulting cDNAs are usually derived from RNA prepared from
the same organism cultivated under, or exposed to, two contrasting condi-
tions. Equal masses of the two differentially labelled populations of cDNAs are
combined, applied to the array surface and allowed to hybridize to their cor-
responding ORF-specific targets. The array is then scanned and the intensity of
each label for each ORF-specific spot is quantified. These values are com-
pared, yielding ratios that serve as a measure of the relative degree of
expression or repression of each ORF for the two tested conditions.

2.3. Membrane Macroarrays

Membrane macroarrays also contain robotically printed PCR products corre-
sponding to each of the annotated ORFs of a genome. However, unlike the
DNA glass-spotted microarrays described above, membrane macroarrays are
produced by printing the double-strand amplicons on to positively charged
nylon membranes (Tao ef al., 1999). In one commercially available mem-
brane macroarray (Sigma-GenoSys Biotechnologies, Woodland, TX, USA),
PCR products corresponding to 4290 of the ORFs identifed during the E. coli
K-12 genome sequencing project were printed in duplicate on 12- by 24-cm
membranes. Rather than the fluorescently labelled cDNA probes that are used
with glass-spotted DNA microarrays, the macroarray format employs 33P-
labelled probes and the hybridized array is scanned by phosphorimaging. Once
scanned, the membrane can be stripped and rehybridized with probes from a
second experimental condition, thus controlling for membrane-to-membrane
variation and reducing the cost per experiment.

2.4. Comparison of Array Formats
In several respects, differences between the high-density oligonucleotide array

format and the DNA-spotted microarray and macroarray formats are signifi-
cant and affect experimental design and data interpretation (Harrington et al.,
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2000). Bacterial genomes ordinarily contain many paralogues (genes contain-
ing shared nucleotide sequences) and gene duplications and highly repetitive
sequences are common. High-density oligonucleotide arrays employ prede-
termined, short sequences for each ORF and these are selected to be
ORF-specific. By contrast, PCR-derived amplicons, often containing most or
all of an ORF, necessarily contain shared paralogous sequences. Even if primer
design programs are used that preferentially exclude common sequences in
amplified fragments, the inclusion of cross-hybridizing sequences is nearly
inevitable. However, the increasing use of 50-70 base ORF-specific
oligonucleotides instead of PCR products will certainly reduce cross-
hybridization artefacts.

High-density oligonucleotide arrays, in contrast to DNA spotted micro- or
macroarrays, contain representations of intergenic regions, including both the
clockwise (Watson) and counterclockwise (Crick) strands (Wassarman et al.,
2001). This is a considerable advantage for comparative genomic studies aimed
at deducing phylogenetic relationships between strains, because such regions
may be under different selective constraints than protein-coding regions.
Furthermore, intergenic regions may code for small ORFs not identified during
the annotation of the genome and for non-translated RNAs, some of which
have important roles in functions as diverse as RNA processing, mRNA sta-
bility, translation, protein stability and secretion (Wassarman et al., 1999).
DNA-spotted microarrays and macroarrays could be expanded by the inclusion
of intergenic regions and since double-stranded PCR products are printed,
both strands would be represented.

DNA glass-spotted microarrays employ the two-colour hybridization
system described above and thus each experiment serves as its own control
and the hybridization intensities are normalized for background effects in a
pairwise manner (Eisen and Brown, 1999). While DNA membrane macroar-
rays can be stripped and reprobed, one study found that this practice led to
more variability than the two-colour hybridization, glass microarray method
(Richmond et al., 1999). By contrast, a separate high-density oligonucleotide
array is used for each sample, potentially increasing the possibility of array-
to-array variability. This potential disadvantage is partly offset by more
consistent quality control standards that come from the photolithographic
manufacturing process.

The two-colour hybridizaton system provides relative levels of RNA abun-
dance between the two tested samples. In contrast, by determining the
hybridization intensity of an individual RNA sample, the high-density oligonu-
cleotide microarray system provides a measure of the actual level of RNA
abundance (Harrington ef al., 2000). However, this potential advantage is
reduced by the recognition that hybridization intensity is the product of several
effects, in addition to RNA abundance, including base composition and tran-
script size (Richmond et al., 1999).
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Of the array formats considered here, the DNA glass-spotted microarray
system is the most flexible because amplicons can easily be added or deleted
by the investigator. This feature, their capacity for fabrication by small labo-
ratories, relatively low cost and the simultaneous comparison of two samples
on the same array surface are strong reasons for their use by academic labora-
tories. However, the evolution of array formats is rapid and many innovations
can be expected in the near future. Considerable additional information is
available about each of these array formats via the internet and a useful list of
website addresses has been published (Ferea and Brown, 1999). Detailed
protocols for the fabrication and use of DNA glass-spotted microarrays for bac-
terial expression studies have been published (Schoolnik et al., 2001; Wilson
et al., 2001) and are available at http://schoolniklab.stanford.edu.

3. ANALYSIS OF MICROARRAY DATA

Like all assays of biological systems, results obtained from microarray expres-
sion experiments are subject to multiple sources of variability — inherent
biological variability and variability due to experimental and technical factors
including array-to-array variation, slight differences in media, growth and
time-course and different RNA preparation and labelling efficiencies (Long et
al., 2001). In turn, these are likely to be compounded by the multi-step nature
of array protocols.

3.1. Statistical Analysis of Microarray Data

Each of the array formats discussed above generates ratios of signal intensities
between control and experimental samples (Richmond et al., 1999), either
directly from the same array (DNA glass-spotted microarray format) or by com-
paring intensity values between two separate arrays (high-density
oligonucleotide array format). It has been the practice of many investigators to
arbitrarily select a particular ratio, often termed a ‘fold-difference’, that is
believed to imply a biologically significant difference in a gene’s transcriptional
activity between two conditions. Most frequently selected is a two-fold differ-
ence. This practice generates lists of genes above this value (or below 0.5, if
repressed) and implies that they are significantly regulated by the experimental
condition compared with the control condition. However, a recent study persua-
sively points out the error of this logic, by noting that each microarray
experiment generates thousands of measurements and that errors due to techni-
cal and experimental variations are likely to assume a Gaussian distribution
(Arfin et al., 2000). Consequently, for an array that provides mRNA abundance
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data for 5000 genes for two conditions of growth, a standard ¢ test distribution
will detect 250 genes (5%) whose expression levels between the two conditions
will differ simply by chance alone, assuming a P value <0.05 (Arfin et al.,
2000). Therefore, if the expression experiment actually detects 500 differentially
regulated genes between the two conditions, then fully one-half of these differ-
ences (250 genes) will be false positives at a 95% confidence interval (Arfin et
al., 2000). From this argument, it is self-evident that a fold-difference criterion
alone is inadequate and that the statistical analysis of multiple biological repli-
cates of the same experiment is required. Recognition of this issue has led to the
development of new statistical instruments and their use has clearly demon-
strated that no arbitrarily selected fold-difference reliably identifies all
significantly regulated genes. Nor does it exclude genes whose apparent regula-
tion is due to the sources of experimental variability described above (Arfin et al.,
2000; Tusher et al., 2001). A comprehensive study by Hatfield and colleagues
used a statistical instrument based on a linear analysis of variance model (avail-
able at http://www.genomics.uci.edu/) that showed that some genes with
fold-induction levels less than two are in fact significantly regulated, whereas
other genes with large fold-differences are not (Arfin et al., 2000). These findings
were confirmed by Tusher and coworkers who developed a different statistical
instrument, designated the significance analysis of microarrays (available at
http:/fwww-stat-class.stanford/SAM/S AMSerlet/) and used it to analyse microar-
ray studies of the effects of ionizing radiation (Tusher ez al., 2001).

Both statistical methods require the analysis of biological experimental
replicates and the current consensus in the field suggests that at least three and
optimally five are sufficient, providing microarray-specific statistical tools are
used (Atrfin et al., 2000; Lee et al., 2000; Long et al., 2001). If a ¢ test alone is
used, >10 replicates may be required, a number that is unrealistic for microar-
ray work (Long et al., 2001). Having demonstrated that, the combined use of
experimental replicates and appropriate statistical instruments will identify
genes whose regulation is statistically significant, wo recent studies then con-
ducted Northern analysis of mRNA abundance and these data corroborated
results from the statistically analysed microarray results (Arfin er al., 2000;
Tusher et al., 2001). Thus, the use of these statistical methods may make it
unnecessary to routinely employ Northern, slot blot or RT-PCR assays of
mRNA abundance to validate microarray expression results. Clearly however,
the question of their biological significance must be addressed through the use
of other methods.

