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Preface

Fungi and food are strongly related in many ways. Firstly, they spoil a considerable part of all the
food we produce and store. In food they can produce toxic compounds that threaten our health. On
the other hand, these microorganisms are used for centuries to ferment bread, soft cheeses, soybeans,
alcoholic drinks and many other products. In this book many of these aspects are highlighted includ-
ing subjects ranging from post-harvest infection, molecular detection of fungi and the association be-
tween specific fungi and food products. We have divided the chapters in six parts, in which we deal
with the fungi in living crops, as propagules, and the important fact that fungi produce mycotoxins,
other metabolites and enzymes. Much emphasis has been given to fungal spoilage including various
aspects such as ecology, growth and detection. Finally, we complete this book with the fungi as food.

The preparation of this book was unthinkable without the authors who spent so much time writing
these excellent chapters and we would like to thank them for their contribution.

Jan Dijksterhuis and Robert A. Samson
Utrecht, January 2007







Part 1

FUNGI AND LIVING CROPS

Food products can be either a living crop or a processed matrix that
contains high-amounts of nutrients. Development of fungi on a living crop
is essentially a plant-pathogenic relationship between a fungus and a plant
host. With good reason losses of living crops are designated as the result of
a postharvest disease. The establishment of these infections includes
complex - patterns - of communication” between host and ‘fungus.. For
example, with respect to the timing’ of infection where fungal structures
await fruit ripening before they penetrate the barriers of the cell-wall.
Penetration itself is done by specialised structures called appressoria, that
can build up pressures large enough to drill into the sturdy plant cell wall
solely by mechanical force. The pressures-measured inside these cells are
the highest ever reported for a living cell.

Other fungi can only enter the crop when little wounds are present,
but the damage these fungi can do to'crops is devastating, while wounds
are nearly always‘afflicted on the crop.after handling or by the action of
insects.’Losses due to infection of oranges and apples by Penicillium species
are enormous. Inside the host, enzymes are released that macerate the host
cell walls and destroy the-food product.

The first two chapters.in this book address the postharvest diseases
of food products. Prusky and Kolattukudy address in Chapter 1 many
aspects of host and fungus including recognition, penetration and the role
of many enzymes released by fungi. The chapter ends with possible new
approaches to control of postharvest diseases. Cristescu, Woltering and
Harren describe in Chapter 2 a brand-new technique called laser-based
photo acoustic spectroscopy following fungus-host interactions in real
time by monitoring ethylene, a plant hormone. Fast: detection of
postharvest problems may offer new possibilities to minimalise losses.






Chapter 1

Cross-talk between host and fungus in postharvest
situations and its effect on symptom development

Dov Prusky! and Pappachan E. Kolattukudy?

!Department of Postharvest Science, Institute of Food Technology, Agricultural Research Organization, Bet
Dagan, Israel; 2Burnett College of Biomedical Sciences, Biomolecular Science Center, University of Central
Florida, BMS Building Room 136, Orlando, FL 32826, U.S.A.

POSTHARVEST MYCOLOGY AND THE
MAJOR LOSSES

The fruit and vegetable production industry
has undergone major structural changes dur-
ing recent years owing to new consumer expec-
tations. The pressure to diminish fungicide
residues on fruits and vegetables at all points
along the supply chain presents even more
problems than that of other agricultural prod-
ucts. At present, growers have to conform with
regulations that limit undesirable biocide resi-
dues while, at the same time, choosing treat-
ments that will maintain the quality of their
produce. Losses from postharvest disease can
be as high as 25%; they may result from poor
handling during harvesting, processing, stor-
age, and/or transportation to the point of sale.
In tropical countries losses may be as high as
50% because at elevated temperatures posthar-
vest senescence is accelerated. After harvest,
rapid physiological processes are initiated that
result in the breakdown of the host resistance
mechanism and lead to enhanced development
of rots. In fruits, the physiological changes that
occur during ripening serve as a signal for
initiation of fungal attack and colonization.
Despite the magnitude of the problem, the
development of new approaches to disease
control has not always received priority. This is
partly because the abundance of the food sup-
ply in developed countries has masked the
severity of postharvest losses, but is mostly
due to the difficulty of devising treatments that

prolong produce quality while at the same time
satisfying consumer demand for reduced bio-
cide residues.

The requirement to improve produce qual-
ity and to reduce postharvest disease within
the limitations imposed by the new marketing
controls has stimulated revision of the old
techniques and the development of new proto-
cols. These aim at a more holistic approach
whereby the chemical control of disease is not
the only means considered. Since senescence
results in the activation of infections, and im-
proper handling and storage encourages dis-
ease development, the new approaches en-
compass improvements in produce handling
and storage, in combination with techniques to
enhance host resistance. In the present chapter
we will refer firstly to the mechanism of fungal
pathogenicity and host-pathogen communica-
tion, and secondly to specific cases in which
new approaches have resulted in improved
quality of the stored produce.

MECHANISMS OF HOST SURFACE PENE-
TRATION AND SUBSEQUENT COLONIZA-
TION

A number of postharvest pathogens start their
disease cycle with a conidium landing on the
host surface. The fungus must have evolved
strategies to recognize a suitable host, to pene-
trate and invade plant tissues and to overcome
host defences. To perform these tasks, the fun-



gus is capable of perceiving chemical and
physical signals from various different host
plants and of responding with the appropriate
metabolic activities required for pathogenic
development. Communication between the
fungal conidium and the plant surface begins
as soon as the conidium lands on the plant.
Some aspects of this interaction are specific to
the host whereas others are relatively nonspe-
cific, and depend only on the lipophilic nature
of the plant cuticle. Fungal conidia are often
covered with a lipophilic self-inhibitor when
they arrive on the plant surface. Diffusion of
the self-inhibitor into the hydrophobic plant
cuticle relieves the self-inhibition and allows
germination of the conidia. This concept was
demonstrated with the conidia of Magnaporthe
grisea (Hegde and Kolattukudy, 1997): the
conidial surface material was recovered by
washing with organic solvents and was found
to inhibit conidial germination in a dose-
dependent manner; this inhibition was re-
versed by plant-surface wax. Colletotrichum
gloeosporioides  self-inhibitors, although they
have not been identified, are known to be lipo-
philic (Tsurushima et al., 1995) and the self-
inhibition is probably relieved by diffusion of
the inhibitor into the host cuticle.

How self-inhibitors prevent conidial ger-
mination is not known, but they would be
expected to cause suppression of early gene
expression (Chitarra et al., 2005). Since the cam
(calmodulin) gene of M. grisea was found to be
expressed very early during the conidial inter-
action with the host (Liu and Kolattukudy,
1999), it was chosen as a test gene to examine
the effects of self-inhibitors. Cam gene pro-
moter-driven expression of green fluorescent
protein (GFP) reporter gene in M. grisea was
inhibited by self-inhibitors whose effect was
reversed when the self-inhibition was relieved
by the addition of plant-surface wax. Surface
attachment was required for cam promoter-
driven GFP expression and appressorium for-
mation, and both of these were inhibited by
concanavalin that inhibits conidial surface
attachment.

Beside the self-inhibitory conidial factors, it
has been known for some time that fungal
conidia require contact with a hard surface

PRUSKY & KOLATTUKUDY

before they can be induced to germinate and to
differentiate into appressoria. The molecular
basis of this requirement has not been eluci-
dated. A differential display approach was
used to identify some of the fungal genes of C.
gloeosporioides that are induced by contact with
a hard surface (chip genes). One such gene was
identified as that which encodes a 16.2-kDa
ubiquitin-conjugating enzyme; this gene com-
plemented the ubc5 yeast mutant (Liu and
Kolattukudy, 1998). Thus, one role of contact
with a hard surface is to induce ubiquitin-
dependent protein degradation, which is in-
volved in conidial germination and appres-
sorial differentiation. Two other Colletotrichum
genes  (chip
genes) that were discovered by differential
display encode CHIP2 and CHIP3, two novel
proteins of 65 and 64 kDa, respectively. CHIP2
contains a putative nuclear localization signal,
a leucine zipper motif and a heptad repeat
region which might dimerize into a coiled-coil
structure. The targets of this putative transcrip-
tion factor and its biological function are un-
known. CHIP3 contains nine transmembrane
domains. Although induction of Chip2 and
Chip3 by hard surface contact was confirmed,
their biological functions remain unknown
(Kim et al., 2000a).

Also, Ca*™?2 calmodulin signaling is probably
activated by contact of the conidia with a hard
surface (Kim et al., 1998). The C. gloeosporioides
calmodulin gene (cam) showed almost 90%
identity with other fungal cam genes. The 1.3-
kb cam transcript level was elevated more than
tenfold by contact of the conidia with a hard
surface for one hour and, furthermore, a calmo-

hard-surface-induced protein

dulin antagonist severely inhibited germina-
tion and appressorium formation (Kim et al.,
1998). Thus, the cam gene product seems to be
involved in the induction of conidial germina-
tion and appressorial differentiation. Involve-
ment of calmodulin signaling in germination
and appressorium formation would involve
calmodulin kinase (CaMK). camK transcript
was also obtained from a cDNA library pre-
pared from hard-surface-induced transcripts
isolated from C. gloeosporioides conidia. The
identity of the camK gene was confirmed by
demonstrating CaMK activity of the cloned
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gene product expressed in E. coli (Kolattukudy
et al., 2000). Involvement of CaMK in germina-
tion and appressorium formation was strongly
suggested by the finding that the CaMK selec-
tive inhibitor, KN93, inhibited phosphorylation
of proteins that were found to be associated
with hard-surface treatment of the fungal co-
nidia.

Kim et al., (2002) also reported another
novel gene (Chip 6) that was induced by con-
tact of C. gloeosporioides with a hard surface; it
encodes a sterol glycosyl transferase, as con-
firmed by the measurement of glycosyl trans-
ferase activity of the gene product expressed in
E. coli. This glycosyl transferase was identified
as a novel pathogenesis gene, since its disrup-
tion caused a drastic decrease in the virulence,
although the mutants grew normally and
formed normal-looking appressoria (Kim et al.,
2002). This suggests that conidia of postharvest
pathogens sense and react to various stimuli on
the fruit, even before penetration. In light of
the importance of volatiles produced by fruits,
it will be of interest to search for their effect on
the initial stages of pathogenicity.

The biotrophic stage

After invading the host, fungi use various
strategies to gain access to host nutrients.
Whereas necrotrophs quickly kill plant cells in
order to feed subsequently as saprotrophs,
other fungi maintain biotrophic relationships
with their hosts either transiently or until
sporulation. Most of the postharvest pathogens
are considered to be necrotrophs, e.g., Botrytis
cinerea, Alternaria alternata, Penicillium spp. The
biotrophic lifestyle is realized in a remarkable
range of ways: intercellular (Cladosporium ful-
vum); subcuticular (Venturia inaequalis); inter-
and intracellular (Claviceps purpurea, Ustilago
maydis, monokaryotic rust fungi); extracellular
with haustoria within epidermal cells (pow-
dery mildews); intercellular with haustoria
within parenchyma cells (dikaryotic rust fungi
and downy mildews). A transient type of
biotrophy followed by necrotrophy is observed
in the so-called hemibiotrophic fungi (M. grisea,
Phytophthora infestans and Colletotrichum spp.)
(Mendgen and Hahn, 2001). These are re-
garded as the hemibiotrophic fungi members

of the genus Colletotrichum initially grow
within the cell walls of host epidermal cells
leading to the formation of long-term biotro-
phic or quiescent infections. After penetration,
the intracellular infection vesicle and the pri-
mary hyphae colonize only a few host cells,
and both are surrounded by a matrix that sepa-
rates the fungal cell wall from the invaginated
host plasma membrane (Mendgen and Hahn,
2001). This matrix is extracytoplasmic and is
connected to the plant apoplast. It seems that
the existence of a matrix layer is crucial for the
biotrophic life style. Within the interfacial ma-
trix, a fungal glycoprotein, encoded by CIHI,
was identified. The protein was shown to be
present uniquely at this interface in the biotro-
phic stage of hemibiotrophic Colletotrichum
spp.; its expression was switched off at the
onset of necrotrophic development. The com-
pletion of the biotrophic stage, which is a qui-
escent stage, might be the result of a host signal
accompanied by a signal transduction process
that leads to the initiation of processes leading
to the destruction of the plant cell.

Induction of penetrating structures

The first host barrier to be breached is the cuti-
cle, which covers all aerial parts of the plant.
The cuticle consists of cutin, an insoluble poly-
ester composed mainly of two families of hy-
droxy and hydroxy-epoxy fatty acids, derived
from the most common cell fatty acids: one
derived from Cis fatty acids and the other from
Cis unsaturated fatty acids. The monomers of
some plants are mainly of the Cis family,
whereas others are mixtures of the Cis and Cus
families. There is a layer (associated with the
cutin layer) consisting of complex mixture of
soluble lipids, collectively called waxes, that
are distinctly different from cell lipids. The
most common major components of cuticular
waxes are hydrocarbons and their oxygenated
derivatives such as secondary alcohols and
ketones, very long-chain fatty acids, aldehydes
and alcohols, and wax esters composed of
very-long-chain fatty alcohols and fatty acids.
Very-long-chain p-diketones and pentacyclic
triterpenes are sometimes major components of
waxes, particularly on stems and fruits of some
plants. As if to provide chemical and metabolic



stability, the cuticle-associated waxes, which
function at the surface exposed to oxygen and
other atmosphere components as well as to
microbes, are mostly saturated and are usually
hard for microbes to absorb and metabolize
(Kolattukudy, 1996).

If the signals at the plant surface are per-
ceived as favorable by the fungi, conidia ger-
minate and the germ tube differentiates into an
infection structure called an appressorium,
which produces the infection peg that pene-
trates into the host. In other fungi where no
signals are perceived or appressorium are not
produced, their germ tubes penetrate the cuti-
cle directly or through wounds.

Figure 1. Colletotrichum gloeosporioides symptoms in
avocado (with permission of L. Coates).

The nature of the plant signals that trigger
the programmed differentiation process is
poorly understood; topographical features or
chemical signals at the plant surface could be
involved. Experimental evidence obtained in
recent years shows that physical signals are
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involved in some cases and chemical signals in
others. The most clearly established examples
of each are reviewed below.

After the diffusive removal of self-
inhibitors into the cuticle, the conidia are
primed by the surface contact to respond to the
chemical signals from the host; host surface
wax induces conidial germination and appres-
sorium formation. Avocado fruit surface wax
induces germination and appressorium forma-
tion of C. gloeosporioides conidia (Podila et al.,
1993; Prusky and Saka, 1989) (Figures 1-2). This
induction is specific for the host wax; waxes
from other plants do not elicit this response
and avocado wax does not show any biological
activity with conidia from Colletotrichum spe-
cies that infect other plants (Podila et al., 1993).
The long-chain primary alcohols from avocado
wax were shown to be the components that
induce germination and appressorium forma-
tion of C. gloeosporioides conidia, but the terpe-
noids found in plant wax also induce germina-
tion and appressorium formation (Kolattukudy
et al., 2000).

Figure 2. Appressoria formation on avocado fruits by
C. gloeosporioides.

In many cases germinated appressoria
remain dormant on fruit until the fruit ripens,
when the fungus causes major damage. This
type of pathogen includes Colletotrichum spp.,
Botrytis, Alternaria, Fusarium and others. The
nature of the host signal that prompts latent
anthracnose fungi to attack the host when the
host ripens remained unknown for a long time.
Ethylene, the fruit ripening hormone, was
found to be a potent stimulator of germination
and appressoria formation in anthracnose
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fungal spores (Flaishman and Kolattukudy,
1994): remarkably, this volatile agent that ema-
nates from the ripening fruit caused branching
of the germ tubes and formation of up to six
appressoria by each conidium. This biological
activity is unique to Colletotrichum species that
infect climacteric fruits which emit ethylene
when they ripen. Transgenic tomato fruits,
from plants engineered to prevent ethylene
production, did not permit germination and
appressorium formation by C. gloeosporioides
and thus were not attacked by the pathogen.
The increase in anthracnose associated with the
use of ethylene treatment to improve fruit color
might be caused by the biological activity of
ethylene on dormant conidia on the fruits.
However, the effect of ethylene requires fur-
ther study, since other reports suggest an effect
of the hormone on C. gloeosporioides appressor-
ium formation but not on the activation of
quiescent infections in avocado fruits (Prusky
et al., 1996).

To study the genes expressed during ap-
pressoria formation, a subtractive library ap-
proach was used to isolate cDNA representing
transcripts produced during this period. This
approach yielded four clones that represented
genes expressed uniquely during appressor-
ium formation. Two of them would generate
cys-rich peptides with 26 and 27 amino acid
residues that showed homology to metal-
lothionins. These genes may be developmen-
tally regulated genes that might also serve in a
response to heavy metal stress. Another clone,
which represented a transcript uniquely ex-
pressed during appressorium formation, en-
coded a 22-kDa protein that immunocyto-
chemical examination showed to be present in
the appressorial wall, probably in a glycosy-
lated form (Hwang and Kolattukudy, 1995).
Another gene uniquely expressed during ap-
pressorium formation would encode a 20 kDa
protein (Hwang et al., 1995). A mutant in which
this gene was disrupted failed to infect avo-
cado and tomato fruits, even though it formed
normal-looking appressoria. This protein,
which was found to be associated with appres-
sorial walls, was also found in deeper layers of
infected tissue at the infection front, where
appressorium-like

structures were found.