3.2. Analysis of Microarray Data: Clustering Algorithms

Cluster algorithms are now commonly used to data mine microarray expres-
sion profiles to identify co-regulated genes that perform common metabolic or
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biosynthetic functions. Based on the foregoing discussion, these algorithms are
best applied to genes identified as significantly regulated by the statistical
methods referred to above.

A brief discussion follows of the two most commonly used unsupervised
clustering algorithms.

Hierarchical clustering has been employed in the analysis of microarray
expression data in order to place genes into clusters based on sharing similar
patterns of expression (Eisen ef al., 1998). This method yields a graphical
display that resembles a kind of phylogenetic tree, where the relatedness of the
expression behaviour of each gene to every other gene is depicted by branch
lengths. The programs Cluster and TreeView, both written by Michael Eisen at
Stanford University, are available at http://rana.stanford.edu/software/.

Self-organizing maps (SOMs), a non-hierarchical method, have also been
used to analyse microarray expression data (Tamayo et al., 1999). This
method involves selecting a geometry of nodes, where the number of nodes
defines the number of clusters. Then, the number of genes analysed and the
number of experimental conditions that were used to provide the expression
values of these genes are subjected to an iterative process (20,000-50,000
iterations), which maps the nodes and data-points into multidimensional
gene expression space. After the identification of significantly regulated
genes, the expression level of each gene is normalized across experiments.
As a result, the expression profile of the genome is highlighted in a manner
that is relatively independent of each gene’s expression magnitude. Software
for the GENECLUSTER SOM program for microarray expression analysis
can be obtained from the Whitehead/MIT Center for Genome Research at
http://www-genome.wi.mit.edu/MPR/software.html.

Supervised clustering algorithms have also been proposed (Cummings and
Relman, 2000).

3.3. Analysis of Microarray Data: Metabolic Pathway
Databases

Further data mining can be carried out by analysing genes within a particular
cluster through the use of metabolic pathway databases (Karp et al., 1999).
This is a logical second step because, as noted above, clusters often contain
genes that mediate common cellular functions and the unit of analysis for a
pathway database is a metabolic or biosynthetic pathway. From a physiologi-
cal and systems perspective, such pathways are the functional unit of the
microbe and thus changes in the expression of pathway genes underlie many
of the adaptive responses of the organism to changes in growth conditions, to
different microenvironments of the host and to the presence of antimicrobial
compounds. Accordingly, the availability of pathway databases is likely to
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facilitate microarray data analysis. In a reciprocal manner, microarray experi-
ments that probe the transcriptional response of an organism to different
metabolic and physiological conditions of growth will probably yield data
that can be used to refine the pathway database.

A comprehensive, empirically grounded E. coli metabolic database, suitable
for the interpretation of microarray expression data, is available as EcoCyc
(Karp er al., 2000) at http://ecocyc.org/ecocyc/metacyc.html. Each pathway in
the EcoCyc pathway database is characterized by its enzymes and the reactions
they catalyse, its products, metabolites and precursors and the co-factors these
reactions require. The processes by which EcoCyc determined if a particular
metabolic pathway could be encoded by the E. coli genome and by which it
assigned an ORF to the pathway, depended in part on the possible function of
the OREF, predicted by reference to genes of proven function in other species.
However, these initial functional and pathway assignments were then reviewed
by a pathway curator who reconciled the initial pathway assignments (based on
functional annotations from the E. coli sequencing project) with the pre-existing
E. coli empirical database of biochemically proven metabolic pathways.

The development of pathway databases for bacterial species other than E.
coli has relied on the information about E. coli metabolic pathways that is
embedded in the EcoCyc database. Functionally annotated genes in a particu-
lar species’ genome database are matched to homologues of the E. coli K12
genome database. The EcoCyc program then identified those genes of the
species which have E. coli homologues that have been identified by EcoCyc to
be components of an E. coli metabolic pathway. This method has been used to
develop pathway databases for over 30 bacterial species; collectively these
comprise the MetaCyc database (Karp er al., 2000). The process by which
these non-E. coli pathway databases were derived, as exemplified for M. tuber-
culosis, is as follows. The E. coli K-12 genome is predicted to have 4668
ORFs which specify 138 metabolic pathways. M. tuberculosis, which has
3924 ORFs, is predicted to have 103 pathways in common with E. coli, but
several putative M. tuberculosis pathways were found to be incomplete in
comparison with the E. coli pathways. The resulting M. tuberculosis pathway
database, though a valuable resource for the analysis of expression data, there-
fore did not identify pathways present in M. tuberculosis, but absent in E.
coli. Moreover, the M. tuberculosis pathway designations were based entirely
on the identification of M. fuberculosis genes which were found to share
sequence homology with E. coli genes and thus were predicted to be func-
tionally homologous as well. The addition of empirically derived data to this
database from biochemical studies of M. tuberculosis metabolic pathways will
address these deficiencies.

In summary, starting with log-transformed, normalized intensity values,
the analysis of microarray data begins with the statistical analysis of experi-
mental replicates and the evaluation of significantly regulated genes by cluster
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algorithms. Further analysis of the resulting clusters by reference to the organ-
ism’s pathway database leads to a physiological interpretation of the expression
profile.

4. MICROARRAY EXPRESSION PROFILING OF PATHOGENIC
BACTERIA

The focus of this chapter is pathogenicity. Thus, microarray studies of the
non-pathogenic, model micro-organisms E. coli K-12, Bacillus subtilis, and
Caulobacter crescentus will not be discussed. However, these studies are sum-
marized in Table 1 and recommended to the reader because they demonstrate
how microarray expression profiling can reveal new information about previ-
ously well-studied physiological responses; the value of comparing the
expression profiles of carefully selected mutant and wild-type strains; and the
use of expression profiling to analyse complex, multistage developmental
programs.

Table 1 Microarray expression studies of non-pathogenic E. celi strains and non-
pathogenic bacterial species.

Strain/Species Pathogenic status  Condition studies Reference
E. coli K-12, MG1655 Non-pathogenic = Heat shock, IPTG Richmond et al.,
1999
E. coli K-12, MG1655  Non-pathogenic  H,0, Zheng et al., 2001
E. coli K-12, MG1655 Non-pathogenic  Rich medium, minimal Wei et al., 2001a
medium

Exponential phase,

transition phase, ITPG

Rich medium, log-phase, Selinger et al.,
stationary phase 2000

Late log-phase, minimal ~ Tao et al., 1999
medium, rich medium

E. coli K-12, MG1655 Non-pathogenic

E. coli K-12, MG1655 Non-pathogenic

E. coli K-12, TG1 Non-pathogenic ~ Stationary phase, metal Brocklehurst
resistance (ZnllI, CdlI, and Morby 2000
Coll or Nill)

E. coli K-12, MG1655 Non-pathogenic  Exponential phase, Zimmer et al.,
nitrogen limitation 2000

E. coliW3110 Non-pathogenic ~ Tryptophan excess Khodursky et al.,
or starvation 2000

B. subtilis 168 Non-pathogenic ~ Anaerobic growth Ye et al., 2000

C. crescentus

species
Non-pathogenic
species

Cell cycle

Laub et al., 2000
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The ultimate goal of whole genome expression studies of pathogenic bac-
teria is the identification of bacterial genes which are differentially regulated in
the host. Within this class of genes are those that mediate adaptation of the
microbe to host-specific microenvironments or encode virulence determinants.
Ideally, studies of this kind would compare expression profiles of bacteria
within infected tissues with profiles from bacteria cultured under standardized
in vitro conditions of growth. Unfortunately, this technically formidable goal
has not been achieved using non-amplification methods, because the number
of organisms within infected tissues is normally small, RNA from host cells is
vastly more abundant than bacterial RNA and no efficient method to differen-
tially extract stabilized bacterial RNA from tissues has been described.