Probably this gene product is necessary for
penetration through the host tissue.

One interesting observation on the re-
sponse to appressoria formation is that the
CaMK inhibitor KN93 inhibited germination
and appressorium formation. This inhibitor
also inhibited melanin synthesis and thus even
the appressorium-like structures formed in the
presence of KN93 could not attain the normal
shape and structure that require melanization
for their formation (Kim et al., 1998). Inhibition
of melanization probably occurred at the poly-
ketide synthase step and would have been
distinctly different from the inhibition of ger-
mination and differentiation. These processes
require Ca*?/CaMK signalling, therefore a Ca*
chelator applied during the early hard surface
contact stage would inhibit germination and
appressorium formation. Ca* release from
internal stores, mediated by IPs generated by
phospholipase C, participates in the early sig-
nalling involved in germination and appressor-
ium formation, therefore these processes are
severely inhibited by the phospholipase C
selective inhibitor U73122. Thus, Ca*2, CaM
and CaMK signaling play critical roles in the
early phase of the interaction between C. gloeo-
sporioides and its host, and probably also in
other host-fungus systems.

A second means of penetration by posthar-
vest pathogens is involved in the opportunistic
type of infection, in which the pathogens pene-
trate through a natural wound or one that
occurs mainly after harvest or following stor-
age stresses (wounding, chilling injury, high
temperature stress, etc.). This type of penetra-
tion may be exploited by the same pathogens
that penetrate directly as well as others, such as
Penicillium, Rhizopus, Mycosphaerella, etc., that
require a breached or weakened cuticle. How-
ever, although pathogens may differ in their
initial mechanisms of penetration, the coloniza-
tion mechanism of the pathogens that pene-
trate by means of the two different processes
are essentially the same. Both direct penetra-
tion and wound penetration are discussed
below for various postharvest pathogens.



The role of esterases and lipases

Penetration by postharvest pathogens through
wounds in fruits resulted in earlier appearance
of symptoms than direct penetration. This may
indicate that even though the wax layers do
not seem to pose a serious barrier to penetra-
tion, removal of the wax and direct wounding
may increase the incidence of infection. In the
case of Monilinia in peaches, it was reported
that increased thickness of the cuticle/wax
layer modulated the susceptibility to fungal
attack (Bostock ef al., 1998). Since most of fruits
and vegetables have thick cuticles it has been
suggested that pathogens might secrete surfac-
tants in the form of proteins or other metabo-
lites that reduce surface hydrophobicity and
dissolve the wax layer, thereby providing ac-
cess to the underlying cutin polymer (Kars and
van Kan, 2004). In Botrytis, the polysaccharide
that covers the B. cinerea germ tubes might act
as a surfactant or, alternatively, the host sur-
face tension might be reduced enzymatically.
Production of acids from cutin seems to be the
result of the activity of a fungal cutinase (van
den Ende and Linskins, 1974; Kolattukudy,
1984, 1985). Based on crystal structure, cutinase
falls into a special class of lyases/esterases
(Martinez, et al., 1992, 1994; Edgmond and de
Vlieg, 2000; Kolattukudy, 2001). A variety of
esterases is produced by many fungi and they
have received diverse names, often based on
the substrate used, but precise identification of
the class of enzyme lacks. In case of the fungi
Alternaria (Koller et al., 1995; Berto et al., 1997;
Fan and Koller, 1998), and Colletotrichum
(Pascholati ef al., 1993) cutinases seem to be
involved in fungal adhesion of the plant sur-
face. B. cinerea produces an extracellular tria-
cylglycerol lipase able to hydrolyse unsatu-
rated long chain acid esters (Commenil et al.,
1995), known to be components of cutin and
waxes. Lipase production was induced in vitro
by wax esters and free fatty acids (Commenil et
al., 1998). These lipases have cutinolytic activity
and play a role in the modification of the waxes
and the cuticle and in the adhesion of conidia
to the plant surface. Antibodies to the lipase
inhibited infection and adhesion of Botrytis and
also the infection of Alternaria brassicicola (Berto
et al., 1999).
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The role of cutinases
A cutin degrading enzyme was purified in the
early 1970s (Purdy and Kolattukudy, 1975) and
characterized as a polyesterase that uses a
catalytic triad involving active serine for ca-
talysis (Koller and Kolattukudy, 1982). Recent
X-ray crystallographic studies on recombinant
cutinase suggest that cutinases form a unique
class of enzymes that constitutes a bridge be-
tween esterases and lipases (Martinez et al.,
1992). The small amounts of constitutively
expressed cutinase present on the conidia of
pathogenic fungi (Koller et al, 1982) could
release small amounts of cutin monomers that
might help in the differentiation of infection
structures (Francis ef al., 1996; Gilbert et al.,
1996) and might also transcriptionally activate
an inducible cutinase gene that causes produc-
tion of cutinase that helps the infection peg to
penetrate the cuticle (Kolattukudy, 1985).
Induction of cutinase by cutin hydrolysate
was discovered (Lin and Kolattukudy, 1978)
soon after cutinase was first purified (Purdy
and Kolattukudy, 1975). More recently, after
the cutinase gene had been cloned, regulation
of expression of cutinase gene was investigated
(Kamper et al., 1994). When the presence of
multiple cutinase genes was recognized, the
regulation of individual genes and the tran-
scription factors that regulate each gene could
be examined (Li and Kolattukudy, 1997). Thus
it was found that a constitutively expressed
cutinase gene in Fusarium solani forma speciales
pisi was regulated by a transcription factor
distinctly different from the one involved in
the regulation of the inducible gene (Li et al.,
2002). The repressor that binds the palindrome-
sequence that overlaps the binding site of the
activator of the inducible gene was incapable of
binding the constitutively expressed gene as a
result of two different nucleotides in the pro-
moter region (Li et al., 2002). The cutinase tran-
scription factor a (CTFa) which activates the
inducible cutinase gene has a promoter ele-
ment that is involved in the response to cutin,
which is also able to transactivate CTFa pro-
moter in a yeast system (Yang, Z., Kang, T.J.,
Liu, S. and Kolattukudy, P.E., manuscript in
preparation).
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Although it has been debated for almost a
century whether cutinase plays a crucial role in
fungal penetration during pathogenesis, there
is now overwhelming evidence that this is
indeed the case (Kolattukudy, 1985, 1996;
Gevens and Nicholson, 2000) as is summarized
below:

Plant pathogens produce and secrete cuti-
nase targeted at the penetration point, and
cutinase is produced during the actual infec-
tion of the host. (Podila et al., 1995; Shaykh et
al., 1977).

Inhibition of cutinase by chemicals or anti-
bodies, including monoclonal antibodies, pre-
vents infection (Kolattukudy, 1985; Salinas,
1992). In a field study, spraying of an active
serine-directed cutinase inhibitor was found to
protect papaya fruits against anthracnose (Ko-
lattukudy, 1987). Cutinase-deficient mutants
have significantly reduced virulence, but their
infectivity can be restored by the application of
exogenous cutinase (Danzig et al., 1986; Dick-
man and Patil, 1986).

Pathogens that cannot infect a host without
a breached cuticle (wound) can be enabled to
infect an intact host by genetically engineering
to provide them with cutinase-producing ca-
pability (Dickman et al., 1989). Disruption of
cutinase gene in F. solani f. sp. pisi caused a
drastic loss in virulence (Rogers et al., 1994).

Deletion-mutant of individual cutinase
genes do not always lead to a significant reduc-
tion in virulence (Sweigard ef al., 1992; Kéller et
al., 1995; Crowhurst et al., 1997; van Kan et al.,
1997) suggesting that not all cutinase activity is
removed as found in case of Magnaportha grisea
(Sweigard et al., 1992). The existence of multi-
ple cutinase genes, including some that may be
expressed only in planta, would make the
single gene knock-out approach inappropriate
for assessing the role of cutinase in pathogene-
sis.

Analysis of the recently finished sequence
of the genome of the rice blast organism, M.
grisea, has identified eight genes that encode
putative cutinases, several of which “are sig-
nificantly upregulated during infection-related
development” (Dean et al., 2005). The cutinase
gene CUT1, previously disrupted to investigate
the role of this enzyme in plant infection

(Sweigard et al., 1992), “is not among the genes
differentially regulated during appressorium
formation” (Dean et al., 2005). Thus, ap-
proaches based on single gene disruption can-
not be used to draw firm conclusions about the
role of enzymatic cutin degradation in patho-
genesis.

The role of pectinases in the initial stages of
penetration

Over the years several studies have dealt with
the secretion of cell-wall-degrading enzymes
(CWDEs) by postharvest pathogens in the early
stages of infection. Swelling of the anticlinal
epidermal cell wall (Mansfield and Richardson,
1981) suggested active involvement of CWDEs
in penetration. In B. cinerea endopolygalactu-
ronase (PG) was detected in ungerminated
conidia (Verhoeff and Warren, 1972) and two
PG isozymes were detected during the infec-
tion process (Van den Heuvel and Waterreus,
1985). However, mutants of B. cinerea and C.
gloeosporioides in pectinolytic genes were capa-
ble to penetrate intact host tissue (Yakoby et al.,
2000a).

Pathogens have evolved multiple pectin-
degrading enzymes including pectate lyases.
For example, N. haematococca has at least four
pectate lyase genes (Guo et al., 1996). These
include constitutively expressed lyase (Guo, et
al., 1995), pectin-inducible pectate lyase gene
(Gonzalez-Candelas and Kolattukudy, 1992),
and a lyase gene that is expressed only when
the pathogen is within the host (Guo et al,,
1996). The latter in combination with the pres-
ence of multiple genes make disruption of
individual genes unsuitable to elucidate the
role of lyases in pathogenesis. This was illus-
trated in Nectria haematococca where disruption
of either the pectin-inducible lyase gene or the
host-inducible lyase gene did not reduce viru-
lence but when both were disrupted there was
a dramatic decrease in virulence (Rogers et al.,
2000).

Pathogenesis-related genes have long been
known to be expressed only when the patho-
gen is inside the host, but the host signals that
trigger the expression of such genes were only
identified very recently (Yang et al., 2005). The
pelD_gene of N. haematococca was known to be
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induced only in its host (pea plants), and frac-
tionation of pea seedling extract revealed that
two soluble amino acids, homoserine and aspa-
ragines, were the activating principle. The
presence of these amino acids in seedlings
correlated strongly with the sensitivity to Nec-
tria attack. Thus, the pathogen probably co-
evolved with the host to use the two soluble
host components to induce pathogenesis genes.

THE NECROTROPHIC STAGE

Once the host barriers have been overcome and
the initial penetration has taken place, the
pathogen switches from the biotrophic to the
necrotrophic stage. The changes include the
transformation from a quiescent to an active
infection in which cell death occurs and initial
symptoms are observed. Recent data suggest
that it is the initial invasion of plant tissue by
the various pathogens that triggers processes
that activate pathogenicity factors involved in
host colonization. These include a modulation
of the host environment and the activation of a
mechanism of cell death induction. This im-
plies that diffusible factors that have a direct or
indirect phytotoxic activity are released by the
pathogen. The inducing factors may be low-
molecular-weight secreted by the fungus or
proteins that are secreted to the environment
by the infected plant.

Modulation of environmental pH

Tissue pH is an important parameter in aque-
ous environments, since it affects the activities
of enzymes and determines the expression of
virulence genes inside the host. Many patho-
gens can thrive over a wide range of pH, but
generate enzymes and other products only at
those pH levels at which such products will
function efficiently. These products include
molecules that leave the organism’s internal
homeostasis system, as permeases, secreted
enzymes and exported metabolites, (Denison,
2000; Prusky and Yakoby, 2003). A change in
the ambient pH during fungal attack may be a
critical factor in the expression of pathogenicity
factors (Eshel et al., 2002b; Prusky et al., 2001,
2003; Yakoby et al., 2000b).
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Analysis of the endoglucanases AaK1 from
A. alternata indicated that gene expression was
maximal at pHs higher than 6.0, i.e., at values
similar to those found in the decayed tissues in
which maximal virulence is observed (Eshel et
al., 2002b). C. gloeosporioides pelB and the en-
coded PL are expressed and secreted at pHs
higher than 5.7, a value similar to those present
in decaying tissue (Prusky ef al., 1989; Yakoby
et al., 2000b, 2001). In C. gloeosporioides, the
transcription factor pacl that is expressed dur-
ing alkalinization conditions, follows a pattern
similar to that of pelB, suggesting the presence
of a regulatory mechanism for the control of
secreted enzymes (Drori ef al., 2003). Similarly,
for acidic environments, both pgl and pg5 ex-
pression of F. oxysporum was enhanced (Ca-
racuel et al., 2003), and a sequence correspond-
ing to the PacC consensus recognition site was
found in pgl. A mutant of F. oxysporum, pacCe
carrying a dominant (constitutively expressed)
PacC expression exhibited significantly dimin-
ished virulence in tomato, which has an acidic
pH (5.5-6.0), This suggests that PacC is a nega-
tive regulator of genes important for fungal
attack under acidic conditions (Caracuel et al.,
2003). The endoPG family of B. cinerea has been
found to be differentially expressed under
different pHs. Although no evidence for a PacC
homologue has yet been found in B. cinerea, the
sequence corresponding to the PacC consensus
recognition site has been found in all endoPG
genes (Wubben ef al., 1999, 2000; Manteau et al.,
2003). Analysis of the transcript levels of Peni-
cillium expansum PG (pepgl) found the highest
accumulation at pH 4.0 and only minor expres-
sion at pH values higher than 5 (Prusky et al.,
2003). Also in Sclerotinia sclerotiorum, the ex-
pression of endoPg, pgl, was specific to acidic
pH conditions. Transcription of the pacC homo-
logue pacl declined during acidification, con-
comitantly with an increase in pgl expression;
this gene was found to contain the PacC con-
sensus recognition site in its promoter (Rollins
and Dickman, 2001). Other putative virulence
factors in case of B. cinerea, including oxalic
acid, laccase and protease also were released in
a pH-regulated manner, (pH range 3.1-6.0),
which are close to the average pH values of the
potential host tissue (Manteau et al., 2003;
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Movahedi et al.,, 1990; Movahedi and Heale,
1990a, b). Protease inhibitors inhibited the
colonization by pathogenic fungi such as My-
cosphaerella, ~ Fusarium, Botrytis, Alternaria
(Vernekar et al., 1999; Ye at al., 2001; Ye and
Ng, 2002), which implies that proteases are
important as virulence factors (Caracuel ef al.,
2003; Manteau et al., 2003; Poussereau et al.,
2001a,b; Rollins and Dickman, 2001). Large
gene families of CWDEs as endoPGs in B. cine-
rea (van der Cruyssen et al., 1994; Wubben et al.,
1999) and S. sclerotiorum (Lumsden, 1976;
Rollins and Dickman, 2001), and of glucanases
in A. alternata (Eshel et al., 2002a) may be dif-
ferentially expressed in correlation to the dif-
ferent hosts of the pathogen. The differential
expression of endoPG by B. cinerea (ten Have et
al., 2001) correlated with the pH situation in
two crops, apple and courgette, characterized
by low and neutral pH, respectively. The ex-
pression of Bcpg2 was negatively modulated by
low ambient pH (Wubben et al., 2000), which
might explain its lack of expression in apple
fruits, whereas Bcpg3 expression was induced
at low pH in liquid cultures (Wubben ef al.,
2000), and it occurs in apple fruits. In addition,
Manteau et al. (2003), examined the difference
between the B. cinerea isolates — 630 from
grapevine (approximate pH 3.5) and T8 from
tomato (approximate pH 6.0) — for expression
of putative virulence factors. T8 displayed a
higher PG expression at the tomato pH,
whereas isolated 630 secreted more laccase.
This fine-tuning of enzyme induction and
secretion in response to the ambient pH, not
only in the host but also in fungal isolates,
further demonstrates the importance of the
specific regulatory system controlled by envi-
ronmental pH.

Effect of the pathogen on ambient pH

The pathogen itself can dynamically alter the
local pH to fit its enzymatic arsenal, with the
level of pathogenicity being related to the effi-
ciency of the pH change (Prusky et al., 2001).
This ability lies behind the terms “alkaline
fungi” and “acidic fungi .”

Alkaline fungi — Ambient alkalization by
fungi is achieved through the active secretion
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of ammonia produced as a result of proteases
activity and deamination of amino acids. The
pathogenicity of C. gloeosporioides and expres-
sion of the virulence factor PL-B both depend
on pH increase. It was noticed by Yakoby et al.
(2000b, 2001) that the accumulation of pectate
lyase (PL) in vitro was accompanied by an
increase in the pH of the medium from 3.8 to
7.0. In addition, avocado fruits naturally con-
tribute to its alkalinization by increasing its pH
during ripening from 5.2 to 6.0 (Prusky et al.,
2001, 2003; Yakoby et al., 2000b, 2001). In the
case of polyphage pathogens such as A. alter-
nata, ammonia accumulation (threefold to
tenfold increase) and pH increase (by 0.2 to 2.4
pH units) were detected in several of their
hosts: tomato, pepper, melon, cherry and per-
simmon (Eshel et al., 2002b).

Acidic fungi — Other postharvest pathogens,
such as P. expansum (Hadas et al., 2004), P.
digitatum, P. italicum, B. cinerea (Prusky et al.,
2003) and S. sclerotiorum (Bateman and Beer,
1965) use tissue acidification in their attack
realized by the accumulation of organic acids
and/or H* excretion. S. sclerotiorum and B. cine-
rea decrease the host pH by secreting signifi-
cant amounts of oxalic acid (Manteau ef al.,
2003; Rollins and Dickman, 2001); gluconic and
citric acids are mainly secreted by Penicillium
(Prusky et al., 2003) and Aspergillus (Ruijter et
al., 1999). P. expansum acidifies the tissue to pH
levels of 3.5 to 4.0, at which pepgl transcription
was found to be significantly enhanced (Prusky
et al., 2003). Acidic-pH-specific expression of
other members of the PG family was found in
S. sclerotiorum (Rollins and Dickman, 2001),
and of Bepg3 in B. cinerea (Wubben et al., 2000).
However, acids also may act directly as a viru-
lence factor in case of S. sclerotiorum as mutants
lacking oxalate secretion were non-pathogenic
(Godoy et al., 1990). Oxalic, citric and gluconic
acids exhibited strong Ca?* chelating activities
that weaken the plant cell wall by altering its
mineral balance, and thereby affect the stability
of cell membranes and cell wall pectate poly-
mers (Cunningham and Kuiack, 1992). Also,
oxalate may be directly toxic through suppres-
sion of the plant’s oxidative burst (Cessna et al.,
2000) which would inhibit the activity of plant-
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produced polyphenol oxidase (Magro et al.,
1984; Marciano et al., 1983). Taken together,
these results suggest that environmental acidi-
fication is important for fungal attack.

Reactive oxygen species production as a factor
for enhancing the necrotrophic stage

A frequent consequence of the occurrence of
biotic stress is a perturbation in the production
of reactive oxygen species (ROS), which results
in changes in the redox potential of the organ-
ism. In plant-pathogen interactions, both the
plant and the pathogen are involved in ROS
production (Mayer et al., 2001), and both pos-
sess an extensive antioxidative machinery that
can moderate the damaging effects.

Most postharvest pathogens become necro-
trophic during the period of colonization, and
under these conditions a virtually instantane-
ous burst of oxidative activity occurs in plant
tissues during maceration (Goodman et al.,
2002). This is not a pathogen-derived reaction,
but a manifestation of physical damage to the
host. Infection of plant tissue with B. cinerea
provides evidence (Edlich et al., 1989, Urbanek
et al., 1996; von Tiedemann, 1997, Govrin and
Levine, 2000) that the generation of ROSs as-
sists the colonization of the plant tissues during
the necrotrophic stage. Thus, the resistive re-
sponse that is expressed for host defense is
utilized by the pathogen to enhance coloniza-
tion.

B. cinerea does produce H20: (Bratt et al.,
1988) as a result of oxidase activity including
glucose, xylose, galactose or ascorbate oxidase,
which are commonly produced by many fungi.
However, the glucose oxidase isolated by Liu et
al. (1998) appears to be an intracellular enzyme
that differs from the typical secreted sugar
oxidases of other pathogens. This localization
of the enzyme, and the development of a
knock-out mutant of B. cinerea for a putative
secreted glucose oxidase bcgodl, make it very
unlikely that this enzyme would be important
in creating conditions for pathogenicity.

In a different system, which acts when P.
expansum attacks fruits, H2O2 and gluconic acid
are produced as a result of the activity of glu-
cose oxidase (GOX) during the pathogenic
activity. Natural P. expansum isolates with
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increased pathogenicity accumulated greater
amounts of gluconic acid and H2O: than iso-
lates with reduced pathogenicity (Hadas et al.,
2004). Reactive oxygen species resulting from
GOX activity were easily detected in the de-
cayed apple tissue, and specifically in the hy-
phae, but it is still not clear what was the con-
tribution of the H202 to the necrotrophic stage
of P. expansum.

Pathogens possess an array of enzymes for
protection against ROSs during the infection
process. These include guaiacol peroxidase,
ascorbic peroxides, glutathione peroxidase,
laccase, catalase and Cu/Zn SOD (Choi et al.,
1997; Gil-ad ef al., 2000). An extracellular cata-
lase of B. cinerea (Bccat2) was rapidly up-
regulated in the presence of H20z, while dis-
ruption had increased sensitivity with higher
levels of mRNA of another enzyme namely
glutathione S-transferase. However, this mu-
tant was still as virulent on tomato leaves sug-
gesting that there is no simple correlation be-
tween catalase and virulence.

This is illustrated by Van der Vlugt-
Bergmans et al. (1997) which could not detect
expression of the fungal catalase gene in the
plant. The fungus rapidly metabolized H20,
but it is not clear which enzyme(s) were in-
volved (Gil-ad and Mayer, 1999). Gil-ad et al.
(2001) suggested that the glucan sheath sur-
rounding the mycelium of B. cinerea might play
a role in protecting the fungus from the host
response. It is important to know whether
these microbial enzymes are of the extracellular
or intracellular form: the latter might serve to
protect the fungus from its own ROSs, whereas
the former might be involved in protecting the
fungus from the plant ROSs.

Comparison of the aggressiveness of six
isolates of B. cinerea during the infection of
bean leaves led von Tiedemann (1997) to con-
clude that the primary role of ROSs was in the
induction of plant cell death. However, Dat et
al. (2001) suggested that enhanced levels of
H20:2 are not, in themselves, the direct cause of
cell death, but that they trigger a signal trans-
duction cascade that ultimately leads to an
active cell death process. This response would
be important for defense against biotrophs but
would presumably increase the vulnerability of
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the host to necrotrophs, such as postharvest
pathogens.

MECHANISM-ENCODING FACTORS THAT
REGULATE THE SIGNAL EXPRESSION OF
GENES DURING COLONIZATION

The fungal responses required for the various
processes of fungal penetration and develop-
ment require a network of signal transduction
pathways, such as the activation of G proteins,
cyclic adenosine monophosphate (cAMP) sig-
naling, and mitogen-activated protein kinase
(MAPK) cascades, to communicate the per-
ceived external signal to the fungal genome so
that specific genes are activated and expressed,
in order to enhance fungal morphogenesis and
colonization. Although significant progress has
been achieved in studies of several different
systems, our knowledge of the types of sig-
nals/communication postharvest
pathogens and their hosts is relatively scanty.

between

Ga subunits of heterotrimeric G proteins
Heterotrimeric nucleotide-binding
proteins (G proteins) are involved in regulating
a variety of cellular functions in eukaryotic
cells; they act as transducers between activated
cell-surface receptors and intracellular effec-
tors. In B. cinerea two Ga subunits, genes bcgl
and bcg2, have been identified (Schulze
Gronover et al.,, 2004). Deletion mutants re-
vealed that the Ga subunits affect growth and
fungal pathogenicity in different ways. The
begl-product controlled multiple functions,
including vegetative growth, pigmentation,
proteolytic activity and pathogenicity. Further,
it played a major role in the process of coloni-
zation of host tissue, since it inhibits lesion
spreading after penetration. The bcg2 disrup-
tion mutants exhibited an infection process
similar to that of the wild type (WT), except
that the lesions caused by conidia of the mu-
tant spread more slowly.

The host genes affected by these pathogen
genes were identified by suppression subtrac-
tive hybridization. Among the 22 differentially
expressed genes were found several that en-
coded for unknown proteases, some for en-

guanine
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zymes involved in secondary metabolism, and
others that encoded cell-wall-degrading en-
zymes (Schulze Gronover et al., 2004).

cAMP signaling pathway

The cAMP-dependent signaling pathway regu-
lates several important processes in plant
pathogenic fungi, such as morphogenesis,
differentiation and virulence.

In B. cinerea, the bac gene encoding ade-
nylate cyclase was cloned and characterized
(Klimpel et al., 2002): the BAC protein consists
of functional domains typical of adenylate
cyclases, such as the “Ras association” motif,
the middle leucine-rich repeat regions, the
catalytic domain and the C terminus with a
putative binding site for the cyclase-associated
protein (CAP). Expression studies of BAC
indicate that expression occurs as early as the
beginning of necrosis development (12 h post-
inoculation) and continues until at least 36
hours later, when spreading soft rot lesions
start to grow out of the primary necrotic spots
(Klimpel et al., 2002).

In light of the suggestion that both BAC
and BCG1 positively influence the production
of cAMP, the intracellular cAMP levels were
measured in the WT, Abcgl, Abcg2 and Abac
mutant. Deletion of bac resulted in an 85%
reduction of the intracellular cAMP level,
which remained constant for up to 6 days; the
Abcgl showed about 50% reduction of cAMP,
which, however, increased after 6 days to a
level similar to that in the WT. The aggressive-
ness of the Abac mutants was significantly
reduced and was comparable with that of the
Abcg mutants. The spreading of lesions after
inoculation was much slower than that caused
by the WT strain and, in addition, no conidia
developed on the surface of the Abac-infected
leaves. All these data suggest that in B. cinerea
adenylate cyclase plays an important role in
vegetative development and aggressiveness.

MATP kinase pathways

Several MAP kinase genes have an important
role in vegetative and sexual development of
different fungi including osmoregulation and
pathogenicity.
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In B. cinerea, the pmkl homologue, bmpl,
was cloned and found essential for pathogene-
sis (Zheng et al., 2000): the Abmpl mutant grew
and sporulated as the WT, but was non-
pathogenic on carnation and rose flowers and
failed to elicit a plant defense response. Co-
nidia from Abmpl mutants still germinated on
plant surfaces, but lost their ability to penetrate
and macerate the plant tissue. Wounding of a
plant did not overcome the penetration defect,
which indicates that both the cAMP and the
MAP kinases pathways are involved in the
infection process.

An MAPK gene was cloned from N. haema-
tococca, and immunoblot analysis showed that
this kinase was expressed by the pathogen (Li
et al., 1997). Disruption of MAPK (CgMBK) in
C. gloeosporioides resulted in the loss of the
pathogen’s ability to form appressoria in re-
sponse to the host signals, and in loss of viru-
lence (Kim ef al., 2000b). This kinase involved
with two stages of appressorium differentia-
tion namely: (a) the polarized cell division with
preferential increase in F-actin in one of the
daughter nuclei after the nuclear division and
septum formation; and (b) differentiation of the
germ tube into an appressorium.

Genes of Ras superfamily

Ras proteins are a superfamily of small GTP-
binding proteins that are highly conserved in
all eukaryotic organisms and that are involved
in several processes of morphogenesis, differ-
entiation, nutrient sensing and pathogenicity.
However, few reports indicate the importance
of these genes in the pathogenicity of posthar-
vest pathogens.

In C. lindemuthianum Dumas et al. (2002)
and Siriphutthaiwan et al. (2003) demonstrated
that small G proteins belonging to the Rab
subfamily of the Ras superfamily could affect
pathogenicity.

In the case of B. cinerea, seven small G pro-
teins of the Ras superfamily have been cloned
so far. Among them is one Ras-encoding gene
homologous to ras2 of S. cerevisine and one gene
homologous to CLPT1. Deletion of both genes
showed their involvement in morphogenesis,
conidiation and pathogenesis (Tudzynski and
Schulze Gronover, 2004).
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MECHANISMS OF HOST COLONIZATION
BY POSTHARVEST PATHOGENS

Postharvest pathogens elicit two main types of
symptoms: soft and dry rots; decay caused by
Penicillium, Botrytis, Colletotrichum and Moni-
linia leads to soft rots, whereas in Alternaria
attacks mainly a dry rot is observed. In some
cases, however, a given pathogen, such as A.
alternata attacking citrus plants, may cause
either soft or dry rot. The plant cells are made
up of several different types of polysaccha-
rides: the primary cell wall consists of cellulose
and hemi-cellulose, whereas the middle la-
mella has a high concentration of pectin. Pec-
tin, a complex of various polygalacturonans,
also extends into the primary wall. Pathogens
that affect the pectin and the primary cell wall
lead to cell wall maceration and result in soft
rots, whereas those that mostly attack the cellu-
lose layer tend to kill the host cells but preserve
the structure of the tissue. The occurrence of
multiple fungal genes encoding enzymes that
can degrade physical barriers on host plants
makes it necessary to evaluate results from
single gene disruption carefully, as indicated
elsewhere in this chapter.

Pectinases

Pectin is a major component of the plant cell
wall and consists of three main types of poly-
galacturonans: homogalacturonan, rhamnoga-
lacturonan I, and rhamnogalacturonan II. Ho-
mogalacturonans are built of o-1, 4-linked
chains of D-galacturonic acids that can be me-
thylated. Highly methylated homogalactu-
ronan is designated pectin, and that with a low
degree of methylation is called pectate. All the
enzymes that are able to degrade pectic com-
ponents are considered pectinases, and several
of them are produced during penetration.

Pectin methyl esterase — Most pectinolytic en-
zymes cannot degrade the highly methylated
pectin, and therefore, to enable penetration, the
pectin must be demethylated to pectate. Two B.
cinerea pectin methyl esterases (BcPMEs) with
differing molecular masses were described by
Marcus and Schejter (1983). In contrast, Reig-
nault et al. (1994) identified another two



HOST AND FUNGUS IN POSTHARVEST SITUATIONS

isozymes in a different strain of B. cinerea
(Bd90), with identical molecular masses, but
with differing pl values (pI 7.0 and 7.4). Gene
disruption of the pectin methyl esterase gene
Bepmel in the Bd90 strain revealed that B. cine-
rea has more than one pectin methyl esterase-
encoding gene. The Bcpmel disrupted mutant
showed 75% reduction in PME activity and
was less virulent on apples and grapevine
(Valette-Collet et al., 2003). A second BcPME
isozyme (pl 7.1) was detected in strain Bd90
(Valette-Collet et al., 2003), but it was hypothe-
sized to play a less prominent role than the
Bcpmel. Different strains of Penicillium sp. and
C. gloeosporioides (Ortega, 1996) were also re-
ported to produce PME, but no reference was
made to their possible importance during the
initial stages of interaction with the fruit host.

Endopolygalacturonase — Endopolygalacturona-
ses are endo-acting enzymes that catalyze the
hydrolysis of homogalacturonan, resulting in
substrate fragmentation. These enzymes are
not able to hydrolyse highly methylated pectin,
but first require the action of pectin methyl
esterase to demethylate pectin to pectate. The
first BcPG-encoding genes were cloned and
characterized by Wubben et al. (1999), who
described a gene family that encoded for six
isozymes of diverse biochemical characteristics.
Characterization of five expressed genes re-
vealed that these isozymes differed from each
other in specific activity, protein stability, sub-
strate preference and end-products (Kars and
Van Kan, 2004). Disruption of Bcpgl resulted in
a reduction in virulence on both tomato and
apple fruits (Ten Have ef al., 1998). Disruption
of Bepg2 also played an importance in viru-
lence in other hosts.

For Alternaria citri, the production of an
extracellular endoPG with a molecular mass of
60 kDa was also demonstrated by Isshiki ef al.
(1997, 2001), and following the disruption of
the gene, the fungus showed a dramatic 85%
reduction in development of soft rot symp-
toms, because its penetration and maceration
of citrus tissue were inhibited (Isshiki et al.,
2001). Hyphae of the wild type, but not of the
mutant, could develop by penetration into the
fruit peel from the pedicel, through the pectin-
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rich central axis, which suggests the impor-
tance of endoPG as a factor for pathogenesis in
this fungus. However, both isolates spread
equally in the juice sac region of citrus fruits
(Isshiki et al., 2003, 2001). For Penicillium the
production of endo PG was also described as a
factor for pathogenesis. P. olsonii (Wagner et al.,
2000) secretes at least three different several
(PGs) with molecular
masses of about 47 kDa, which include several
basic and acidic isoforms. The gene pgl enodes
the acid PG activity and pg2 the alkalic P. ex-
pansum, attacking deciduous fruits, also pro-
duced a PG with a basic pI and molecular mass
of 34 kDa (Yao et al., 1996).

C. gloeosporioides also produced an endo-
polygalacturonase with a molecular mass of 62
kDa. This enzyme was able to macerate ripe
avocado fruit tissue. Unripe tissue contained
inhibitory concentrations of a flavonoid inhibi-
tor of the enzyme and was not macerated by
the enzyme. This observation indicates a role of
this enzyme in fruit pathogenesis.

polygalacturonases

Exopolylgalacturonase — The exopolygalacturo-
nases cleave monomeric or dimeric glucosyl
groups from pectic polysaccharides, thereby
providing the fungus with potential nutrients.
B. cinerea produced exoPG on tomato fruits
(Verhoeff and Warren, 1972). Johnston and
Williamson (1992) were the first to purify and
characterize B. cinerea exoPGs, which has mo-
lecular masses of 65 and 70 kDa, as confirmed
by Rha et al. (2001). Secretion of exoPG was
detected in cucumber leaves 9 h after inocula-
tion with B. cinerea, which suggests that these
enzymes play a role in the early stages of infec-
tion and subsequent tissue maceration. Apart
from these examples in B. cinerea, there have
been no reports of the production of exoPG by
postharvest pathogens.