Due to these considerations, most microarray studies of pathogenic bacte-
ria have employed conditions of growth achievable in vitre using media that do
not contain eukaryotic cells. In vitro growth conditions are selected that are
believed to simulate host microenvironments with respect to one or more of the
following parameters: growth phase, temperature, oxygen tension, carbon
source, pH, osmolarity, divalent cation and iron concentrations and the pres-
ence of products of the activated macrophage, including reactive oxygen and
nitrogen intermediates. Inherent in this experimental design is the assumption
that the gene expression profile of a microbe in tissue is the sum of its
responses to individual physicochemical parameters that characterize the tissue
microenvironment. If this assumption is valid, then the complex transcrip-
tional response of the organism in tissue can be deduced from a series of
microarray expression studies that capture the transcriptional response to a
series of individual in vitro conditions where each of the tested conditions sim-
ulates a particular in vivo value. While this assumption has never been
thoroughly tested, many examples now exist showing that the expression of
genes encoding virulence determinants can be induced in vitro by simple mod-
ifications of laboratory media (Mekalanos, 1992). Studies of this kind are
summarized in Table 2 and reviewed below.

4.1. Pasteurella multocida: Iron Limitation

This experimental approach was undertaken by Paustian and colleagues in
their study of the transcriptional response of Pasteurella multocida growing
under iron-limited conditions in vitro (Paustian et al., 2001). P. multocida is a
Gram-negative bacillus that causes economically important infections of fowl
(cholera), cattle (septicaemia), swine (atrophic rhinitis) and rabbits (snuffles).
Available free iron is limited in host tissues by the presence of the iron-bind-
ing proteins lactoferrin and transferrin and accordingly iron limitation induces
a complex iron-scavenging response involving the production of iron-binding
compounds and transport systems. To characterize the P. multocida low iron
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response, log phase cultures of the organism were grown either in the iron-
replete medium, brain—heart infusion (BHI) broth, or in BHI containing the
iron chelator 2,2’-dipyridyl; bacteria were harvested and total RNA prepared
15, 30, 60 and 120 min later, labelled and the transcriptional response deter-
mined using a DNA microarray containing 96% of the organism’s 2014 ORFs.
The expression levels of 135 genes (~7% of the genome) were found to be
altered by two-fold or more during iron-limited growth; of these, 85 were up-
regulated and 50 down-regulated (Paustian ez al., 2001). This set of regulated
genes includes many known in other organisms to be iron-regulated, including
the Yfe, Fbp and Fec operons that participate in the transportation of iron
from the periplasmic space across the cytoplasmic membrane into the cyto-
plasm. However, the response was considerably more diverse including the
down-regulation of genes involved with energy metabolism and the up-regu-
lation of genes involved with DNA and central intermediary metabolism and
with amino acid biosynthesis. Further, although fnr, a regulator of anaerobic
metabolism was up-regulated, some Fnr-regulated genes, including fumarate
reductase and formate dehydrogenase, were down-regulated. The complexity
of the transcriptional response to iron limitation raises the following question,
typical of many whole genome expression results: which genes in the overall
expression profile compose the primary or direct response to iron limitation
and which are secondary, downstream consequences of an intracellular defi-
ciency in iron which might affect multiple pathways? For example, iron
limitation might disrupt iron-sulphur centre-dependent enzyme systems,
including electron transport proteins and those that monitor the redox state of
the cell. The pleotrophic nature of the transcriptional response to an apparently
simple change in the concentration of only one metal, also points to the inter-
dependency of multiple metabolic and biosynthetic pathways. This in tumn
encourages a systems view of cellular homeostasis which contrasts dramati-
cally with the reductionist focus on a single component of the whole.

4.2. Enterohaemorrhagic E. coli 0157:H7: Adaptation to
Acidic Microenvironments

The pH of some host microenvironments, like the concentration of available
iron, challenges the capacity of bacteria to adapt, especially in strongly acidic
organs. The most extreme of these, the stomach, normally reaches pH values as
lIow as 2.0 and virtually all bacteria that ultimately compose the rich and varied
microflora of the colon and distal small intestine have successfully transited the
‘gastric acidity barrier’ before coming to reside in the more alkaline environ-
ment of the intestine. Some pathogenic species, particularly Shigella sp. and the
enterohaemorrhagic and enteroinvasive E. coli biotypes are particularly acid-
resistant, explaining why infections with these organisms can be initiated by
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fewer than 30 bacteria (Gorden and Small, 1993). Most remarkable of the acid-
tolerant group is Helicobacter pylori, which chronically colonizes gastric
mucous membranes and thus is normally exposed, often for decades, to an
acidic environment. By contrast, many other enteric pathogens are less acid tol-
erant and require infectious doses exceeding 100,000 organisms.

Growth conditions that precede acid exposure can have a striking effect on
acid tolerance. Amongst the most potent of these is exposure to short chain
fatty acids, particularly acetate, the protonated form of which crosses the
cytoplasmic membrane, dissociates in the cytoplasm and thus lowers cellular
pH, even when the pH of the growth medium is neutral (Arnold er al., 2001).
Acetate-treated E. coli transferred from neutral to acidic media survive sig-
nificantly better than non-pretreated bacteria. To learn more about the
mechanism of acetate-induced acid tolerance, log phase cultures of entero-
haemorrhagic E. coli serotype O157:H7 were incubated in M63 glucose
medium, pH 7.0 with or without 100 mm acetate for 30 min, the bacteria har-
vested and the total RNA prepared, labelled and analysed using an E. coli
K-12 membrane macroarray containing representations of all of the ORFs of
the prototype sequenced non-pathogenic strain MG1655. Therefore, the 1,387
ORFs that are present in the E. coli O157:H7 genome, but absent in the
genome of E. coli K-12 (Perna et al., 2001) would not have been monitored
by this K-12-specific membrane macroarray. Despite this limitation, of the E.
coli O157:H7 ORFs represented on the K-12 array, 26 were found to be up-
regulated two-fold or greater in acetate-treated bacteria (Arnold ez al., 2001).
Amongst these were six genes previously known to be required for acid resist-
ance including gadA and gadB, whose products catalyse the conversion of
glutamate to y-aminobutyrate and gadC, which encodes a y-aminobutyrate
antiporter. Taken together, these genes specify functions that defend the intra-
cellular pH during exposure of the organism to acidic conditions of growth.
Moreover, this transcriptional response is consistent with the findings of prior
studies showing that disruption of gadA, gadB or gad(C results in an acid-sen-
sitive phenotype. Also induced by acetate was cfa, whose product
cyclopropanates unsaturated fatty acids in the inner membrane, possibly
decreasing its permeability to protons. The gene coding for HdeA was also
induced. This periplasmic chaperon probably prevents acid-induced denatu-
ration and aggregation of periplasmic proteins. Three oxidative stress genes,
dps, katE and grxB were induced, as well indicating that exposure to acetate
generates reactive oxygen species. Some of the genes induced by acetate are
regulated by RpoS, an alternative sigma factor previously known to be
required for acid survival. Although disruption of rpoS prevented acetate-
induced acid tolerance, its induction did not confer acid tolerance. This
information, in combination with the acetate-induced expression results,
shows that the induction of acid tolerance by acetate requires genes that are
not part of the RpoS regulon (Arnold ez al., 2001). Acetate reduced by
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two-fold the mRNA abundance of 60 genes, of which 48 encode components
of the transcription—translation machinery, whose down-regulation reflects an
acetate-induced decline in growth rate.