Pectin lyase and pectate lyase — Pectin lyase is a
pectin-degrading enzyme that cleaves homoga-
lacturonan with a high degree of methyl esteri-
fication; it is inactive at acidic pH. Pectin
isozymes were detected in extracts of unger-
minated conidia and in the extracellular matrix
of B. cinerea germlings (Movahedi and Haele,
1990b; Chilosi and Magro, 1997; Doss, 1999):
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pectin lyase was produced soon after inocula-
tion of zucchini fruits, but not in infected apple
tissue — which is very acidic (pH 3-4) whereas
zucchini has a more neutral pH. Since B. cinerea
acidifies its environment prior to pectin degra-
dation, pectin lyases are in any case unlikely to
contribute significantly to pectin degradation
in the early stages of infection by pathogens
such as Botrytis and Penicillium, which acidify
the environment. No results have been re-
ported for pathogens that alkalinize the envi-
ronment, such as Colletotrichum and Alternaria.
Pectin lyase from Aspergillus aculeatus was
reported to be the main enzyme responsible for
the maceration of potato tubers (van den Broek
et al., 1997).

Pectate lyase catalyses the cleavage of pec-
tate, which is the unmethylated homogalactu-
ronan. These enzymes are inactive at acidic pH
and the presence of Ca? ions is essential for
catalysis. C. gloeosporioides produced pectin
lyase A (pnlA) (Bowen et al., 1995; Templeton et
al., 1994), and pectate lyases pelB (Wattad et al.,
1997), pel-1 and pel-2 (Shih et al., 2000), during
the colonization of infected tissue. Disruption
of pelB by homologous recombination yielded
independent isolates that did not produce and
secrete PL, and that exhibited 25% lower pec-
tate lyase (PL) and pectin lyase activities, but
15% higher polygalacturonase (PG) activity
than the wild type.

When pelB mutants were inoculated onto
avocado fruits, a 36 to 45% reduction in esti-
mated decay diameter was observed: the re-
duction in virulence by ApelB, on the one hand,
and the lack of effect of ApnlA, on the other
hand (Bowen et al., 1995), highlight the impor-
tance of PL as a pathogenicity factor of C. gloeo-
sporioides. The presence of multiple pectate
lyase genes that are differentially regulated
and their role in penetration into the host tissue
were briefly discussed above.

Cellulases — The cellulolytic complex comprises,
among others, endoglucanase, cellobiohy-
drolase and p-glucosidase, and it degrades
cellulose into cellobiose and glucose. Verhoeff
and Warren (1972) did not detect cellulase
activity in either ungerminated or germinated
conidia of B. cinerea. In A. alternata five gluca-
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nase genes, corresponding to the C, F and K
families, were cloned by means of “family-
specific” oligonucleotide primers. The genes,
present in a single copy, encoded for exogluca-
nases AaCl and AaC2, endoxylanase AaF1,
endoglucanase AaKI, and the mixed-linked
glucanase AaMLG1 (Eshel et al., 2002a, b). RT-
PCR analysis of RNA extracted from persim-
mon fruits 2 and 4 days after infection with A.
alternata (see Figure 3) showed expression of all
five glucanase genes.

Figure 3. Alternaria alternata symptoms in persimmon
fruits.

However, transcription levels and enzyme
production of the endoglucanase (AaK1) and of
one exoglucanase (AaCI) were enhanced dur-
ing A. alternata growth on cell walls taken from
more susceptible fruits, whereas expression of
these genes and their enzyme production were
significantly reduced in fruits showing resis-
tance to fungal attack. Those results suggest
the involvement of endo- and exoglucanase in
the development of symptoms elicited by A.
alternata in resistant and susceptible persim-
mon fruits (Eshel et al., 2002a, b).

Transporters facilitating fungal attack

In natural environments microorganisms are
exposed to a wide variety of antibiotic com-
pounds produced by competing organisms.
Some of the postharvest pathogenic organisms
have evolved various mechanisms to overcome
the natural resistance as in the case of resis-
tance of B. cinerea to the phytoalexin resveratrol
in grapes. B. cinerea has a broad host range and,
consequently, is liable to be exposed to many
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plant defense compounds (Hayashi et al., 2002).
Two major classes of membrane transport
proteins that have been reported to be involved
in transport of fungitoxic compounds are ATP-
binding cassette (ABC) transporters and major
facilitator (MFS) transporters. ABC transport-
ers are primary transporters that use the en-
ergy of ATP hydrolysis to drive transport
against a concentration gradient. MFS trans-
porters are secondary transporters that use the
proton motive force to transport compounds.
Genes encoding ABC and MFS transporters
belong to large gene families. Schoonbeek et al.
(2001) cloned an ABC transported from B.
cinerea (BcatrB) and its expression was en-
hanced after treatment of germlings with the
grapevine phytoalexin resveratrol, but deletion
mutants exhibited increased sensitivity and
decreased virulence on tomato or grapevine
leaves.

Secondary metabolite degraders: Laccases
Extensive studies have been performed on
laccase activity in B. cinerea. Laccases are part
of a larger group of multicopper enzymes,
detected in several fungal species, that act on a
variety of polyphenol substrates which have
been implicated in a wide range of biological
processes that affect fungal virulence (Guetsky
et al., 2005). The production of gallic acid-
inducible laccase in culture was suppressed by
secondary metabolites called cucurbitacins,
produced by Cucurbitacea (Viterbo et al., 1993).
Cucurbitacins protected cucumber fruits and
cabbage leaves from infection by B. cinerea
(Bar-Nun and Mayer, 1990), which suggests
that laccase plays an important role in patho-
genesis (Viterbo et al., 1993; Staples and Mayer,
1995). Cucurbitacin reduce laccase activity
(Viterbo et al, 1993) via repression at the
mRNA level (Gonen et al., 1996). Deletion of
Bclecl or Belec2 did not result in any detectable
reduction of virulence (Schouten et al., 2002),
suggesting that cucurbitacins do not protect
leaves by laccase activity.

Laccase activity in C. gloeosporioides de-
graded the flavonoid epicatechin when used as
a substrate (Guetsky et al., 2005). Epicatechin
modulates the metabolism of preformed anti-
fungal compounds in avocado and activates
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quiescent C. gloeosporioides in ripening avocado
fruits (Prusky, 1996). Extracts of laccase en-
zyme obtained from decayed tissue and from
culture media fully metabolized the epicate-
chin substrate within 4 and 20 h, respectively.
Isolates of C. gloeosporioides with reduced lac-
case activity and no capability to metabolize
epicatechin showed no pathogenicity on ripen-
ing fruits. In contrast, isolates with enhanced
capability to metabolize epicatechin elicited
early symptoms of disease in unripe fruits.
These results suggest that degradation of epi-
catechin by laccase, followed by the decline of
the preformed antifungal diene compound,
may activate the quiescent infections in ripen-
ing avocado fruits.

NEW APPROACHES TO CONTROL OF
POSTHARVEST DISEASES

Approaches based on fungal biology

Fungal viruses for biocontrol — Fungi, including
fruit pathogens are attacked by a range of other
organisms, which include other fungi, bacteria
and viruses, and some of these agents have
been exploited for biocontrol of fruit patho-
gens. A study of the mycoviruses of B. cinerea
and Monilinia fructicola found that over 70% of
strains harbor viruses which, however, have
little if any effect on their hosts (Howitt et al.,
1995; Tsai et al., 2004). Recently a virus has
been discovered in Europe that reduces patho-
genicity of B. cinerea (Castro et al., 2003) and
could be developed as a future biocontrol a-
gent.

Reduced-pathogenicity strains for biocontrol —
Classically the use of fungi for biocontrol in-
volves the use of other fungal species to control
the target pathogen. A more subtle approach
involves the use of strains of the pathogens
themselves or of similar species with reduced
pathogenicity as a biocontrol. This approach is
based on the facts that the biocontrol agent
may efficiently displace the target fungus ecol-
ogically and physiologically and, at the same
time, stimulate host defences in advance of
infection (Droby et al., 2004). Several examples
have demonstrated these possibilities: pre-
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inoculation with a non-aggressive strain of B.
cinerea reduced the ability of a subsequently
inoculated aggressive strain to cause lesions
(Weeds et al., 2000); and similarly, reduced-
pathogenicity isolates of C. gloeosporioides in-
duced by inclusion of a hygromycin resistance
cassette induced resistance to pathogenic
strains in avocado (Yakoby et al., 2002). This
approach could easily be explored for the con-
trol of postharvest diseases by means of natu-
reduced-

rally  occurring  variants  of

pathogenicity strains.

Modulation of pathogenicity factors — Postharvest
pathogenic fungi modulate the host pH as a
basis for expression of virulence factors during
the colonization of the target host tissue (See
3.1). Pathogens may modulate their virulence
by local acidification or alkalinization the host
tissue, e.g., colonization of acidified citrus and
apple tissues by Penicillium spp. was enhanced
by low pH. A simple approach based in these
findings comprises the application of neutraliz-
ing solutions, depending on the type of patho-
gen it is desired to control. This approach is
important for the control of postharvest disease
because (i) it directly affects the germination of
conidia and fungal colonization; and (ii) it
affects the efficiency of fungicides that are used
to control these diseases. This approach is
being used for the control of A. alternata in
stored mango fruits (Prusky et al., 2006).

Approaches based on enhancing host de-
fences

Host resistance in fruit and vegetables is very
complex and changes during fruit ripening and
senescence. A defence mechanism may be
expressed continuously throughout the life of a
host, regardless of the presence or absence of a
pathogen (constitutive and preformed resis-
tance) or the defence machinery may be turned
on at a particular point in time, either by a
pathogen or by a sensitising treatment (induc-
ible resistance). The manipulation of these
natural resistance processes offers opportuni-
ties to develop durable disease management.

Treatments inducing preformed resistance mecha-
nisms — Prusky et al. (1991) described the capa-
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bility of high-CO: treatment to increase the
level of the preformed antifungal diene that is
present in avocado fruits and hence to increase
the resistance of ripening avocado fruits to C.
gloeosporioides. More recently it was also found
that short cold treatment (4°C, 24 h) also acti-
vated the mechanism of resistance by inducing
higher levels of the antifungal diene synthesis
(Madi et al., 2003). These treatments that have
the advantage of being environmentally benign
and residue free should further be analyzed for
commercial considerations (Prusky ef al., 1991).
More recently, Anderson et al. (2004) had used
potassium silicate applied as trunk injection or
a paint to the tree to stimulate the expression of
natural defence reaction by accumulation of
antifungal phenols and activation of defence
related enzymes (chitinase and (-1,3 gluca-
nase).

In summary, novel approaches based on
use of biological control and exploitation of
host resistance to enhance disease control offer
the prospects of sustainable and environmen-
tally benign disease management. However,
these approaches still demand investment in
long-term research before clear results can be
obtained. Until then, the traditional approaches
based on the use of synthetic fungicides in
combination with physical treatments such as
temperature (high and low) and controlled
atmosphere should be efficiently applied.
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INTRODUCTION

The quality of agricultural products at the time
they get to the consumers strongly depends on
the developmental stage at harvest, shipping
and storage conditions. It is commercially
advantageous that fruit and vegetables have a
long shelf life and do not deteriorate immedi-
ately after harvest. In many deteriorative proc-
esses the plant hormone ethylene plays an
important role; by controlling the ethylene
production or sensitivity, important benefits
can be obtained (Saltveit, 1999).

The plant hormone ethylene

Ethylene is involved in virtually all aspects of
the plant life cycle, as well as in the plant’s
response to many environmental stimuli. In the
broadest of terms, ethylene is responsible for
signaling changes during germination, growth,
flower and fruit development, senescence of
plant organs, programmed cell death, the onset
of plant defense mechanisms and the action of
other plant hormones. Biotic stress (e.g., patho-
gen attack) and abiotic stress conditions (e.g.,
wounding, hypoxia, ozone, chilling, and freez-
ing) elicit ethylene synthesis in plants (Abeles
et al., 1992; Mattoo and Suttle, 1991).

The elucidation of the ethylene biosynthetic
pathway and the molecular cloning of genes
encoding the enzymes involved have provided
insight into the regulation of ethylene biosyn-
thesis in plants. Plants biosynthesize ethylene

via the Yang cycle, wherein methionine is con-
verted to S-adenosylmethionine (SAM) by the
enzyme SAM synthase. The conversion of SAM
to  l-aminocyclopropane-1-carboxylic  acid
(ACCQ) is then catalyzed by the enzyme ACC
synthase (ACS). ACC is oxidized to ethylene
by ACC oxidase (ACO) (Yang and Hoffman,
1984) (Figure 1). The conversion of SAM to
ACC is generally considered to be the rate-
limiting step in the synthesis of ethylene
(Kende, 1993). Both latter enzymes play a role
in the regulation of ethylene biosynthesis and
are encoded by small gene families.

Ethylene biosynthesis in microorganisms

In addition to plants, some microorganisms,
including phytopathogenic fungi and bacteria,
can synthesize ethylene themselves. Except for
few fungal species, such as the slime mold
Dictyostelium mucoroides (Amagai and Maeda,
1992) and Penicillium citrinum (Jia, 1999), the
ACC pathway for ethylene biosynthesis has
not been found operative in microorganisms.
Presently, two different ethylene biosynthetic
pathways have been established in microor-
ganisms (Fukuda ef al., 1993). Ethylene can be
produced either from glutamic acid via 2-
oxoglutarate as in Penicillium digitatum (Fu-
kuda et al., 1989a) and in Pseudomonas syringae
(Nagahama et al., 1991) or from methionine via
2-keto-4-methylbutyric acid (KMBA) as in
Escherichia coli (Ince and Knowles, 1986),
Cryptococcus albidus (Fukuda et al., 1989b),
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Colletotrichum musae (Daundasekera et al., 2003)
and in Botrytis cinerea (Cristescu et al., 2002;
Chague et al., 2002) (Figure 1). Additionally,
KMBA has been identified as an intermediate
in methionine-derived ethylene biosynthesis by
microbial cultures in soil (Nazli et al., 2003).

Effect of ethylene on fungal development

It was reported that ethylene has different
effects on various phases of fungal develop-
ment in vitro. Exogenous application of ethyl-
ene stimulates conidial germination of B. cine-
rea, Penicillium expansum, Rhizopus stolonifer and
Gloeosporium  perennans  (Kepczynski — and
Kepczynska, 1977), P. digitatum, P. italicum,
Thielaviopsis paradoxa (El-Kazzaz et al., 1983),
Diplodia natalonis and Phomopsis citri (Abeles,
1973). Elad (2002) showed that ethylene did not
affect conidial germination and hyphal growth
of B. cinerea on PDA media (potato dextrose
agar), whereas on glass, tomato or bean leaf
surfaces both germination rate and germ tube
elongation were enhanced. A specific inhibitor
of ethylene action in plants, 2,5-norbornadiene
(NBD) inhibited growth of hyphae and myce-
lium and retarded the B. cinerea development
(Kepczynska, 1989; 1993). A similar inhibitory
effect was reported following application of the
plant ethylene production inhibitor, aminoeth-
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oxyvinylglycine (AVG) a specific inhibitor of
ACC synthase (Figure 1), which reduced myce-
lium growth and sporulation of B. cinerea. As
ethylene biosynthesis in B. cinerea does not
involve ACC synthase, the target of AVG is
probably some other aminotransferase and the
effect may not be related to ethylene biosyn-
thesis.

Many fungi are known to remain dormant
at the fruit surface until the fruit ripens, at
which time the fungus infects the fruit. In some
fungi ethylene was found to play a role as a
signaling molecule. For instance, in Colleto-
trichum gloeosporioides and C. musae that attack
ripe fruit, exposure to ethylene induces germi-
nation and appressorium formation. The recep-
tion of ethylene by the fungus was supposed to
act through a mechanism with similarity to the
receptor-mediated effects of ethylene in plants.
Sensing of ethylene was blocked by the ethyl-
ene perception inhibitors, silver thiosulphate
(STS) and NBD, while the ethylene analog
propylene (but not methane) could substitute
for ethylene. On transgenic tomato fruits, that
did not produce ethylene, the fungus was un-
able to germinate. Upon treatment with ethyl-
ene, the spores germinated and produced mul-
tiple appressoria and infection lesions (Kolat-
tukudy et al., 1995).
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Figure 1. Ethylene biosynthesis in plants and B. cinerea.
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In Aspergillus parasiticus ethylene was found
to affect fungal development and aflatoxin
synthesis in a dose dependent manner. The
effect of ethylene could be influenced by treat-
ment with the plant ethylene binding inhibitor
1-MCP (Roze et al., 2004). Such observations
suggest that fungi can sense ethylene by a
similar mechanism as plants. In plants ethylene
is sensed by two component histidine kinases
(Chang and Stadler, 2001) and, recently, a simi-
lar type of protein was identified in B. cinerea
(Catlett et al., 2003). However, the functionality
of these proteins has not yet been elucidated.

Host-pathogen interactions and ethylene
Enhanced ethylene production is one of the
earliest responses of plants to the perception of
a pathogen (Boller, 1991) and ethylene has been
associated with both resistance and susceptibil-
ity to disease (Knoester et al., 1998). A survey of
the literature yields conflicting reports on the
role of ethylene in pathogenesis (Johnson and
Ecker, 1998). Ethylene may be a stimulus for
defense responses by activating the plant de-
fense genes which thereby lead to increasing
plant resistance or, conversely, it may play a
role in disease symptom development and in
the breakdown of internal plant resistance
(Boller, 1991; Abeles et al., 1992; Lund et al.,
1998). Depending on the type of pathogen and
plant species, the role of ethylene can be dra-
matically different. This diversity can be ex-
plained by taking into account the involvement
of ethylene in the multiple physiological proc-
esses in plants and its interaction with other
hormones and pathways. External application
of ethylene reduces, increases or does not have
any effect on disease incidence depending on
the plant-pathogen system (El-Kazzaz et al.,
1983; Elad, 1990; Marte et al., 1993).

Ethylene promotes fruit ripening, induces
necrosis and chlorosis and accelerates the se-
nescence in plants (Matoo and Suttle, 1991;
Abeles et al., 1992). Ripe fruits and senescent or
wounded plant organs are more susceptible to
B. cinerea infection. Increased ethylene produc-
tion is also characteristic of the hypersensitive
response (HR) during the incompatible combi-
nation of an avirulent pathogen and its resis-
tant host in which cells at the infection site die
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to form a necrotic lesion. As a result, a biotro-
phic pathogen is deprived of nutrients and its
growth restricted (Cohn et al., 2001). On the
contrary, some so-called necrotrophic patho-
gens, such as B. cinerea, may benefit from HR
by using the dead tissues as a food support to
further spread and invade healthy living tis-
sues (Govrin and Levine, 2000).

Different defense mechanisms are involved
in resistance and each of them has the capacity
to withstand infection of certain pathogens
(Thomma et al., 2001). The plant defense-
related processes activated by ethylene include
production of pathogenesis-related (PR) pro-
teins (Rodrigo et al., 1993, van Kan et al., 1995),
production of phytoalexins and lignin biosyn-
thesis (Fan et al., 2000), activation of hydrolases
(Boller, 1988, Brown and Lee, 1993), the induc-
tion of the phenylpropanoid pathway (Chap-
pell et al., 1984) and cell wall alterations (Bell,
1981). Although the synthesis of the patho-
genesis-related proteins can also be induced by
ethylene-independent pathways (Dixon and
Lamb, 1990), biological elicitation of some of
them may require a functional ethylene re-
sponse (Penninckx, et al., 1996). However, en-
hanced endogenous ethylene production is not
always a requirement for the induction of de-
fense responses (Boller, 1991; Bent et al., 1992;
Ciardi et al., 2000; Lawton et al., 1995).

Van Loon (1984) suggested that a large part
of the plant damage during pathogen infection
is caused by autocatalytic ethylene synthesis
and not from the direct action of the pathogen.
Based on this, it was proposed that exogenous
ethylene often increases the disease severity
and, moreover, that inhibitors of ethylene syn-
thesis may decrease the fungal infection sever-
ity. There are many examples supporting this
hypothesis: (i) Increase of ethylene production
due to the infection has been correlated with
increased plant disease susceptibility in the
case of wheat plants infected with Septoria
nodorum (Hyodo, 1991). (ii) Exogenous ethyl-
ene applied to cucumber plants prior to infec-
tion increased disease severity in the case of
Colletotrichum lagenarium (Biles et al., 1990) and
for Verticillium wilt of tomato (Cronshaw and
Pegg, 1976). (iii) Specific inhibitors of ethylene
synthesis reduced disease severity to B. cinerea
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infection in rose and carnation flowers, de-
tached leaves of tomato, pepper, French-bean
and cucumber (Elad, 1990 and 1993; Boller,
1991). (iv) Cotton plants pretreated with AVG
(an inhibitor of ethylene biosynthesis) showed
decreased disease severity when infected with
Alternaria (Bashan, 1994). However, virtually
conflicting results are observed with tomato
plants pretreated with ethylene or the inhibitor
of ethylene perception, 1-methylcyclopropene
(MCP). Ethylene pretreatment caused a de-
creased susceptibility against B. cinerea and
MCP pretreatment resulted in increased sus-
ceptibility (Diaz et al.,, 2002). These examples
show that ethylene may play a different role in
disease development depending on the time it
is applied or produced with respect to the
timing of infection. Ethylene can affect the
disease development by its possible direct
action on the pathogen and/or indirectly by
inducing various modifications in host plant
metabolism (Kader, 1985).

Ethylene was not only found to stimulate
fungal growth directly (Brown and Lee, 1993),
but also to increase the activity of certain ab-
scission-associated enzymes in the plant and,
therefore, to predispose the plant to pathogen
invasion (Brown and Burns, 1998). Although it
was reported by El-Kazzaz et al.,, (1983) that
ethylene stimulates the growth of B. cinerea and
P. italicum, Palou et al., (2003) found that ethyl-
ene did not affect aerial mycelial growth on
table grapes infected with B. cinerea. Neither
incidence nor disease severity to Monilinia
fructicola of stone fruit was affected by exoge-
nous application of ethylene, suggesting that
ethylene plays no role in the pathogenicity of
this fungus.

An additional approach to study the effect
of ethylene on disease development is with
ethylene-insensitive mutants (Knoester et al.,
1998; Geraats et al., 2002; Hoffman et al., 1999).
For example, the ethylene-insensitive Arabidop-
sis thaliana mutant ein2 displayed enhanced
susceptibility to B. cinerea (Thomma et al.,
1999), but decreased susceptibility to infection
with the beet cyst nematode (Wubben et al.,
2001). Soybean mutants with reduced ethylene
sensitivity developed more severe symptoms
than the wild type when infected by necrotro-

CRISTESCU ET AL.

phic pathogens, Septoria glycines and Rhizocto-
nia solani, and less severe chlorotic symptoms
when infected by biotrophic pathogens, P.
syringae pv. glycines and P. sojae (Hoffman et al.,
1999). Ethylene-insensitive A. thaliana and
tomato lines did not display high susceptibility
to the bacteria Pseudomonas and Xanthomonas or
the fungal species Fusarium and the Oomycete
Peronospora (Bent, et al., 1992; Lawton et al.,
1995; Lund et al., 1998). It was found that ethyl-
ene-insensitive tobacco plants Tetr 1 (Tetr 1,
expressing the mutant A. thaliana etrl-1gene)
were also more susceptible than the wild type
plants to several other fungi, including Colleto-
trichum destructivum (Chen et al., 2003) and
Chalara elegans (Knoester ef al., 1998; Geraats et
al., 2002). Plants that did not produce ethylene
developed much larger necrotic areas, while
addition of ethylene restricted disease spread-
ing. However, high levels of ethylene are usu-
ally destructive to plant growth and health and
facilitate their damage by pathogen. During the
fungal-plant interaction both the partners can
produce ethylene, usually via a different path-
way. Since methionine is the common precur-
sor for ethylene biosynthesis in plants and in
different microorganisms, it is difficult to de-
termine if ethylene originates from the plant or
the fungus. Usually, ethylene production by
fungi was studied under in vitro conditions and
then correlated with the ethylene emission
from the infected host. Currently, there is no
evidence of ethylene production by a specific
fungus in planta and it is not known if fungal
ethylene may play a role in triggering host
ethylene production. Molecular tools to study
the biology of fungi (ten Have et al., 2001;
Wubben et al., 2000) will enable the role of
fungus-produced ethylene in pathogenesis and
the isolation of the genes involved in fungal
ethylene biosynthesis and their deletion will
unequivocally show whether ethylene produc-
tion by the fungus plays a role in the fungus-
plant interaction. In our research group we
have developed a new approach to study the
pathogen-host interaction by using a laser
spectroscopic technique. As application, we
chose the tomato fruit — B. cinerea system. B.
cinerea is an important worldwide pathogen
that attacks more than 200 plant species and
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causes extensive crop losses to many field-
grown and greenhouse crops. It is visible as the
well-known grey mold on fruits, vegetables,
ornamentals, trees, shrubs and various types of
foods. B. cinerea infects many plant species, but
also various organs at different developmental
stages of a particular plant host. Fruit and stem
rot, blossom blight, stem cankers, leaf spots,
bulb-, corm-, tuber- and root-rots and twig
blight are all manifestations of the fungus in
plants. Under humid conditions it can cause
massive losses in yield and quality, particularly
in wine and fruit production. The losses im-
posed by this pathogen require the intense use
of fungicides worth about € 50-100 million per
year in Europe. B. cinerea is one of the most
ubiquitous and serious fungal diseases of
greenhouse tomatoes. Even more research was
done on the B. cinerea infection of the vegeta-
tive plant parts (stem and leaves) than on
fruits. It has been shown that B. cinerea pro-
duces ethylene in wvitro most probably via
pathway for ethylene formation using KMBA
(Cristescu et al.,, 2002; Chague et al., 2002).
Therefore, analysis of ethylene emission from
the plant-pathogen system, such as tomato-B.
cinerea becomes a complex phenomenon and
more information is required to elucidate the
contribution of each organism to the total eth-
ylene produced. We present a laser-based eth-
ylene detector suitable to monitor on-line the
ethylene released during the infection process.
The instrument allows ethylene emission in a
flow-through system with a detection limit
down to 10 pptv (pptv = parts-per-trillion vol-
ume, 1:10'?) (Bijnen ef al., 1996) and has rela-
tively high time resolution for measuring the
dynamics of ethylene production by B. cinerea
in vitro and by infected tomatoes. We indicate it
as a powerful tool to study the relationship
between ethylene released by the fungus in
vitro and the enhanced ethylene production in
B. cinerea infected tomato with respect to dis-
ease development. Especially for this particular
type of interaction when both, the host and the
pathogen, are able to produce ethylene, it is
difficult to separate their contribution to the
total ethylene emission by the host-pathogen
system. In combination with an effective broad
range of well-characterised chemical inhibitors
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and pathway intermediates related to ethylene
biosynthesis, the use of this technique enables
us to produce a comprehensive description of
the mode of ethylene formation and action in
B. cinerea, both in vitro and in vivo.

Real time monitoring of ethylene

To follow dynamic processes in plants, it is
necessary to measure ethylene directly and
with high resolution in time. This can be
achieved if a flow-through system in line with
sampling cuvettes is combined with the ex-
tremely sensitive laser-based photoacoustic
detector. The schematic diagram of the set-up
is presented in Figure 2. The various parts of
the system are computer controlled, enabling a
fully automated sampling of ethylene produc-
tion rates of biological tissue for periods up to
several weeks. The detector consists of a line-
tunable CO:2 laser which emits radiation in the
9-11 um infrared wavelength region and a
photoacoustic cell, through which the laser
light is directed for detecting the gas of interest
(Harren and Reuss, 1997; Lintel Hekkert et al.,
1998). The laser-based ethylene detector is able
to distinguish between different gases by mak-
ing use of their wavelength dependent “fin-
gerprint” absorption. Thanks to its distinct
fingerprint-like spectrum in the CO: laser
wavelength range (Brewer et al., 1982), ethylene
can be measured with very high sensitivity,
exhibiting a detection limit of three orders of
magnitude better than gas chromatography
(i.e, 10 pL-L1).

Since the past decade we have used the
laser-based photoacoustic systems to deter-
mine on-line ethylene release in various proc-
esses in plants and microorganisms, such as
seed germination (Petruzzelli et al., 1995; Thur-
ing et al., 1994), flower senescence (Woltering et
al., 1993; Wagstaff et al., 2005), diffusion
through aerenchymatous roots (Visser et al.,
1997), submergence (Voesenek et al., 1993), fruit
ripening (de Vries et al., 1995, 1996), nitrogen
fixation by cyanobacteria (Zuckermann et al.,
1997a; Staal et al., 2001, 2003), interaction with
auxin (van den Bussche et al., 2003), dehydra-
tion (Leprince et al., 2000) and circadian
rhythm (Thain et al., 2004).
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Figure 2. The ethylene detection set-up. Gas flow system (top). Laser-based ethylene detector consisting of a

photoacoustic (PA) cell and a CO: laser (bottom). Ethylene released by the biological samples (plated fungi or

infected fruits) is transported to the PA cell where it absorbs the laser radiation and gives rise to an acoustic

wave. The amplitude of this wave is measured with a sensitive microphone (m) and is directly proportional

with the ethylene concentration.

Trace gases released by the biological sam-
ples (plated fungi or infected fruits) are trans-
ported to the photoacoustic cell through a flow
system using air as carrier gas. Once inside the
photoacoustic cell, traces of ethylene absorb the
laser radiation and convert it into heat which
will further generate an increase of pressure
inside a closed volume. By modulating the laser
beam with a chopper, pressure waves (ie.,
sound) are generated and detected with a sensi-
tive miniature microphone. The amplitude of
the acoustic waves is directly proportional to the
concentration of ethylene in the photoacoustic
cell.

The overall measuring sequence can be
chosen in function of the dynamics of the proc-
ess under study. It can vary from less than 10
seconds for fast processes up to about one
minute.

The gas flow through the measuring system
can be controlled using electrical three-way
valves that switch a particular gas stream to
the photoacoustic cell (on-position) or into the
laboratory (off-position). In this way the gas
emission from a number of cuvettes (up to 8
per experiment) containing the biological sam-
ples can be transported to the photoacoustic
cell alternately and at controlled flow rates.
The flow is continuously monitored and ad-
justed by mass flow controllers.

Other interfering gases released by the
samples might influence the quantification of
ethylene emission, due to the overlap between
their spectral absorption and the CO: laser
wavelengths; therefore, a number of scrubbers
and traps are introduced in the measuring
system to remove them from the gas flow. A
platinum based catalyzer (platinum on Al20s),
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which operates at minimum 400 °C placed
before the entrance of the cuvettes, provides air
free of any traces of ethylene (or other hydro-
carbons). When monitoring low ethylene con-
centrations, the CO2 and water concentrations
have to be reduced before entering the photo-
acoustic cell. Consequently, a scrubber with
KOH (moist pellets) is usually used to reduce
the CO2 concentration below 1 ppmv and a
tube with CaClz2 (granules) is placed directly
after it in order to decrease the water content in
the gas flow. Ethanol and some other heavier
hydrocarbons are removed by inserting a cool-
ing trap (-150 °C) into the gas flow system just
before the photoacoustic cell. In addition, the
gas flow was filtered by passing through 0.2
um millipore filters placed at the inlet and
outlet of the sampling cuvettes.

From the obtained emission rates, readings
of an empty cuvette are subtracted in order to
adjust for externally induced variations (e.g.,
over hours or days). In most of the cases, the
ethylene production from the fungi was related
to the emission rate by multiplying the meas-
ured value with the flow rate, and expressed in
nl hl. While monitoring the emission by fruits,
the rate of ethylene production was expressed
in nl h'! g'ifresh weight.

ETHYLENE PRODUCTION AND PERCEP-
TION BY BOTRYTIS CINEREA IN VITRO

Ethylene production by B. cinerea in vitro
When plants mature and die, the senescing
tissues serve as a food base for many microor-
ganisms. B. cinerea is such an organism. This
fungus very quickly colonizes wounded, dead
or dying stems, leaves, flowers, and fruits. As a
necrotrophic pathogen, B. cinerea has the ability
to kill and macerate the host cells before invad-
ing them to obtain the nutrients for its growth.
By this mechanism, using the previously colo-
nized dead tissues as a food support, the fun-
gus can spread and invade healthy living tis-
sues (Jarvis, 1977).

The ability of B. cinerea to adapt to various
environmental conditions has been investi-
gated and different mechanisms of its action in
function of the attacked host tissue were pro-

33

posed (Barkai-Golan et al., 1988; Elad and
Eversen, 1995; ten Have et al., 2001; von Tiede-
mann, 1997; Yang and Hoffman, 1984). How-
ever, there is no broad understanding of the
“attack strategies” of this fungus. One intrigu-
ing part in this scenario is the role of ethylene.
Ethylene is generated during the Botrytis-host
interaction possibly by both organisms as both
plants and B. cinerea have the ability to produce
it. In spite of the large extent of published data
dedicated to ethylene production by the Botry-
tis-host system and, in particular by B. cinerea,
it is not very clear so far how and why the
fungus produces ethylene.

Research performed in this field showed
that B. cinerea is able to produce ethylene in
vitro. Qadir et al. (1997) reported ethylene pro-
duction from liquid cultures of B. cinerea grown
in methionine-enriched media. However, using
gas chromatography (GC) it is difficult to
quantify the ethylene released by B. cinerea in
the absence of methionine in the basal media
and to offer a good description of ethylene
emission over time. These data were revealed
by using the more sensitive laser-based ethyl-
ene detector. We proved that B. cinerea pro-
duced low, but detectable levels of ethylene,
when grown in vitro on PDA (potato dextrose
agar) media without added methionine. A
constant emission of 0.17 + 0.04 nl h™' was de-
tected during the first 24 h for 160 ul of suspen-
sion at 2x107 conidia ml! concentration. The
ethylene production increased to a peak of
about 1 + 0.05 nl h! after 43 h from plating the
conidia on PDA, after which it decreased to 0.2
1+ 0.04 nl h'. As control we used 160 pl of auto-
claved conidial suspension and autoclaved
hyphae, respectively, plated on PDA (data not
shown). In this case, no increase of ethylene
emission was found over a period of 3 days.
The equivalent ethylene production of the
control, representing the background of non-
enzymatically produced ethylene, showed a
constant level of 0.18 + 0.05 nl h™' for the auto-
claved conidial suspension, 0.18 + 0.04 nl h-! for
autoclaved hyphae, and 0.17 + 0.03 nl h! for
PDA media alone, respectively. Addition of
methionine greatly enhances the ethylene pro-
duction by B. cinerea (Qadir et al., 1997; Crist-
escu et al., 2002; Chague et al., 2002). We inves-
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tigated 15 concentrations of methionine and
found that a small amount of L-methionine
(0.05 mM) present in the PDA media already
increased ethylene release by three-fold. The
pattern of ethylene production, showing a peak
after approximately 43 hr, was similar as the
pattern observed for the fungus grown on PDA
without methionine. The highest ethylene
production occurred in the presence of 3 to 15
mM L-methionine (around 30 nl h). At higher
levels it decreases with increasing methionine
concentration, probably due to its effect on
fungal vitality. These results differ from those
reported by Qadir et al. (1997) who examined
the effect of adding 1, 5, 10, 35 and 50 mM L-
methionine in PDA and found a maximum
ethylene production by fungus grown on PDA
supplemented with 35 mM L-methionine. This
may be caused by the fact that large errors are
introduced by the integration method over 7
days ethylene production (Qadir et al., 1997).