4.3. Helicobacter pylori: Adaptation to an Acidic
Microenvironment of the Host

To identify the transcriptional response of H. pylori to acidic conditions of
growth, Ang and colleagues grew a recent gastric isolate from a patient with
peptic ulcer disease on two batches of Columbia agar containing 5% sheep
blood and an antibiotic supplement. One batch had been titrated to pH 7.2 and
the other to pH 5.5 (Ang et al., 2001). Forty-eight hours later, total RNA was
prepared and the transcriptional profile obtained using a membrane macroarray
containing representations of 96% of the 1534 predicted ORFs of H. pylori
strain 26695. Compared with the expression profile of bacteria grown at pH 7.2,
the mRNA steady-state levels of 80 ORFs was increased five-fold or greater by
growth for 48 h at pH 5.5. Sixteen of these were previously known to be acid-
induced, either in H. pylori or in other species. These include Ompll, a
proton-translocating ATPase believed to contribute to acid tolerance by extrud-
ing cytoplasmic protons and arginase whose homologue in B. subtilis is
involved with urea cycle regulation and is essential for acid tolerance. The
expression of ceuE, which codes for a component of an iron (III) ABC trans-
porter was also strongly induced, indicating a possible convergence of the acid
stress and iron-scavenging responses. An additional 43 up-regulated ORFs were
identified that code for functionally annotated proteins that had not been previ-
ously known to be acid-regulated. Finally, 21 up-regulated ORFs specified
proteins of unknown function. Only four ORFs were down-regulated by acid
and two of these compose part of an operon encoding two subunits of NADH-
ubiquinone oxidoreductase, a component of the respiratory chain that transfers
periplasmic protons across the inner membrane. Their reduced expression sug-
gests that proton pumping is suppressed during acidic conditions of growth.
Taken together, these results show that only a minority of the acid-regulated
genes can be directly associated with acid tolerance by a plausible physiologi-
cal mechanism or by reference to prior work (Ang et al., 2001). In part, this
probably reflects the complex and relatively unexplored nature of the acid-
resistant phenotype in this species and the large number of its ORFs that code
for proteins of unknown function. However, in part this may also come from
two aspects of the study’s experimental design. First, the use of organisms
grown on a solid medium leads to self-generated gradients, due to the con-
sumption of nutrients and the production of metabolic by-products, that
potentially create a heterogeneous population with respect to metabolic state.
Moreover, it is possible that the pH of the agar adjacent to areas of heavy
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bacterial growth was titrated by physiological processes to a different and
unknown pH. Second, sampling the transcriptome after a protracted period of
growth (48 h) at pH 5.5 is likely to characterize a new steady state rather than
the adaptive process itself. That is, acid-induced stress probably generates an
immediate transcriptional response leading to the accumulation of relatively
stable protein products that mediate the adaptive process. Once translation of
these proteins has occurred, the transcriptional activity of their cognate genes
may decline to near-basal levels, too low to be identified amongst the regulated
set of genes.

4.4. Streptococcus pneumoniae: Induction of Competence
by ComC

S. pneumoniae, a common cause of pneumonia, sepsis and meningitis, normally
colonizes the pharyngeal mucous membranes of asymptomatic persons. Genetic
diversity in this species is thought to arise by transformation through the uptake
of DNA released from the other strains and species within this ecosystem that
have undergone autolysis. Competence, the capacity to bind and take up extra-
neous DNA, is a transient physiological state that entails the co-ordinate
regulation of gene groups whose expression exhibits a predetermined and pre-
dictable temporal profile. Rimini and co-workers used a membrane macroarray
containing PCR products from 4301 clones covering most of the genome of S.
pneumoniae, capsular serotype 19F, to profile the kinetics of gene expression
during competence (Rimini ez al., 2000). Competence was initiated by the
addition of synthetic competence stimulating peptide (CSP), a quorum-sensing
pheromone encoded by comC. Total RNA was obtained 0, 5, 10, 15 and 30 min
later. This time-course was chosen because prior work had showed that one
group of competence genes is induced at 5 min (designated the ‘early’ set), a
second group is induced at 10 min (designated the ‘late’ set) and that transcripts
corresponding to both sets disappear by 20 min. After addition of CSP, the
genome-wide expression profile corroborated the kinetics of the early and late
transcriptional patterns and within these groups were 17 genes previously
described to be up-regulated during competence. However, more important
was the identification of 23 other up-regulated genes not previously recognized
to be associated with competence (Rimini ef al., 2000). Amongst these was a
pair of adjacent genes coding for two putative pheromones and preceded by a
cin-box consensus sequence, a motif that is also present in the promoter
regions of several late competence genes. By contrast, the promoter region of
an up-regulated, operonic-like cluster of two genes, orthologous to yhaQ and
yhaP in B. subtilis, was found to contain a ComE-binding site. ComE is the
cognate response regulator of ComD, the histidine kinase CSP receptor, and
thus controls the expression of early competence genes. While most of the CSP
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up-regulated genes exhibited either early or late expression kinetics, ciaH,
which encodes a sensor kinase, was up-regulated much later in the time-course
(30 min after the addition of CSP) suggesting a possible role in the termination
of competence. In contrast to prior studies of competence, Rimini and co-
workers also discovered seven CSP down-regulated genes, most of which
encode ribosomal proteins, thus indicating that competence is associated with
lower levels of protein synthesis. This study demonstrates how microarray
expression profiling can illuminate a programmed physiological process, by
relating the transcriptional state of genes to a time-course that marks its initia-
tion, manifestation and decline. It also shows that a genome-wide study will
nearly always reveal new information, even about a well-studied phenomenon.
Finally, the use of promoter motifs, such as the cin-box consensus sequence and
ComE-binding site described above, powerfully inform expression results by
grouping regulated genes into distinct functional sets and regulons, based on the
presence of these motifs, and by helping to distinguish direct effects (genes with
conserved upstream motifs) from indirect effects (genes with diverse upstream
sequences).

4.5. S. pneumoniae: Cell Density-Dependent Gene
Regulation

Microarray expression analysis of cell density-dependent gene regulation in S.
pneumoniae was also used by De Saizieu and co-workers to study a
bacteriocin-like peptide, two-component system that is remarkably similar
with respect to its regulation, processing, export and signal transduction to the
competence system described above (De Saizieu er al., 2000). As in the pre-
ceding study, a synthetic bacteriocin-like peptide (designated BlpC*),
corresponding to the sequence deduced from the cognate gene in strain
KNR.7/87, was added to exponentially growing pneumococcal strains R6 and
KNR.7/87. RNA was prepared from these cultures and the transcriptional pro-
file obtained using a high-density oligonucleotide Affymetrix array containing
1973 ORFs and 323 intergenic regions. Sixteen genes were significantly up-
regulated in strain KNR.7/87 10 min after addition of the peptide and their
expression persisted until stationary phase. The expressed genes were clustered
on the chromosome near blpHR, which encodes the cognate two-component
system, which regulates expression of bipC. These data also showed that bipC
is autoinduced. However, peptide BlpC* did not induce this regulon when
added to a culture of pneumococcal strain R6, showing that the peptide exhibits
strain specificity (De Saizieu ez al., 2000). The demonstration by Throup et al.
that a blpHR mutant exhibits attenuated virulence in a murine model of pneu-
mococcal pneumonia shows that this quorum-sensing system is expressed in
vivo and contributes to pathogenicity (Throup et al., 2000).
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4.6. Mycobacterium tuberculosis: Low-Oxygen Gene
Regulation and Induction of Dormancy

Like S. pneumoniae, M. tuberculosis mainly infects the lung. However, unlike
patients with pneumococcal pneumonia, an acute infectious process, most
people infected with M. tuberculosis have a latent form of the disease and are
non-infectious and asymptomatic. However, these persons harbour viable, but
non-replicating bacilli in granulomatous lesions. Immunosuppression owing to
age, illness, cancer therapy or organ transplantation substantially increases
the probability that latent foci of infection will reactivate leading to clinical dis-
ease and possible spread of M. tuberculosis to other people. Although ~90% of
persons with latent tuberculosis never reactivate, the minority who do infect
others and today one-third of the world’s population (~2 billion people) har-
bour this organism.

The nature of latency is not only a serious clinical and epidemiological
issue, but the most compelling and poorly understood aspect of this species’
biology. In vitro, a state of non-replicating persistence (termed ‘dormancy’ to
distinguish it from ‘latency’, which is a clinical phenomenon) can be pro-
duced by allowing a non-stirred culture to generate a low oxygen gradient as
the respiring bacteria settle to the bottom of a culture tube (Wayne, 1976).
Non-replicating cultures of this kind, viable for months and perhaps years, can
be resuscitated to the replicating state by re-introduction of oxygen. This
simple in vitro dormancy model is believed to simulate aspects of in vivo
latency because mature granulomas are often surrounded by calcified fibrous
tissue and thus may be hypoxic. Moreover, reactivation most commonly occurs
in the apices of the lung where oxygen levels are high. To identify M. tuber-
culosis genes differentially regulated by hypoxia, an early exponential phase
culture of M. tuberculosis was shifted from growth in air (~20% O,) to growth
in a hypoxic atmosphere (0.2% O,, 99.8% N,); 2 h later, RNA was prepared
and the genes induced by hypoxia were identified using a DNA microarray
containing >97% of the 3924 ORFs predicted from the genome sequence of
strain H37Rv (Sherman et al., 2001). The expression of 47 genes was found to
be significantly up-regulated. They were clustered in eight chromosomal loca-
tions and within seven of these clusters were three or more contiguous ORFs
and/or operonic-like groups with opposing transcriptional orientations indi-
cating the presence of at least two separate 5" upstream promoter regions per
cluster. This chromosomal arrangement, immediately evident from the inspec-
tion of whole genome expression data, indicates a kind of super-operonic
organization for functionally linked sets of genes.