Ethylene emission by B. cinerea was found
to be dependent on the concentration of co-
nidia plated on the growing media. The ethyl-
ene release was higher and the peak in ethyl-
ene production occurred earlier with increas-
ing conidia concentrations (Figure 3). Radial
growth of the fungus was slightly lower for
media containing methionine than for the me-
dia without methionine, although no signifi-
cant variations could be observed between
media with different methionine concentra-
tions.

Addition of other ethylene precursors than
methionine, such as 2-oxoglutarate or gluta-
mate including their co-factors (e.g., ferric ions,
L-arginine) in the growing media (either in
liquid culture or in PDA) did not stimulate the
ethylene released by B. cinerea indicating me-
thionine-dependent synthesis (Qadir ef al,,
1997; Cristescu et al., 2002; Chague et al., 2002).

Using a pharmacological approach, we
showed that B. cinerea most likely produces
ethylene from methionine via the KMBA
pathway (Cristescu et al., 2002). Inhibitors of
the plant ethylene pathway, such as amino
oxyacetic acid (AOA) and aminoethoxyvinyl-
glycine (AVG), had no effect on the ethylene
emission from the fungus. Furthermore, using
2,4-dinitrophenylhydrazine as reagent, Chague
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et al., (2002) tested the presence of KMBA in
different growth media. They found that
KMBA was present only in the media supple-
mented with methionine, being produced by
the fungus and secreted into the media. Addi-
tionally, no ACC synthase or ACC oxidase
homologs have been found in B. cinerea ge-
nome while Penicillium citrinum has a func-
tional ACC synthase gene (Jia et al., 1999).
These observations show that B. cinerea does
not use the plant ethylene pathway for ethyl-
ene synthesis.

Light microscopic analysis showed that
conidial germination occurs within the first 3
hours after harvesting and plating, well before
ethylene release becomes substantial. In fact,
no ethylene was monitored during conidia
dormancy and germination. Ethylene emission
increased slowly during hyphal elongation,
then very rapidly and at high rates till it
reached the maximum production when the
fungal hyphae extensively grew and began to
branch (Cristescu et al.,, 2002). Thus, ethylene
released by B. cinerea is associated with hyphal
growth rather than conidial germination. Once
it reaches a maximum, ethylene emission by
the fungus shows a decline associated with
further growth of the fungus (Cristescu et al.,
2002). These results were supported by Chague
et al. (2002) who found that KMBA is produced
by young hyphae and not by dormant and
germinating conidia. Moreover, older myce-
lium produces less KMBA and subsequently,
less ethylene.

KMBA conversion

Ethylene production by B. cinerea is partly
dependent on light. We found that ethylene
produced by the fungus grown on methionine-
enriched media was fivefold higher under low
light intensity conditions (5 umol photons
m-2s7) than in dark (Figure 3 inset).

Using the photoacoustic ethylene detector
we were able to monitor the dynamics of ethyl-
ene released by B. cinerea while interchanging
the light and dark regimes (Figure 3). The eth-
ylene emission from B. cinerea changes in less
than 2 minutes after switching from light to
dark and/or from dark to light (Figure 3 inset).
When the light is switched off, ethylene emis-
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sion firstly shows a fast exponential decline
during the first 30 minutes followed by a
slower linear decrease. After switching back to
light, ethylene release increases exponentially
to levels that occurred before the dark treat-
ment.

These data indicate that KMBA conversion
to ethylene is considerably lower in the dark
than in light. Similar results were reported by
Chague et al. (2002). These authors hypothe-
sized that in the dark KMBA accumulates in
the medium and, upon switching on the light,
the accumulated KMBA is rapidly converted
into ethylene. However, their data show that
the light-induced ethylene release following
24 h dark incubation is over 20 times less than
expected considering the huge amounts that
should have accumulated assuming continu-
ous KMBA synthesis. This implicates that
KMBA synthesis is apparently also affected by
light/dark.

To explain the observed dynamics in fungal
ethylene production, we need to consider the
mechanism for KMBA conversion to ethylene
(Figure 1). A major role in this process is
played by the free radicals which are generated
in both dark and light conditions. In the dark,
the radicals are formed by respiratory proc-
esses (chemical). In the light, additional radi-
cals will be generated due to photochemical
processes.
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Figure 3. Ethylene released by B. cinerea in vitro at
different concentrations 1.5x10¢ (W), 2x107 (A) and
2x105 (0) conidia ml! (160 ul ) plated on PDA con-
taining 25 mM L-methionine in light and dark (grey
bar), respectively. Inset: the KMBA conversion to
ethylene when switching from light to dark and back
to light for 2x105 (0) conidia ml! starts within 2 min-
utes.
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In B. cinerea other sources may be consid-
ered for the formation of free radicals such as
pigments and/or the reaction of light directly
with chemical compounds present in the fun-
gus cells.

Light seems to exert a dual action on ethyl-
ene release by B. cinerea. Firstly, light produces
extra radicals which increase the conversion of
KMBA to ethylene and secondly, the KMBA
synthesis is mediated by action of a flavin,
which may be stimulated by light.

The acceleration of ethylene release in vitro
at higher conidia concentrations (see Figure 3)
also suggests that development of the fungus
responds to chemical signals in its neighbor-
hood. This could be related to sensing, e.g.,
(self-produced) ethylene.

Since the ethylene precursor (methionine) is
present in plant tissues, it may be used by the
fungus as substrate for ethylene production via
the KMBA pathway. The mechanism for ethyl-
ene production by B. cinerea in planta is rather
complex due to the multiple ways to convert
the fungus released KMBA. One such possibil-
ity may be furnished by the oxidative envi-
ronment generated during the plant-fungus
interaction. For example, the hydroxyl radicals
that are produced together with other active
oxygen species (AOS) can cause chemical oxi-
dation of KMBA. It has been shown that B.
cinerea produces hydrogen peroxide (H202)
when grown on autoclaved flax stems (Bratt et
al., 1988), possibly due to an oxidase activity,
and H202 can be further converted to superox-
ide (O2) and hydroxyl (OHe) radicals. In addi-
tion, Georgieva et al. (2000) reported an en-
hanced peroxidase activity in the tomato fruit
pericarp upon infection. From here it raises
naturally the question whether the B. cinerea
ethylene significantly contributes to the total
ethylene production in infected plant and if it
plays a role in triggering the plant ethylene
production (or manipulates ethylene produc-
tion to trigger other defense mechanisms).

Ethylene perception by B. cinerea

It is likely that B. cinerea, like some other fungi,
can sense ethylene and change its behavior
accordingly. To gain more insight into the role
of ethylene on fungal development, we moni-
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tored ethylene released by B. cinerea grown on
medium containing ethylene perception inhibi-
tor silver thiosulphate (STS). We observed that
in the presence of STS, the hyphal growth was
reduced. Moreover, the increase in ethylene
production was delayed and the maximum
ethylene level was lower compared to B. cinerea
growing on PDA without STS. This may indi-
cate that ethylene perception mediates fungal
growth (Figure 4).

Role of ethylene in plant-fungal interaction in
viv0

Infection of tomato fruits with B. cinerea re-
sulted in enhanced ethylene release which
started to rise before visible decay develop-
ment. This demonstrates that ethylene can be
considered a sensitive marker for early infec-
tion in harvested fresh products (Cristescu et
al., 2002; Polevaya et al., 2001).
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Figure 4. Ethylene production from B. cinerea (160 ul
at 2x107 conidia/ml) grown on PDA with 25 mM
methionine without STS (Control) and with different
STS concentrations, respectively (bottom). The radial
growth of the fungus in these conditions (top).
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In a previous work it was shown that
higher inoculum concentrations of B. cinerea
increased infection when applied to flowers
and to wounds caused by leaf removal (Eden et
al., 1996). We found that also in the case of
infected tomato fruit the decay development is
dependent on the concentration of inoculum
and it is faster for higher conidia concentra-
tions (Cristescu et al.,, 2002). It is known that
ethylene production induces fruit ripening and
that ripe fruits and senescent or wounded plant
organs are more susceptible to B. cinerea. Ac-
cordingly, we observed a faster disease devel-
opment for the fast ripening tomato cultivar
Money Maker accompanied by higher levels of
ethylene release compared to the slow ripening
cultivar Daniela.

We found that exogenous application of
ethylene (10, 20 ppbv and 1 ppmv of ethylene
in air) did not affect the conidial germination
or the hyphal growth of B. cinerea in vitro. In
this case, the ethylene production by the fun-
gus and its development were similar as in
non-treated hyphae. Therefore, the presence of
ethylene may represent an (indirect) advantage
for the fungus, because it stimulates ripening
and softening of the plant tissue and, therefore,
facilitates tissue penetration and fungal spread
(Diaz et al., 2002).

B. cinerea is able to engage various infection
strategies depending on the infected host. For
example, infection of tomato leaves with B.
cinerea occurs in three phases (Benito et al.,
1998): (i). primary lesion formation character-
ized by a necrotic lesion appearance; (ii). quies-
cent phase when no disease development or
fungal growth can be seen and (iii). lesion
expansion phase when the fungus colonizes
the whole host leaf. Our results indicate that
infection in fruits can be described according to
a similar scheme. As an example, we present
the evolution of the ethylene emission from a
tomato fruit, artificially inoculated with B.
cinerea by four small infections (2 mm deep in
the epidermis, 160 ul) at 2x107 and 2x10° co-
nidia ml* (Figure 5).

The following pattern of ethylene produc-
tion was repeatedly observed:

(i). Initial inoculation (period 0-12 hours). A
small peak in ethylene emission is observed
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both in B. cinerea and in mock infected tomato
(not shown). However, ethylene production
from B. cinerea infected tomato is more pro-
nounced. Spore germination starts within the
first 3 hours from inoculation. As no ethylene
was produced by the fungus in vitro during its
germination or dormancy, it is suggested that
this first peak is part of the defense response by
the attacked host (Ciardi et al., 2000).
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Figure 5. Ethylene production from tomatoes (FW =
80+100g) infected with B. cinerea at 2x10° (e) and
2x107 conidia ml! (), respectively. At 0 h tomatoes
were inoculated and immediately placed into cu-
vettes under continuous air flow of 4 liter h'. The
inset shows the increase of ethylene emission from
infected tomato with 2x105 conidia ml! (m) for the
first 2 days. Measurements were stopped when the
fruits were completely deteriorated. Data are dis-
played as the averages of the sampling rate every 3 h
(the errors due to averaging were smaller than the
symbol size).

According to Robinson et al. (2001), this first
peak is due to the conversion of the ACC exist-
ing in the tomato tissue, followed by increased
transcription of the ACC synthase genes which
will generate more ACC inside the fruit tissues,
presumably used during the last stage of infec-
tion.

(if). Non symptoms stage (period 12-48
hours) when there are no visible disease symp-

toms. At the beginning of this period the fun-
gus stays dormant; its growth is temporarily
stopped due to the complex defense machinery
activated by the tomato host. At a certain point
the fungus switches to an invasive action. This
corresponds to the moment of hyphal elonga-
tion which in vitro occurs after 18 hours. Soon
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the hyphae are branching (after 24 h) and eth-
ylene starts to increase slowly.

(iii). Visible disease development (after 48
h). A second peak in ethylene production,
much larger than the first one, is recorded. This
burst in ethylene release from infected tomato
is a clear expression of disease development as

a consequence of the tissue damage caused by
B. cinerea. Senescence is initiated in this stage
and the host lost the battle for its survival. The
decrease in ethylene emission of the infected
tomato after reaching the peak corresponds
with an advanced stage of the fungal infection.
It was suggested that during the infection
process the infected tissue gradually loses the
capacity to convert ACC to ethylene (Achilea et
al., 1985).

Infection-related ethylene production by
both tomato cultivars showed appropriate
patterns as for the ethylene released by the
fungus in vitro, although at much higher values
(hundreds fold). Therefore, ethylene generation
by infected tomatoes can be considered a likely
response of the host to the stress caused by B.
cinerea infection. Ethylene production by the
fungus in vitro is very low even in comparison
with ethylene released by mock-infected fruits
to be considered substantial in inducing fruit
spoilage. Moreover, enhanced formation of
ethylene by the infected tomato was monitored
well before ethylene released by the fungus in
vitro started to increase. Our cytological analy-
sis indicated that conidia germination and
fungal growth inside the fruit were comparable
to those in vitro. These results indicate that the
ethylene emission by the tomato-fungus sys-
tem is not triggered directly by ethylene pro-
duction of B. cinerea, although it is strongly
"synchronised” with the growth rate of the
fungus inside the tomato.

The first two stages of disease develop-
ment, as described above, seem to be critical for
the host because it has to generate adequate
actions to successfully restrict or stop the fun-
gus, such as production of phytoalexins and
other phenolic pathogenesis-
related proteins including those against the cell
wall degrading enzymes (CWDEs) (Benito et
al., 1998), polygalacturonase inhibiting pro-
teins, AOS (Baker and Orlandi, 1995; Levine,

compounds,
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1994). As for the fungus, it has to cope with the
oxidative stress induced by the host and coun-
teract the host produced compounds which
inhibit its growth (Pezet at al., 1991). A com-
plex and dynamic pattern of H20: formation
was observed within tomato and bean leaves
early after inoculation with B. cinerea. In the
early stage of the infection the H20: originates
from the host cells as an induced defense reac-
tion, while after penetration of the epidermal
cell wall, additional H2O2 may be generated
directly by the fungal enzymes. A considerable
increase in cytosolic H2O2 was found between
5-24 h after inoculation of tomato leaves with
B. cinerea and apoplastic generation, as indi-
cated by NADH peroxidase activity, was en-
hanced between 24 and 72 h (Patykowski and
Urbanek, 2003). It was suggested that B. cinerea
experiences H20O: stress only in the early stage
of infection. At this time, the fungus had pene-
trated the host, but the infection remained
symptomless (Schouten et al, 2002a). As a
consequence of the oxidative stress imposed, B.
cinerea temporarily exhibits a decrease in
growth. Recently, Malolepsza and Urbanek
(2000) showed that mycelial growth of B. cine-
rea was completely inhibited at 100 mM H20:
(not checked if the fungus was killed or just
temporarily impaired in growth), while others
reported that germination of conidia occurred
in the presence of 180 mM H:0: and both ger-
mination and fungal development was slowed
down, but not inhibited by up to 1 M H20s.
Moreover, B. cinerea is able to produce both
intra- and extracellular enzymes (i.e., superox-
ide dismutase, laccase, catalase, different per-
oxidase to inactivate the H-O: (Gil-ad et al.,
2000). The intracellular enzymes may only
serve to protect the fungus from its own AOS,
while the extracellular ones may be involved in
protecting the fungus against the AOS from the
host plant. It was recently postulated that B.
cinerea actively triggers the production of AOS
in planta in order to kill host cells, thereby
facilitating entry into host. In leaves of A.
thaliana infected by B. cinerea, massive deple-
tion of ascorbic acid levels occurred before
visible infection as a result of damage to the
antioxidant mechanism (i.e,, redox status)
represents an early event in the infection proc-
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ess (Muckenschnabel et al., 2002). In the mito-
chondrial fraction a continuous decrease in
activity of ascorbate peroxidase (APX), one of
the major H202-decomposing enzymes in plant
cells, was observed in the inoculated leaves
(Kuzniak and Sklodowska, 2004). They found
that GSH (glutathione) and AA (ascorbate)
pools together with the ascorbate-related en-
zymatic reactions were heavily suppressed
once the spreading lesions started to develop.

The three stages described above were
observed when low concentrations of the in-
oculation were used (in the order of 105 co-
nidia/ml or lower). For higher concentrations
the second stage of non-symptoms is very
short and from the ethylene perspective, its
production presents a continuous and rapid
rise from beginning toward the third stage.

The low ethylene production of the fungus
compared to the production of the tomato-
fungus system already indicated that the con-
tribution of fungal ethylene to the total ethyl-
ene is negligible. However, while invading the
host, the fungus may have access to increased
amounts of methionine or alternative sub-
strates that increase its ethylene production.
Therefore, tomato slices were treated with
inhibitors of plant (not fungal) ethylene pro-
duction and thereafter infected with B. cinerea.
Inhibition of ethylene biosynthesis in Botrytis-
infected tomato slices with AOA applied prior
to inoculation significantly decreased the eth-
ylene emission. However, it did not block it
completely (Cristescu et al., 2002). This remain-
ing activity may be due to either plant ethylene
in the case the inhibitor is not 100% effective or,
alternatively, it may be due to fungal ethylene
production. To determine the efficiency of the
inhibitor treatment, the experiments were re-
peated with AVG, while also a wound control
was inserted to determine the efficiency of the
applied AVG (Figure 6). AVG-treated slices
were severely wounded and their ethylene
production compared
pretreated slices. Wounded slices produced a
significant amount of ethylene that was almost
completely blocked by prior AVG treatment.
Ethylene production in AVG treated and then
B. cinerea infected slices was blocked to the

to wounded non-

same extent, which clearly shows that virtually
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all the ethylene produced in the plant-
pathogen system is derived through ACC and,
therefore of plant origin. The fungal growth
was slightly reduced in the AVG treated tis-
sues, although it recovered rapidly.

A control experiment where the fungus was
allowed to grow on a medium containing auto-
claved grounded tomato tissue showed no
increased ethylene production by the fungus
(unpubl.). To the contrary, ethylene production
was consistently lower on tomato medium
than on PDA medium. This indicates that to-
mato tissue is not a good substrate for ethylene
production by B. cinerea. The presumed chemi-
cal conversion of KMBA to ethylene may be
suppressed by the presence of, e.g., antioxi-
dants in the tomato medium.

The question which arises is whether ethyl-
ene production in B. cinerea infected tomato is
an autocatalytic process and whether traces of
ethylene produced through fungal KMBA may
trigger plant ethylene production. Experiments
were performed with MCP pre-treated toma-
toes that were later inoculated with B. cinerea.
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Figure 6. Ethylene production from slices of tomatoes
treated with AVG (0.5 mM) compared to the non-
treated fruits. Following 3 h AVG treatment, slices
were either wounded or inoculated with 105 co-
nidia/ml.

The experiments revealed that ethylene
levels monitored in this case are comparable to
or slightly higher than those from non-treated
infected tomatoes. In MCP treated tomato,
fungal ethylene (if produced at all) will not be
able to trigger the plant ethylene production. If
the (initially) produced ethylene would be
important for further ethylene production, the
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MCP tomato should show much less ethylene
especially at later stages of infection. Because
this was not the case, we indicate that ethylene
produced by tomato in response to B. cinerea
infection is rather directly elicited by other
mechanisms initiated by the fungus than by
autocatalysis. One such mechanism may be the
production by the fungus of necrosis- and
ethylene-inducing protein (NEP) that directly
induces ethylene production in the attacked
host. The NEPs and their homologues have
been reported in many fungal species, like
Verticillium (Wang et al., 2004), Fusarium (Bailey
et al., 1994), oomycete species, including Phy-
tophthora and some eubacteria (Qutob et al.,
2002; Fellbrich et al., 2002). Whether this is the
case in B. cinerea infection remains to be eluci-
dated. In this context, ethylene apparently
plays a role in plant resistance. Interestingly,
we observed a significant increase of disease
development in the MCP-treated tomatoes
compared to the non-treated fruits as it was
also reported by Diaz et al. (2002) for disease
development in leaves.

ETHYLENE AND RESVERATROL

One of the challenges to the modern agricul-
ture is to deal with the enormous postharvest
losses of fresh products which may add up to
30% (Kader et al., 1992). These losses are
mainly due to product deterioration as a result
of over-ripening, senescence or pathogen at-
tack. The use of low temperature storage, con-
trolled atmosphere (CA) conditions and vari-
ous pesticides is a common solution to over-
come these problems, however, not without
human health risks and environmental conse-
quences. New strategies based on exploitation
of the natural plant capabilities to improve its
defense mechanisms and, hence, resistance
may decrease the postharvest losses as a result
of pathogen attack. In this context, resveratrol
(3, 5, 4'-trihydroxystilbene) takes an important
place because of its implications in both phyto-
pathology and human health. This compound
is naturally produced as phytoalexin in grape-
vine, peanut and other plants and it was found
to protect the host against fungal infections
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(Breuil et al,, 1999). These include fungi as
Plasmopara viticola (Dai et al., 1995), Phomopsis
viticola (Hoos and Blaich, 1990) or Rhizopus
stolonifer (Sarig et al., 1997). Because the com-
pound is effective against a broad range of
fungal species and the selective accumulation
of resveratrol in grape skin, this compound is a
good candidate as a natural pesticide against
pathogen attack as a result of improvement of
the natural resistance of grapes. Due to its
antioxidant properties, resveratrol can also
have positive effects on fruit conservation
during storage as it may slow down the dete-
riorative processes. Consequently, both en-
dogenous enhancement and exogenous appli-
cation could be exploited to reduce grape
spoilage.

Since it was reported that B. cinerea can
elicit the production of resveratrol in grape-
vines (Langcake and Pryce, 1976), many inves-
tigations have been carried out on this particu-
lar host-pathogen interaction (Stein and Blaich,
1985; Jeandet et al., 1995, Adrian et al., 2000,
Breuil et al., 1998; Montero et al., 2003). In the
wine industry, the growth of B. cinerea on wine
grapes has been known as “noble rot” which
gives an added effect to the bouquet of certain
wines. Nevertheless, the grey mold is more
often a severe problem for all grape varieties;
the fungus can settle in on immature grapes
and during the humid periods early in the
season continues to penetrate the grapes caus-
ing them to rot.

Resistance of grapevines to B. cinerea infec-
tion is the result of multiple defense mecha-
nisms consisting mainly of accumulation of
phytoalexins, such as resveratrol, and the syn-
thesis of pathogenesis related (PR)-proteins
(Derckel et al., 1999). Adrian et al. (1998)
showed that in the presence of resveratrol
conidia germination as well as mycelium
growth of B. cinerea were significantly reduced.
In response to the enhanced levels of resvera-
trol, the fungus produces blue-copper oxidases
known as stilbene oxidases or laccases which
were believed to detoxify resveratrol. By means
of functional molecular genetic analysis of B.
cinerea laccases, Schouten et al. (2002b) found a
resveratrol-induced laccase gene Bclcc2 which
paradoxically is responsible for transforming
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resveratrol into fungitoxic compounds, thus,
producing self-intoxication. In spite of this
obvious advantage for the host, in the long
term, it seams that the fungus can profit from
the expression of this gene, because there are
no B. cinerea strains reported so far in which
this gene is deleted or its expression repressed.
Thus, both the fungus and the plant-host can
mutually benefit from this mechanism.

Ethylene is involved in the ripening process
of many fruits and it may also play a role in
pathogenesis. During the ripening phase of
climacteric fruits (e.g., apples, tomatoes, etc.)
both CO:2 and ethylene are emitted at elevated
levels as opposed to non-climacteric fruits (e.g.,
citrus). In grapes it was reported that the res-
veratrol content decreases during ripening and,
therefore, the fruit become more susceptible to
B. cinerea infection (Sarig et al., 1997). As non-
climacteric fruit, grapes release ethylene at
very low production rate (Archbold et al.,
1997); almost undetectable with standard pro-
cedures. The use of the laser-based ethylene
detector, however, enabled us to investigate
the dynamics of ethylene evolution in grapes
with much improved accuracy. This device
was simultaneously complemented by another
laser-based instrumentation that uses Laser
Desorption (LD) coupled with Laser Resonant
Multiphoton Ionisation with Time-of-Flight
Mass Spectrometric detection (REMPI-TOFMS)
that provided fast and direct analysis of res-
veratrol in grapes (Montero et al., 2000a, 2000b,
Orea et al., 2001). As resulting from this combi-
nation, we provided the first report on the real-
time monitoring of ethylene by B. cinerea in-
fected grapes in association with resveratrol
levels (Montero et al., 2003) (Figure 7).

In the case of non-infected grapes, the res-
veratrol content and the ethylene released
showed an opposite behaviour with respect to
each other; high resveratrol content corre-
sponds to a low ethylene emission. Interest-
ingly, the resveratrol content from the non-
infected fruits was higher than that corre-
sponding to the mock-infected fruits, which
drastically decreased to zero during the first
day after the buffer inoculation. In correlation,
ethylene released by mock-infected grapes
increased in the first day up to a certain level
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and showed higher values compared to the
non-infected fruits. For the Botrytis-infected
fruits, the resveratrol content increased to a
maximum on the second day after infection,
followed by a fast decrease, most probably due
to its oxidation by the B. cinerea laccase. At the
time the resveratrol content showed a decline,
the ethylene emission started to rise. Overall, it
seems that in grapes, the resveratrol content is
determining the rate of ethylene production.

The relation is not reciprocal because, as it
was described previously, continuous exposure
to exogenous ethylene did not affect gray mold
nesting ability on table grapes artificially in-
oculated with B. cinerea (Palou et al., 2002,
2003). Previous investigations on the produc-
tion of resveratrol by grapes in response to
Botrytis infection (Jeandet et al., 1995, Adrian et
al., 2000) showed that its elicitation occurred
predominantly in the non-infected grapes
surrounding the infected ones, while in the
latter the resveratrol content was always lower
than in the non-infected grapes.
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Figure 7. Ethylene production by grapes infected
with B. cinerea (5 pl of the suspension at 10° conidia
mL" per grape inoculated at 0 h) (e) and evolution of
trans-resveratrol content (M) in grape skin of Botrytis
infected grapes.

This apparently contradictory result is due
to the time of resveratrol analysis which was
done several days after the Botrytis infection
when, as the authors claim, resveratrol could
have been already metabolized by the fungus
(as it happened in the present case after the
second day). In accordance to our study, Paul
et al. (1998) reported the induction of resvera-
trol by B. cinerea in leaves which reached a
maximum yield in the third day after infection,
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followed by a rapid reduction of the resveratrol
content by the fifth day.

The activity of resveratrol as natural pesti-
cide has been investigated by exogenous appli-
cation on grapes. A short submerge (5 s) of the
grapes in 1.6 x 10* M solution of resveratrol
affected the ethylene production in two direc-
tions: (1) delaying the enhanced ethylene emis-
sion with about 2 days and (2) decreasing the
ethylene production of at least threefold. This
significant decrease of the ethylene production
in the treated grapes can be attributed to the
action of trans-resveratrol on different micro-
organisms (bacteria and fungi) present on the
grapes. This hypothesis is supported by a re-
cent work on the effects of B. cinerea on grapes
(Dorado et al., 2001), performed in similar ex-
perimental conditions and with the same vari-
ety of grapes as in the present study. Accord-
ing to this report, other microorganisms like
bacteria and fungi, distinct from the inoculated
Botrytis, were developed during the incubation
period of grapes and caused the deterioration
of the fruits. The identified non-inoculated
on grapes
mainly yeasts and imperfect fungi such as
Penicillium, Aspergillus and Alternaria spp.
known to include ethylene-
producing species (Fukuda et al., 1993). This
treatment has positive effects on fruit conserva-
tion during storage; it doubled the normal
shelf-life of grapes at room temperature, main-
taining their postharvest quality for 10 days.
This result offers a new, simple and inexpen-

microorganisms present were

which are

sive modality which can be used to improve
the shelf-life of fruits and to preserve their
natural postharvest quality. Recently, it was
reported that exogenous application of resvera-
trol reduced postharvest decay also in other
types of fruits than grapes, such as tomatoes,
apples, avocado, pears and peppers (Jimenez et
al., 2005).

Preventing water losses is a very important
issue during the postharvest period of fresh
plant products. In this respect, it is suggested
that resveratrol acts like a thin coat on the fruit,
which not only protects against the microbial
growth, but it also reduces water losses, thus
conserving the water content and fruit firm-
ness. Additionally, it was demonstrated that
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application of resveratrol to several fruits does
not alter their organoleptic and biochemical
properties (Gonzalez Urena et al., 2003).

Microbial contamination of food is one of
major problems with risks for the human
health. Although some reports intended to
show that risks related to using natural chemi-
cals in foods are even greater than the risks
from pesticide residues (Pimentel et al., 1996,
Swirsky et al., 1997), the lack of toxicity of the
resveratrol has been demonstrated. A consid-
erable number of investigations are currently
focussed on the health benefits of resveratrol
consumption (see Frémont, 2000, German and
Walzem, 2000 or Parr and Bolwell, 2000 for
recent reviews on this subject) giving it an
additional value as candidate for bio-control
experiments against B. cinerea, as better alterna-
tive than the use of harmful chemical pesti-
cides.

CONCLUSIONS

We have shown that a laser-based ethylene
detector represents a suitable instrumentation
for on-line measurements of ethylene released
by fungi in vitro and in vivo. Moreover, the
instrument is a powerful tool for the early
detection of traces of ethylene released in the
case of infection caused by microorganisms
(fungi or bacteria) with a long period of incu-
bation (weeks).

Its high sensitivity and fast time response
allow to investigate the temporal and func-
tional relationship between fungal and plant
ethylene biosynthesis. In addition, this method
eliminates the large data variability which
might be generated during the use of the stan-
dard instrumentation (e.g., GC-gas chromatog-
raphy) due to the integration procedure over
many hours/days.

This development may lead to future appli-
cations in the postharvest technologies based
on alternative strategies for fresh produce
protection, mainly focused on action on the
fungus inhibition plant-
produced ethylene, that usually associate en-
hanced shelf life with decreased flavor and

rather that on

quality. Among ethylene, other components of
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biological interest can be monitored in real-
time with the laser-based photoacoustic detec-
tors. A trend in fruit storage is to reduce the
oxygen level in order to slow down ripening
and senescence. In this way, the aerobic respi-
ration is gradually replaced by alcoholic fer-
mentation that leads to production of acetalde-
hyde and ethanol. Alcoholic fermentation is
also connected with stress-signal transduction
and the disease-resistance response in plants.
Several plant species when exposed to envi-
ronmental stress such as water deficit, low
temperature, ozone exposure or pathogen
infection can generate significant amounts of
acetaldehyde and ethanol at ambient of even or
at elevated oxygen concentrations (Tadege and
Kuhlemeier, 1997). Laser-based photoacoustic
detectors have been proven to sensitive detec-
tion of acetaldehyde and ethanol at and below
the part per billion level (Zuckermann ef al.,
1997b). These compounds were monitored as
markers for alcoholic fermentation in
(pos)anoxic fruits (Zuckermann et al., 1997b;
Oomens et al., 1998), (post)submerged rice
seedlings (Boamfa et al., 2003), wheat dough
(Tomas et al., 2001), dehydrated radicles of
cucumber and pea (Leprince et al., 2000) and
poplar trees (Kreuzwieser et al., 2001).

In many cases, due to a disturbed balance
between the formation of AOS in plant tissue
as a result of stress and the normal scavenging
capacity, the plant tissues suffer from, e.g.,
lipid peroxidation that can cause damage of
cell membranes (Halliwell and Gutteridge,
1989). The gaseous endproducts of this process
are ethylene and ethane which can be sensi-
tively monitored by laser-based photoacous-
tics. Ethane was monitored as a result of photo-
oxidative damage of chilled cucumber leaves
(Santosa ef al., 2003), membrane peroxidation
in pears (Veltman ef al., 1999), lipid peroxida-
tion induced during artificial aging of onion
seeds (Klein ef al., 2004).

As mentioned previously, the plant recog-
nition of pathogen infection leads to so-called
hypersensitive response (HR) indicated by a
fast, localized cell death at the site of infection.
A synergistic mechanism has been proposed
between the AOS and nitric oxide (NO) during
the HR response in plants and using a CO
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laser-based photoacoustic detector, the first in
planta and direct measurements of NO emis-
sion from plants undergoing various responses
to P. syringae challenge has been obtained (Mur
et al., 2005).

These examples clearly show the high po-
tential of photoacoustic detection systems for
studying plant metabolism and emphasize the
many possibilities for detailed studies of plant-
pathogen interactions.
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Part 2

THE FUNGAL SPORE IN FOOD MYCOLOGY

Fungal spores are the main vehicles of distribution for fungi. The variation
in shape and behaviour of these cells in the fungal kingdom is
bewildering:‘They can be formed in large numbers and travel through the
air, water, or attached to small animals. Many food products are colonised
by the action of single or multicelled spores. Alternatively, fungi are
present inside the ingredients of the food at earlier.stages of the
production chain. Formation of spores takes place on structures that are as
variable as spores and thestaxonomy of fungi is partly based on the
morphology of this apparatus: In Chapter, 3, Ugalde and Corrochano
describe examples of the process of spore formation in different groups of
fungi..Spore germination requires a highly specialized apparatus and its
biology isiintricating.

__ In Chapter 4, McCartney and West describe the fate of spores after
release from the spore-bearing apparatus as small particles through the air.
As everyone can experience many food products are spoiled by fungi from
the air, but how do these spores travel through the air and how does the
shape of the spore influence the travelling time of the spore is the topic of
this chapter.

In Chapter 5, Chitarra and Dijksterhuis describe the behaviour of
fungal spores before and after entering of the substrate. How do spores
behave as cells when they travel through the air and directly uponlanding
on the food substrate. They summarize the knowledge about spore
germination as an intriguing transition from a static, relatively dormant
cell to actively metabolising and growing fungal hyphae.

Some fungal spores are resistant to stress to such an extent that they
can be compared to bacterial spores. This unique group of fungi survives
pasteurisation and spoil food products after such a treatment. Dijksterhuis
summarises the knowledge about these fungi in Chapter 6.
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Spore formation in food-relevant fungi

Unai Ugalde! and Luis M. Corrochano?
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41080 Sevilla, Spain.

INTRODUCTION

A large number of filamentous fungi are noto-
riously familiar to most people for their dash-
ing colonisation of foods, often resulting in
spoilage, even under cold storage (Fisher,
2002). They also share the ability of producing
large numbers of asexual spores. This appar-
ently harmless feature renders them ubiquitous
in natural and human environments, including
thoroughly sanitised food storage and process-
ing facilities. Indeed, prolific spore production
and dispersal is at the very heart of their un-
welcome success.