Although approximately two-thirds of the induced genes are of unknown
function, several with annotated functions are plausibly involved with adapta-
tion to hypoxia and possibly to dormancy. Amongst these is acr, which
encodes o-crystallin, a 14-kDa protein with chaperone activity that was
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previously shown to accumulate during dormancy. Also induced were genes
that indicate a shift from aerobic to microaerophilic metabolism, including
narX and narK?2, which encode a fused nitrate reductase and nitrite extrusion
protein, respectively. Several genes coding for putative transcription factors
were also identified within the induced gene set including two within a three-
gene operon. One of these two is predicted to encode a membrane-bound
sensor, histidine kinase, and the other a two-component response regulator.
Mutational analysis of this operon showed that disruption of the response reg-
ulator, but not of the adjacent sensor histidine kinase, prevented hypoxic
induction of acr whose expression was thought to reflect the transcriptional
state of other genes within the low oxygen stimulon (Sherman et al., 2001).
Compared with the wild-type parent strain, this mutant survived less well in
late stationary phase. The expression of 60 genes was found to be reduced
during low oxygen growth; their annotated functions point to a decline in aer-
obic metabolism, amino acid, protein and lipid biosynthesis and functions
involved with cell division. The expression profile described above was evident
after only 2 h of low oxygen growth. This time-course, considered in the con-
text of clinical latency (which in most people persists for a lifetime) suggests
that this set of low O,-regulated genes is but the first transcriptional stage in a
multistage developmental program that leads to a stable non-replicating state
in vivo.

The identification of the cognate two-component response regulator of this
low oxygen regulon exemplifies how microarray expression analysis can be
used to identify transcription factors and dissect regulatory networks. Other
such studies are summarized in Table 3.

4.7. M. tuberculosis: ¢ Factor Regulatory Cascades

Developmental programs of the kind exemplified by M. tuberculosis dormancy
frequently entail temporally ordered transcriptional events governed by a hier-
archy of transcription factors. ¢ factors, located near the top of this hierarchy,
confer different promoter specificities by associating with the RNA poly-
merase core enzyme. M. tuberculosis is particularly well endowed with
alternative G factors, having 13 genes which are predicted to be of the 670
class, of which 10 belong to the ECF (extracytoplasmic) group. The ECF
subset of alternative © factors are of particular interest because in other species
some have been found to confer adaptive responses to environmental factors
and stress or to be required for virulence.

M. tuberculosis is a facultative intracellular parasite and in host tissues it
resides mainly within the macrophage. The resting macrophage offers a milieu
that is vastly different from in vitro growth with respect to iron availability, pH
and carbon source. Activation of the macrophage with IFNYy, an event that
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coincides in vivo with the onset of cell-mediated immunity, leads to the prompt
generation of reactive oxygen intermediates (ROIs) owing to the respiratory
burst, reactive nitrogen intermediates (RNIs) due to expression of macrophage
inducible nitric oxide synthase (iNOS) and the production of antimicrobial
peptides. Adaptation to these stresses presumably occurs in vivo because, as
discussed above, M. tuberculosis can persist for years within the tissues of
immunocompetent hosts.

Microarray expression profiling would seem an ideal means by which to
identify the gene set governed by ECF o factors required for successful sur-
vival in the macrophage phagosome. Manganelli and colleagues used a
combination of mutational and microarray methods to define the function and
characterize the regulon of the M. tuberculosis ECF ¢ factor, cF (Manganelli
et al., 2001). Disruption of sigE yielded a strain that was more sensitive than
the wild-type parent to heat shock, the ionic detergent sodium dodecyl sulphate
(SDS) and to the oxidants hydrogen peroxide, cumene hydroperoxide and
plumbagine (a superoxide generator). To determine if the sensitivity of this
mutant to these stresses affected its survival within macrophage cell lines, the
growth rates of mutant and wild-type in the human THP-1 monocytic cell line
and in the murine J774A.1 cell line, were compared. The mutant grew less well
than the wild-type strain in each of these cell lines and was more rapidly killed
in J774A.1 cells that had been activated by the addition of IFNy and LPS, than
the parent. These findings provided a sound basis for the selection of growth
conditions to identify genes that, directly or indirectly, are regulated by o*. To
identify oF-regulated genes under non-stress, physiological conditions of
growth, total RNA was obtained for expression profiling from the mutant and
wild-type from mid exponential phase cultures (Manganelli ef al., 2001). This
comparison was valid because the growth rates of both strains in this medium
were equivalent. Thus, the differential regulation of growth-rate dependent
genes would not be confused with 6B-dependency. The expression levels of 38
genes were increased in the wild-type compared with the sigE mutant; amongst
these was sigB, a principal ¢ factor of the 67° class. Exposure of a mid-
exponential culture of mutant and wild-type to 0.05% SDS for 90 min revealed
23 genes whose SDS-induced expression required 6E. When this gene set and
the non-stressed oE-dependent mid-exponential set were compared, 68 was the
only gene in common indicating that the genes showing 6F dependence during
physiological, non-stressed growth (except 6F) are indirectly regulated by oF,
possibly through an indirect effect of 6F on the expression of housekeeping
genes. By contrast, many of the 6E-dependent, SDS-induced genes seem likely
to directly require 6¥. Besides P, these include aceA (encoding isocitrate lyase
of the glyoxalate shunt) and fadB2 (encoding 3-hydroxyacyl CoA dehydroge-
nase, a component of the fatty acid B oxidation pathway), both of which are
known to be induced by mycobacteria within macrophages. Their induction
suggests that host fatty acids are the main source of carbon and energy in vivo.
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The expression of aceA and fadB2 by exposure to SDS may point to damage of
cell envelope lipids by this detergent and their recycling and catabolism via
oxidation. Similarly, the c®-dependent induction by SDS of fadE23 and
fadE24, two genes that are also induced by isoniazid-dependent inhibition of
mycolic acid biosynthesis (Wilson et al., 1999), suggests that SDS also dam-
ages biosynthetic pathways required for the production and/or maintenance of
cell envelope complex lipids.

4.8. M. tuberculosis: Inhibition of Biosynthetic Pathways
and the ldentification of New Drug Targets

M. tuberculosis is not only a formidable human pathogen, but is also increas-
ingly difficult to treat because of emerging resistance to one or more
antitubercular drugs. To identify genes differentially regulated upon exposure
of the organism to isoniazid (isonicotinic acid hydrazide, INH), a compound
discovered in 1952 that is still commonly used in combination with other
antibiotics to treat tuberculosis, Wilson and co-workers prepared a microarray
containing representations of ~97% of the ORFs of the recently sequenced M.
tuberculosis genome (strain H37Rv) (Wilson et al., 1999). It has long been
known that INH blocks the biosynthesis of mycolic acids, an essential com-
ponent of the mycobacterial cell envelope, and recent biochemical studies
indicate that it does so by inhibiting the type II fatty acid synthase (FAS-II)
complex that is required for the production of the full-length meromycolate
chain. Two mechanisms of action have been proposed: binding of NADH
within the active site of enoyl-acyl carrier protein reductase (InhA)
(Rozwarski et al., 1998) or the formation of a ternary complex with -
ketoacyl-ACP-synthase (KasA) and the acyl carrier protein, AcpM (Mdluli ez
al., 1998).

The microarray study of INH was undertaken to learn if a drug-induced
expression profile could be used to predict a compound’s mode of action.
Mid-log phase cultures of M. ruberculosis were treated with concentrations of
INH at or below the minimal inhibiting concentration of the drug for this
strain or with a drug-free buffer. Bacteria were isolated and total RNA prepared
40 min, 1, 4 and 8 h thereafter (Wilson et al., 1999). Since this slow-growing
species divides in culture approximately once every 18 h, this time-course
preceded any discernable effect on bacterial growth. Remarkably, of the 3834
ORFs whose RNA abundance was monitored by DNA expression analysis,
only 14 were found to be differentially regulated by INH at these time-points
and drug concentrations. Amongst these genes was the induction by INH of an
operon-like cluster that encodes components of the FAS-II complex including
AcpM and KasA. This result, evident at the earliest monitored time-point (40
min), indicates that an expression result can provide useful information about
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a compound’s mode of action and demonstrates that inhibition of a biosyn-
thetic pathway is sensed and responded to at the transcriptional level within
minutes. Also induced was fbpC, which encodes trehalose-dimycolyl trans-
ferase, an activity at the end of the mycolate biosynthetic pathway that
esterifies mycolic acids with cell wall carbohydrates. Induction of this gene
probably follows INH-induced depletion of mature mycolates and the need of
the pathway to anchor its product into the cell wall. This result shows that an
expression result can illuminate components of a multicomponent pathway
which are remote from its direct site of action.

Inhibition of a biosynthetic pathway logically results in the accumulation of
precursor molecules and biochemical studies demonstrate that INH-treated
mycobacteria accumulate fatty acids as the levels of mature mycolates decline.
Congruent with these biochemical data, microarray expression analysis iden-
tified the increased abundance of transcripts coding for two acyl-CoA
dehydrogenases, FadE23 and FadE24, likely to be involved in the B-oxidation
of the accumulated fatty acids. Induction of this shunt pathway is thus an
early, but indirect consequence of INH-mediated inhibition of mycolate
biosynthesis. Also induced was efpA, predicted to encode a proton-energized,
membrane-bound transporter which might export mycolate precursors or expel
drug or toxic by-products. Finally, induction of ahpC, the gene encoding alkyl-
CoA dehydrogenase, probably signals increased levels of reactive oxygen
intermediates, and in particular, lipid peroxides. Taken together, efpA and
ahpC compose a set of genes in the INH-induced expression profile induced by
the toxic effects of mycolate pathway inhibition. Thus, the entire expression
profile can be deconvoluted into three components: pathway-specific effects on
gene expression, including a likely site of INH action; induction of a shunt
pathway, an indirect effect secondary to pathway inhibition; and the induction
of genes responding to the toxic by-products that accumulate owing to pathway
inhibition (Wilson et al., 1999).

This study illustrates how microarray expression profiling can contribute to
the antibiotic discovery process. The rationale for a microarray-based drug dis-
covery strategy comes from the recognition that the mode of action of most
antibiotic classes is the inhibition of a vital metabolic or biosynthetic pathway.
Inhibitors of this kind predictably cause a decrease in pathway products down-
stream of the point of inhibition and an accumulation of pathway precursors
upstream of the site of inhibition. This model predicts that the resulting fluc-
tuations in the abundance of products and precursors are sensed by the genome
and result in increased expression of genes coding for pathway enzymes distal
to the point of inhibition and decreased expression of genes proximal to the
point of inhibition. As shown by the INH experiment described above,
increased expression of genes in associated shunt pathways may be expected
to occur as well, including those that degrade or expel toxic by-products that
have accumulated as a result of pathway inhibition.
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This paradigm predicts that exposure of a micro-organism to a drug or
compound of unknown mode of action should elicit an expression profile that
incriminates the affected pathway and perhaps even the target in the pathway.
Thus, expression profiling can help define the mode of action of leads identi-
fied during high-throughput screens for bacteriocidal compounds. Moreover,
through the use of inhibitors whose sites of action are known, it should be pos-
sible to identify signature profiles that are pathway-specific. Matching the
expression profile evoked by a new compound with an archive of pathway-
specific profiles should greatly accelerate mode of action studies.

The study described above also showed that the use of a site-specific
inhibitor (e.g. INH) can illuminate other components of the affected pathway
(e.g. FbpC) beyond the target itself. If pathway inhibition is lethal, then inhi-
bition of any of the critical enzymes that compose the pathway should be
lethal as well. They, therefore, constitute new drug target candidates. This
strategy is particularly attractive when mutations of the original target in a crit-
ical pathway have led to antibiotic resistance. In this case, expression profiling
may lead to the identification of other targets in the same pathway.

5. MICROARRAY-BASED COMPARATIVE GENOMIC STUDIES

Genetic variability and natural selection yield strains and species adapted to
particular microenvironments of the host and result in phenotypic differences
between non-pathogenic commensals and virulent biotypes. As a result,
genomic comparisons between pathogenic and non-pathogenic strains of the
same species can be particularly informative because genes exclusively pres-
ent in the former may be required for infectivity and virulence. Thus far
however, with respect to pathogenic bacteria, only five complete genome
sequences for two or more strains of the same species have been published.
These include H. pylori (Tomb et al., 1997; Aim et al., 1999), Chlamydia tra-
chomatis (Read et al., 2000), C. pneumoniae (Shirai et al., 2000),
meticillin-resistant S. aureus (Kuroda et al., 2001) and E. coli (two K-12
strains and enterchaemorrhagic E. coli O157:H7) (Perna et al., 2001). Until
additional complete intra-species sequences become available, microarray-
based comparisons between a fully sequenced genome and an unsequenced,
but related genome can provide valuable information about the diversity and
evolution of pathogens and symbionts (Ochman and Jones, 2000).
Comparisons of this kind employ a microarray containing representations of all
the ORFs of the sequenced, reference strain and labelled DNA from the unse-
guenced, experimental strain. The resulting hybridized array will disclose
genes common to both strains and genes that are present in the reference
strain, but absent in the experimental strain. This method, however, cannot
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detect genes present in the experimental strain, but absent in the reference
strain; point mutations, including frame-shift mutations; small deletions and
deletions in homologous repetitive elements; rearrangements of the genome
that have not resulted in deletion of a gene; or differences in the number
of multicopy genes (Salama et al., 2000; Ochman and Moran, 2001).
Additionally, in contrast to high-density oligonucleotide arrays, DNA-spotted
microarrays and membrane macroarrays ordinarily do not include representa-
tions of intergenic regions of the genome and thus cannot detect deletions
within these non-coding segments, even though these specify promoter
elements and small, non-translated RNAs and thus could be functionally
important. Finally, results falsely indicating deletion of a gene in the experi-
mental strain can arise if that gene’s sequence has diverged sufficiently from its
orthologue in the reference strain to prevent hybridization. Conversely, cross-
hybridization between ancestrally unrelated genes can yield a false-positive
result. Despite these limitations, the few published studies of this kind (Table
4) have been quite informative, in part because events leading to gene acqui-
sition and gene loss are a major source of diversity in bacterial pathogens and
symbionts (Ochman and Moran, 2001) and many changes of this kind are
readily detected by microarray methods.

5.1. Comparative Genomics of M. tuberculosis, M. bovis and
BCG Vaccine Strains

Behr and co-workers, in perhaps the first example of a study of this kind, used
a DNA microarray to compare the genome composition of the recently
sequenced M. tuberculosis laboratory strain H37Rv with the closely related
pathogenic species M. bovis and with several strains of the bacille Calmette-
Guerin (BCG) vaccine variant that was produced by serial in vitro passage of
M. bovis between 1908 and 1921 (Behr ez al., 1999). Immediately following
its development 80 years ago, the BCG vaccine strain was provided to the
public health ministries of many countries and these descendants of the orig-
inal strain are now widely used for the prevention of tuberculosis. However,
the original BCG strain was lost and the vaccine efficacy of its contemporary
derivatives varies widely. This investigation was conducted using currently
available BCG strains in order to reconstruct their genealogy at the genomic
level of resolution. Additionally, the study was designed to identify the genetic
differences between the attenuated BCG strains and the pathogenic M. bovis
parent strain and thus to discover genes that might contribute to the virulence
of the latter.

Compared with the sequenced M. tuberculosis strain, 11 regions contain-
ing 91 ORFs have been deleted from one or more of the tested pathogenic M.
bovis strains. Compared with pathogenic M. bovis strains, five additional
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regions containing 38 ORFs have been deleted from one or more of the tested
BCG strains. Each of the identified deletions was confirmed by PCR amplifi-
cation and sequencing across the deleted region, thus validating the microarray
hybridization results. Analysis of the regions deleted from BCG, but present in
the sequenced M. ruberculosis strain, showed that genes classified as tran-
scriptional regulators were lost disproportionately and some of these might
govern the expression of genes required for virulence (Behr et al., 1999).

5.2. Comparative Genomics of Multiple M. tuberculosis
Clinical Isolates

M. tuberculosis, unlike many other pathogens that inhabit mucosal surfaces
(Ochman and Moran, 2001), has not been demonstrated to undergo horizontal
gene transfer, and nucleotide sequence analysis of representative housekeeping
genes in a variety of strains has revealed comparatively few single nucleotide
polymorphisms. These findings have led to the notion that M. ruberculosis has
a highly conserved clonal population structure and that differences in the
apparent virulence of clinical isolates probably reflect differences in the
immune status of the host rather than strain-specific properties. To test this
hypothesis and to learn more about the natural variability within this species,
Kato-Maeda and co-workers used a high-density oligonucleotide array repre-
senting the H37Rv genome to compare 19 recent clinical isolates of M.
tuberculosis (Kato-Maeda et al., 2001). Compared with the sequenced, refer-
ence strain, each unique clinical isolate was found to have lost, on average, ~17
ORFs corresponding to ~0.3% of the H37Rv genome. In all, 25 deleted
sequences were detected, including 22 intergenic segments and all or part of 93
ORFs. Fifty-two of these ORFs were functionally annotated and of these 25
were phage-related and eight were insertion sequences. Several of the other
deleted genes could conceivably affect virulence including three encoding
phospholipase-C, one encoding a polyketide synthase and three encoding puta-
tive transcriptional regulators. Remarkably, strains that had sustained the most
deletions were less likely to have been isolated from patients with pulmonary
cavitation (Kato-Maeda et al., 2001). Cavity formation is a hallmark of tuber-
culosis and essential for the efficient transmission of the organism to
susceptible hosts. Thus, degradation of the genome may be associated in this
species with a trend to decreased infectivity.

5.3. H. pylori Strain Diversity

H. pylori infection of the upper gastrointestinal tract causes a spectrum of con-
ditions ranging from asymptomatic infection to gastritis, gastric and duodenal
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peptic ulcer disease and gastric cancer. Comparison of two complete H. pylori
sequences revealed that ~6% of each genome was not present in the other
genome and that recombinations, insertions and deletions, changes in repetitive
elements and single nucleotide substitutions had created considerable diversity
(Aim et al., 1999). To further explore the genomic diversity of this species,
Salama and colleagues used a microarray containing representations of 98.6%
of all ORFs of both sequenced species to examine the genomic content of 15
H. pylori strains (Salama et al., 2000). They identified 1281 ORFs that were
common to all the tested strains; these represent the ‘functional core’ of this
species’ genome. Amongst these are genes coding for metabolic and biosyn-
thetic pathways and for cellular and regulatory functions. By contrast, 362
ORFs, comprising 22% of the genome, were absent from one or more of the
tested strains; these comprise strain-specific genes and were hypothesized to
encode functions that adapt the organisms to a particular host microenviron-
ment. Strain-specific genes tended to be located in two regions containing
horizontally transferred blocks of genes and included those coding for an
adhesin that might promote gastric colonization of people expressing the Lewis
B blood group antigen, surface-exposed components of the outer membrane,
including outer membrane proteins and lipopolysaccharide, components of a
restriction modification system and ATPases that might function in the assem-
bly of a type IV secretion apparatus. An intriguing aspect of this study was the
use of a cluster program for the analysis of strain-specific genes and the iden-
tification of several genes that may have been co-inherited with genes in the
pathogenicity island and therefore might also encode virulence determinants
(Salama et al., 2000). In a separate study, Israel and co-workers used the same
H. pylori microarray to compare the genomic content of two strains from gas-
tric and duodenal ulcer patients that produce significantly different levels of
gastritis, cellular proliferation and apoptosis in the gerbil gastritis model. The
microarray results showed that the less proinflammatory strain had sustained
a large deletion of the cag pathogenicity island, providing a genetic explana-
tion for its relative attenuation (Israel et al., 2001).

5.4. Microarray Methods to Compare Distantly Related
Species

In addition to studies using microarray methodology to compare closely related
strains and species, two studies have used an E. coli K-12 microarray to char-
acterize the genomes of distantly related species. Akman and Aksoy examined
Wigglesworthia, an endosymbiont of the tsetse fly that has a genome smaller
than 770 kb (compared with the 4.6 Mb genome of the E. coli K-12 reference
strain), lives in specialized epithelial cells termed bacteriocytes and whose
presence is required by the fly for normal growth and reproduction (Akman
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and Aksoy, 2001). Wigglesworthia is believed to comprise a clade within the
tribe Enterobacteriaceae, thus justifying the use of an E. coli microarray to
study its genomic composition. Akman and Askoy were able to identify 650
genes in Wigglesworthia orthologous with E. coli genes and based on the esti-
mated size of its genome and assuming an average ORF size of 1 kb, these
orthologues comprised fully 85% of its genome. Analysis of these orthologues,
based on the functional annotations provided by the E. coli genome project,
showed that this symbiont has retained genes from its larger ancestral free
living, pathogenic or symbiotic ancestors that mediate the replication,
transcription and translation machinery of the microbe, the production of some
co-factors and amino acids, and the proper folding and transport of proteins.
They also carried out expression analysis of Wigglesworthia using the E. coli
K-12 array and identified 61 expressed genes whose putative functions suggest
it to be a facultative anaerobe that uses ammonium as a nitrogen source.

Dong and coworkers used a microarray containing 4098 of the 4290 ORFs
of E. coli K-12 to characterize the genome composition of Klebsiella pneu-
moniae 342, a diazotrophic endophyte of maize with an estimated genome size
of 4.8 Mb (Dong et al., 2001). Microarray hybridization experiments using
labelled DNA from K. pneumoniae strain 342 identified ~3000 E. coli ortho-
logues, indicating that ~1500 genes of strain 342 are either derived from a
different lineage or have diverged significantly. Of these, the authors estimate
that ~200 might mediate the interaction of K. pneumoniae strain 342 with
maize. Most of the genes common to E. coli K-12 and K. pneumoniae strain
342, were predicted to code for conserved energy, amino acid and fatty acid
metabolic pathways and for proteins required for cell division, replication,
transcription, translation and transport. By contrast, E. coli genes that were not
identified in the strain K. pneumoniae 342 genome included some genes pre-
dicted to specify regulatory proteins, chaperones, outer membrane proteins and
surface-exposed organelles including those mediating motility and, as
expected, genes likely to have been acquired recently in evolutionary time
from phage, plasmids and transposons.

6. MICROARRAY EXPRESSION PROFILING OF HOST CELLS

Pathogenesis entails not only the differential expression of bacterial genes, but
also responses by the host. In principle then, microarray expression analysis of
bacterially infected cells and tissues can identify, simultaneously and in the
same sample, host and pathogen genes that are regulated during the infectious
process. With respect to studies using cultured cells, the results of the analysis
will be influenced by the cell type employed (primary or transformed) and their
activation state, the ratio of the number of infecting bacteria to the number of
host cells, i.e. the multiplicity of infection (MOI), the time-course, and, of
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course, the bacterial strain studied and how it was grown for the experiment.
Further information about the microbial molecules responsible for induction of
the host cell transcriptional response can be obtained through the use of puri-
tied bacterial products, including pro-inflammatory cell wall constituents and
toxins, and mutants carrying inactivated genes coding for virulence determi-
nants. As the studies described below illustrate, experiments using transformed
cell lines are informative, but results from the use of primary cells freshly iso-
lated from tissues, e.g. primary bone marrow-derived macrophages, may better
simulate in vivo conditions. However, studies using single cell types, whether
primary or transformed, lack the context of a multicellular milieu where sig-
nalling between cells of different lineages modulates the response of individual
cells to an infectious agent. This kind of complexity is difficult to simulate in
vitro and will require technical innovations that permit expression profiling of
individual cell types within infected tissues. In view of these experimental
design issues, it is not surprising that the small number of studies thus far pub-
lished (Table 5) have used transformed cell lines, large MOIs and short
time-courses. As a result, all such studies reflect early events and those
employing macrophage-like cells are thus exploring aspects of innate rather
than acquired immunity. Finally, it will be noted that none of the studies
reviewed here used a microarray format containing most mouse or human
genes and in one study as few as 588 genes or expressed sequence tags (ESTs)
were surveyed.

6.1. Macrophage Genes Induced During Infection with
Salmonella typhimurium

Rosenberger and coworkers used a Clontech array containing 588 mouse
genes/ESTs to study the response of a murine macrophage cell line 4 h after
infection with Salmonella enterica, subspecies typhimurium, an agent that
causes a systemic infection in mice resembling typhoid fever in humans
(Rosenberger et al., 2000). In this murine model, S. typhimurium has been
shown to induce the release of IFNy, which in turn activates macrophages
leading to the production of reactive oxygen and nitrogen intermediates and the
synthesis of antimicrobial peptides. The microbicidal capacity of the
macrophage is thus enhanced. Furthermore, previous studies have demon-
strated that components of the bacterial cell surface or cell wall bind
macrophage receptors, an event that initiates an innate immune response
involving the transcription of genes coding for cytokines, chemokines, cationic
peptides and various transcription factors. Lipopolysaccharide, embedded in
the Salmonella outer membrane, is the most potent of these effector molecules.

Four hours after infection, microarray analysis of the macrophage cell line
identified increased expression of 77 macrophage genes/ESTs by two-fold or



MICROARRAY ANALYSIS OF BACTERIAL PATHOGENICITY 37

more, including those coding for proteins previously described to have pro-
inflammatory properties. These include inducible nitric oxide synthase
(iNOS), the chemokines MIP-1¢,, MIP-1 and MIP-2a and the cytokine IL-
1. Induction of genes coding for TNF-o and CD40 were also observed
indicating an enhanced capacity of the macrophage to signal other cells of the
immune system. Curiously, the simultaneous expression of genes coding for
proteins believed to attenuate the pro-inflammatory response, including
induction of kB(I-kB)o and P (the inhibitory subunits of NF-kB) and TGF-j,
was also seen indicating a capacity to modulate the intensity of the innate
immune response and thus reducing collateral damage to host tissues
(Rosenberger et al., 2000).

Salmonella infection is recognized to initiate programmed cell death and the
expression profile included genes coding for proteins previously shown to
mediate this process including caspase 1 and FAS. Finally, genes involved with
myeloid differentiation and maintenance of the macrophage phenotype were
identified. These responses were shown to be largely reproduced when purified
LPS was used alone confirming that the transcriptional state that characterizes
innate immunity lacks specificity and can be provoked by a few, widely shared,
pro-inflammatory compounds.

The effect of the activation state of the cell on the transcriptional response
to Salmonella was examined. IFNY activation of the macrophage cell line in the
absence of bacteria induced the expression of several genes, including MIP-1a.
and the MIG cytokine. The effect on the transcriptome was dramatically
increased when IFNYy-treated cells were infected with bacteria and included the
enhanced expression of iNOS, I-kBp, NF-xB, JunB, JunD and TNF-o, when
compared with their expression levels in bacterially infected cells that had not
been IFNy-activated. The expression results of this study were confirmed by
using Northern blotting to evaluate the expression state of some genes and
immunoassays to confirm that an increase in the abundance of mRNAs coding
for three pro-inflammatory cytokines (TNF-o, MIP-1o and IL-1) was cor-
roborated by increased levels of the corresponding protein in culture
supernatants (Rosenberger et al., 2000).

Detweiler and colleagues used a 22,571 gene/EST human cDNA array to
study the interaction of S. typhimurium with the human monocytic tissue cul-
ture cell line J-937 that had been differentiated to a macrophage-like phenotype
by treatment with phorbol 12-myristate 13-acetate (Detweiler et al., 2001). An
innovative feature of this study’s experimental design was the comparison of
the macrophage response to the wild-type S. typhimurium with the response to
an isogenic transposon mutant in phoP, the response regulator of a two-com-
ponent signal transduction system that is activated inside macrophages and
regulates a variety of genes that adapt the organism for intracellular survival.
Both mutant and wild-type invaded and grew equally well in the macrophage-
like tissue culture cells at 2 h and 24 h indicating that strain-specific differences
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in the expression of macrophage genes cannot be attributed to differences in
growth rate or bacterial biomass. Compared with uninfected tissue culture
cells, 68 mRNAs were found to be more abundant in the cells infected by the
wild-type strain. Amongst the 55 mRNAs coded for by genes with known or
putative functions were those regulated by NF-B, including the proinflam-
matory cytokines IL-1 and IL-8. Additionally Jun and prostaglandin synthase
were induced. Taken together, this profile corroborated prior studies showing
induction of the innate immune response by Gram-negative bacteria and LPS.
Most of the same genes were induced to the same levels by the wild-type and
phoP mutant. However, compared with the wild-type strain, the expression of
32 macrophage genes by the phoP mutant was significantly reduced. Twenty-
one of these 32 genes had been functionally annotated and of these many are
involved with programmed cell death or with regulation of the cell cycle. This
result was corroborated by the observation that the phoP mutant killed approx-
imately 50% fewer macrophages than the wild-type strain. Taken together,
these results suggest that phoP governs the expression of genes that initiate
programmed cell death and demonstrate the utility of contrasting the expres-
sion profiles of host cells infected with isogenic mutants of the same strain
(Detweiler et al., 2001).

6.2. Macrophage Genes Induced by Listeria monocytogenes

L. monocytogenes, like Salmonella species, is an important human infectious
agent and a facultative intracellular parasite. However, in contrast with
Salmonella, it is a Gram-positive bacillus and thus lacks LPS. It also differs
with respect to the molecular mechanisms by which it invades and persists in
host cells. Cohen and colleagues used three different human DNA formats to
obtain expression patterns from the human promyelocytic THP1 cell line, dif-
ferentiated by treatment with 1,25-dihydroxyvitamin D, and retinoic acid to a
monocyte phenotype, 2 h after having been infected with L. monocytogenes
(Cohen et al., 2000). Comparative data between the array types demonstrated
greater sensitivity for the high-density oligonucleotide Affymetrix format and
the value of experimental replicates to identify a core set of reproducibly reg-
ulated genes. Seventy-four up-regulated and 23 down-regulated genes were
identified amongst the 6800 human genes/ESTs represented on the high-den-
sity array. Dramatic up-regulation of cytokines (IL-1 and TNFa), CC
chemokines (MIPa, MIP1f3, MIP3c, MCP1) and CXC chemokines (IL-8,
GROP and GRO«) was observed and probably enhance host defences in
response to invading bacteria by increasing the microbicidal capacity of the
cell and by promoting the migration of phagocytic cells to sites of infection.
Many of these up-regulated genes are regulated by NF-xB and code for the
proinflammatory components of innate immunity. Although the foregoing
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events precede the development of acquired immunity, the initiation of cell-
mediated immunity early in the time-course might be indicated by the
up-regulation of two T cell surface receptors (4.1BB and CD27) that partici-
pate in the activation and stimulation of CD4* and CD8"* T cells and in the
expansion of cytotoxic T cells. To counter induction of innate immunity during
invasion, Listeria causes down-regulation of genes coding for chemokine
receptors (CCR20 and CCR1) and down-regulation of the receptor for TNFE.
Moreover, to counter induction of acquired immunity, Listeria down-regu-
lates genes coding for the major histocompatibility class I and class II proteins
and thus disrupts antigen presentation.

In view of the expression results obtained with Salmonella and discussed
above, most of the genes induced by Listeria are probably associated with a
generalized innate immune response to bacteria and thus lack species speci-
ficity. However, the induction of genes coding for actin-bundling protein and
tubulin may reflect the recruitment and reorganization of cytoskeletal proteins
by Listeria during its entry into, and movement through the cytoplasm of the
invaded host cell. If so, then Listeria not only exploits pre-existing cytoskele-
tal components, but in addition modulates their production at the
transcriptional level (Cohen et al., 2000). Furthermore, unlike Salmonella,
Listeria induces anti-apoptotic genes, in effect preserving the cells that provide
its intracellular niche.

6.3. Regulation of Pneumocyte Genes by Pseudomonas
aeruginosa

P. aeruginosa is an opportunistic Gram-negative bacillus that causes devastat-
ing acute infections in burn patients and chronic pulmonary infections in
children with cystic fibrosis. Its pathogenicity has been extensively studied and
identified virulence determinants include several secreted toxins and proteases,
pili by which it attaches to epithelial cell surfaces and, in mucoid cystic fibro-
sis strains, an exopolysaccharide composed of alginate. Ichikawa and
coworkers used a 1506 human cDNA array to study the transcriptional
response of a type II pneumocyte cell line infected for 3