This chapter aims to provide an overview
of spore production as well as the stimuli
which are involved in triggering this important
biological phenomenon. Given the fundamen-
tal differences at the phylogenetic, cellular and
developmental level between the Zygomy-cetes,
which produce sporangiospores, and other
fungal groups, which normally form conidia
(Deuteromycetes and Ascomycetes), sporula-
tion in these two groups of organisms will be
presented separately.

CONIDIAL FUNGI

The Process of Conidiation

Conidia are cellular propagules which com-
monly emerge from aerial hyphae at zones
which lie behind the growing colony edge, and
therefore, no longer participate in vegetative
growth. Their purpose is to provide the fungal

colony with a means of dispersal in a rapidly
changing environment. Hence, conidial pro-
duction (conidiation) typically relies on rela-
tively simple cellular transformations which
can be completed relatively swiftly in every
aerial hypha, resulting in a concerted and mas-
sive production of spores. In line with the
above requirements, conidia rely on a readily
available dispersion method: aerial transport.
However, they may also be carried by insects
and other living organisms with remarkable
success (Ngugi and Scherm, 2004).

Conidiation has attracted considerable
interest in the food industry (Gray, 1981), since
conidia can be used as biotransformation cata-
lysts (Larroche and Gros, 1997) and as inocu-
lum for industrial fermentations (Smith and
Calam, 1980). In addition, fungal spores are at
the start of food spoilage and decay processes,
and are well known for harbouring mycotoxins
(Pestka, 1995).

Further, the health risks associated with the
presence of fungi and their spores in human
living environments is an increasing concern
(Nielsen, 2003). In this section, we shall focus
on three representatives of the most frequently
encountered conidial fungi: Penicillium, Asper-
gillus and Neurospora.

Conidiation in Penicillium species involves
the differentiation of the hyphal apex into a
specialised reproductive cell called phialide,
which undergoes mitotic divisions, each result-
ing in a new specialised daughter cell: the
conidium (Cole and Kendrick, 1969).
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Figure 1. Morphological stages of Penicillium cyclopium during conidiation in submerged liquid culture. (A)
Stage 1: vegetative hypha. (B) Stage 2: apical cell swelling and subapical branching. (C) Stage 3: phialide forma-
tion. (D) Stage 4: conidium formation. (E) Penicilli. Scale bar: 10 pm. Reprinted with Permission, Ref (Roncal and
Ugalde, 2003).

The successive cellular and morphogenetic
changes occurring throughout conidiation have
been studied in liquid cultures, where induc-
tion could be effected synchronously (Hadley
and Harrold, 1958). Four morphogenetic stages
have been identified (Ugalde and Pitt, 1983;
Figure 1): Upon induction, apically growing
vegetative hyphae, immediately arrest exten-
sion. After four hours with no apparent mor-
phological change, the apical cell is delimited
by a septum and begins to swell, with the con-
comitant formation of subapical branches
(stage 2). Depending on the species, these
branches may themselves septate and branch
again, in which case, they are termed metulae.
After six hours, the apical cell differentiates
into a phialide (stage 3), which finally buds at
its tip, giving rise to the first conidium (stage
4). The overall time period required to fulfill
this process is approximately 7 h. Once the first
conidium has formed, a new conidium appears
at the tip of the phialide approximately each
hour, resulting in a chain of conidia that can
surpass one hundred units. Subapical
branches, or metulae (stage 2) also give rise to
phialides and conidia, resulting in the forma-
tion of characteristic branched brush-like struc-
tures called penicilli, which are at the origin of
the name of the entire genus (Penicillium, the
brush). Each penicillus can bear between 5000
and 7000 conidia, and most members of this
genus are able to produce 2-3 x 10° conidia per
square centimetre.

In the Aspergilli, the conidiation process
begins with the erection of a conidiophore stalk
which emerges by apical extension with a spe-

cialised foot cell at the level of the substratum.
The conidiophore rises as a column of 4-5 um
in diameter, to a height that may surpass 100
um, depending on the species. The conidio-
phore tip then swells, giving rise to a spherical
structure or vesicle. The foot cell, conidiophore
and vesicle are not separated by septa. Buds
emerge at the vesicle surface, in equal number
to the nuclei arising from the multiple nuclear
divisions taking place beneath it. The number
of buds varies between species. The nuclei
migrate into the buds forming metulae, from
which further divisions give rise to phialides.
In some instances, phialides emerge directly
from the vesicle. In Aspergillus nidulans, each of
the 60 or so metulae produced gives rise to two
phialides. Each phialide can then produce 100
or more conidia, and each conidiophore can
produce up to 10,000 spores. Under favourable
sporulation conditions, Aspergilli are capable
of producing up to 3 x 10° conidia per square
centimetre. The stages of conidiation in A.
nidulans are shown in Figure 2.

The biology of Neurospora crassa has been
reviewed in detail (Davis, 2000; Perkins and
Davis, 2000; Davis and Perkins, 2002), and the
stages of its asexual cycle resemble those of the
previously described examples. Conidiation in
Neurospora is induced by environmental cues,
including lack of carbon or nitrogen sources or
dessication. After transfer to a dry surface the
mycelia will grow away from the substrate
resulting in the massive development of aerial
hyphae. The growth of the aerial hyphae by
apical elongation will last for several hours.
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Figure 2. Conidiophore development as observed in the scanning electron microscope. An aerial hypha (S =
stalk) swells terminally to a vesicle (V) (A), which nearly synchronously form metulae (M) in a budding-like
process (B,C). Metulae produce two to three phialides (P), which continuously generate conidia (C) (D). Re-

printed with permission (Fisher, 2002).

Then repeated apical budding will produce
conidiophores consisting of long and branched
chains of proconidia, each 5-10 pm in length.
Proconidia are separated by minor and then
major interconidial constrictions along the
proconidial chain. When budding growth
ceases, new cell wall is laid down between each
proconidium. These cross-walls will thicken
and redistribute giving rise to a fragile connec-
tive thread that will hold the newly separated
multinucleated macroconidia for easy dispersal
(Figure 3). Measurements of 8 x 108 macroco-
nidia per slant (about 6-8 x 107, per cm?) have
been reported under laboratory conditions
(Lauter et al., 1997). Extra cross-walls may

appear in the region of aerial hyphae near the
conidiophore resulting in separate hyphal
segments, the arthroconidia. Microconidiation
is an alternative pathway that results in the
formation of uninucleated microconidia. Mi-
croconidia are not very common, are formed
within the vegetative hyphae and are liberated
after breaking the hyphal cell wall. The mor-
phological events and the regulation of the
sporulation pathways in Neurospora have been
reviewed by Springer (1993).

For more examples of conidiation struc-
tures in food relevant fungi which are not cov-
ered in this chapter, we recommend an exten-
sive review (Samson et al., 2002).
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Figure 3. Conidiation in Neurospora crassa. Left. A representative region of conidiophores consisting of proconid-

ial chains with cross-walls before separation. Scale bar length 100 pm. Right. Mature conidia with cross-walls are

held by connective tissue before separation. Scale bar length 10 um. Photographs by M. Springer obtained from

the Fungal Genetics Stock Center, www.fgsc.net.
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Induction of Sporulation

Since conidia are mostly dispersed through the
air, the emergence of hyphae from the growth
substrate into the atmosphere represents a
natural stimulus for spore production. Indeed,
the production of conidia is most potently
stimulated by the emergence to the air, and
only under carefully controlled submerged
conditions can any form of conidiation be
stimulated (Morton, 1961).

The precise mechanism involved in aerial
induction has been the subject of much investi-
gation since early studies by Klebs, who postu-
lated that exposure to the aerial medium in-
flicted physiological stress on hyphae (Klebs,
1896). This hypothesis found considerable
backing for many decades, since some stress
conditions also induce spore production in
submerged culture (see below). The com-
pounded evidence from various model conid-
ial fungi indicates that conidiation induction
involves the integration of several environ-
mental cues. Significantly, not all are necessar-
ily stress-related.

A low molecular weight endogenous ex-
tracellular factor, the synthesis of which was
shown to depend on an active fluG gene, was
first assigned the function of reporting emer-
gence to the air in A. nidulans, (Lee and Adam:s,
1994). Although the molecule was not identi-
fied, and remains unknown to date, the evi-
dence supported the view of a specific signal
reporting on the emergence to the air (Adams
et al., 1998). Separate studies with Penicillium
cyclopium (Roncal et al., 2002a) resulted in the
identification of conidiogenone, a tetracyclic
diterpene which was shown to play that pre-
cise role (Figure 4). The molecule is constitu-
tively produced and contains only two func-
tional groups (a hydroxyl and a ketone group)
which are essential for biological activity (Ron-
cal et al., 2002a and b). This compound pur-
portedly reports on the emergence to the at-
mosphere by accumulating at the thin water
film remaining at the hyphal surface. Under
submerged conditions, conidiogenone is di-
luted below the threshold concentration re-
quired for signalling, and is also gradually
converted to an inactive derivative (conidio-
genol), thus avoiding equivocal induction by
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accumulation of the inducer in the bulk liquid
surrounding the hypha over prolonged peri-
ods. Although the evidence of such a mecha-
nism is currently limited to the abovemen-
tioned case, it could be envisaged that other
fungi also dispose of similar systems to sense
aerial emergence, albeit with variations in the
molecules and receptors involved.

O

HO

.,,//

Figure 4. Chemical structure of the conidiation auto-
regulator conidiogenone.

A good many food relevant fungi, includ-
ing those which participate in natural food
processes, such as P. roqueforti, solely require
the emergence to the air as natural sporulation
stimulus. However, other notable examples,
such as N. crassa (Lauter et al., 1997), Tricho-
derma wviride (Betina, 1995), Aspergillus spp.
(Mooney and Yager, 1990; Calvo et al., 1999),
and a few examples in the Penicillia (Pazout et
al., 1982), require light to undergo spore pro-
duction in addition to emergence to the air. In
the case of A. nidulans, an active veA gene (vel-
vet) is required for light sensitivity in the red
and blue range. Moreover, suppressor muta-
tions that regain sensitivity to light were alleles
of the earlier mentioned fluG gene (Kim et al.,
2002; Yager et al., 1998), and it is currently
understood that the velvet gene acts as a nega-
tive regulator of conidiation.

In N. crassa the White Collar-1 (WC-1) pro-
tein, which contains FAD as a cofactor, has
been identified as the blue light photoreceptor
(Froehlich et al., 2002; He et al., 2002). This
photoreceptor also is involved in a circadian
clock that regulates conidiation and that can be
entrained by a light exposure. The genetics and
molecular biology of the Neurospora circadian
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clock and its regulation by light has been inves-
tigated in detail (Dunlap and Loros, 2004).

The combined evidence supports the view
that light would most probably act as a second
switch which needs to be turned on to confirm
the first stimulus of emergence to the air. In
terms of signal transduction, it could be said
that light acts downstream from the initial
triggering step of aerial emergence, by depress-
ing the onset of conidiation. The biological
value of such a confirmatory system lies in the
role of light as indicator of an open environ-
ment, favouring conidial dispersal.

There are other environmental cues which
promote spore production even under sub-
merged conditions. They are all associated
with impaired growth, and in these instances,
sporulation clearly appears as an alternative
survival strategy.

High osmolarity (at levels below those
which inhibit growth, and which are used in
food preservation) was first identified as an
induction stimulus separate from aerial emer-
gence in Penicillia by Morton (1961). Relatively
high concentrations (10% w/v) of glucose, and
other non-metabolizable sugars and sugar-
alcohols induced conidiation in liquid culture,
where the aerial stimulus is precluded. Studies
with A. nidulans also reported similar results by
including 0.8 M NaCl in the medium (Lee and
Adams, 1995). In A. oryzae, KCl concentrations
higher than 0.1 M have been reported to pro-
mote the formation of conidia (Song et al.,
2001). The mechanism mediating this effect
remains unknown, but may involve the par-
ticipation of two-component system osmosen-
sors similar to those first described in Sac-
charomyces cerevisiae (Maeda et al., 1994). Two
component systems are protein complexes of
which one component is a signal receiver or
sensor, which in turn then affects a second
component termed the response regulator,
often with DNA binding capacity, that regu-
lates transcription of a specific set of response
genes. Such two-component systems have also
been found in A. nidulans (Appelyard et al.,
2000; Furukawa et al., 2002) and N. crassa (Alex
et al., 1996).

Nutrient limitation is another widespread
and much studied sporulation trigger. Consid-
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erable evidence has emerged over decades, on
the induction of sporulation in liquid cultures
when the carbon or nitrogen source to sustain
growth is limiting (Bu'Lock, 1975). This is ex-
emplified in A. nidulans, where transfer of a
mycelium grown in a nutritionally sufficient
medium to a medium lacking the carbon or the
nitrogen source results in the formation of
asexual reproductive structures (Skromne et al.,
1995). The same phenomenon also occurs in
Penicillium griseofulvum following transfer to a
nitrogen-free medium (Morton, 1961). In most
cases, reduced availability of the nitrogen
source is responsible for sporulation induction,
although the involvement of carbon limitation
on conidiation induction has been also re-
ported (Righelato et al., 1968). The signalling
mechanisms involved in this form of induction
remain unexplained. An interesting possibility
would involve the existence of different nutri-
ent sensors that would report on the cell’s
nutritional status. The presence of this kind of
nutrient sensing receptors was first proposed
in S. cerevisiae (@zcan et al., 1996). In N. crassa,
submerged mycelia, which remain vegetative
in nutritionally sufficient media, can be in-
duced to conidiate when carbon limitation is
imposed (Springer, 1993). However, a mutation
in the rco-3 gene, which encodes a protein with
sequence similarity to the members of the
sugar transporter gene superfamily, results in a
strain that could conidiate in submerged cul-
ture without nutrient limitation, suggesting a
role for that protein as glucose sensor (Madi ef
al., 1997).

The sensing of neighbouring colonies and
overcrowded conditions through specific sig-
nals not only results in a concerted limitation
of colony expansion, but also in an enhance-
ment Early studies with
Glomerella cingulata showed that inoculum
loads surpassing 10° spores/mL resulted not
only in reduced germination, but also in micro-
cycle conidiation (Lingappa and Lingappa,
1969). Similar results have been encountered in
studies with Penicillium paneum where 1-octen-
3-ol has been assigned an autoinhibitor role,
which also results in microcycle conidiation
(Chitarra et al., 2003).

of sporulation.
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SPORULATION IN ZYGOMYCETE FUNGI

Zygomycete fungi are characterized by a coe-
nocytic mycelium in which the nuclei are not
separated by septa, and a sexual cycle in which
gamentangia fuse to form zygospores. The
phylum Zygomycota includes the class Zygo-
mycetes and the class Trichomycetes, which
are obligate symbionts of arthropods. The
Zygomycetes include the order Mucorales,
which is divided into several families. A dis-
tinguishing feature of the Mucorales is that
they make the asexual spores inside receptacles
called sporangia. Spore production in the spo-
rangium occurs when the cytoplasm and the
nuclei are divided by newly deposited cell
walls to form spores, a developmental process
very different from conidial production in
Ascomycete fungi. Many members of the fam-
ily Mucoraceae are easily spotted as food con-
taminants and cause animal diseases, including
diseases in humans. Prominent members of the
Mucorales are species of the genus Mucor,
Rhizopus, Rhizomucor, Absidia, Blakeslea, and
Phycomyces. The biology of the Mucorales has
been reviewed by Ingold (Ingold, 1978). In
addition to the Mucorales, the order Ento-
mophthorales contains insect parasites and
pathogens of other animals, including humans.
The biology of the zygomycete fungi, particu-
larly those causing human diseases, with de-
tailed descriptions of their appearance and
classification methods has been described by
Ribes et al. (2000). An interesting feature of
Mucor is the capacity of the sporangiospores to
grow as yeast or as multinucleated hyphae
depending on the presence of oxygen in the
culture medium. The biology of Mucor with an
emphasis on the mechanisms of dimorphism
has been reviewed by Orlowski (1991).

Spore germination and hyphal growth
allows zygomycete fungi to expand and colo-
nize the substrate provided that nutrients are
available. It is generally believed that mycelial
growth will continue until nutrient deprivation
and other environmental cues trigger sporan-
giophore development and the formation of
spores for further dispersal. Sporangiophore
development and its regulation by environ-
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mental signals, most notably light, has been
investigated in detail in the Mucoral fungus
Phycomyces blakesleeanus and will be described
in the following sections. It is likely that similar
patterns of growth and regulatory mechanisms
will be present in other mucoral fungi.

Sporangiophore development in Phycomyces
The biology of the zygomycete Phycomyces
blakesleeanus has been described recently by
Cerda-Olmedo (2001).

Sporangiophores are aerial hyphae, nor-
mally unbranched, that form a sporangium
filled with spores at their tip. The upward
growth of the sporangiophore is supported by
fast cytoplasmic streams that carry cellular
materials, including the nuclei that will be
packed into the spores. Macrophores are giant
sporangiophores that grow several centimeters
long guided by many stimuli, most notably by
light (reviewed by Galland, 2001) and gravity
(Galland et al., 2004); their sporangia contain
about 10° spores. The microphores are dwarf
sporangiophores, about 1 mm long, and their
sporangia contain about 10° spores (Figure 5).

On induction, the formation of macropho-
res depends on temperature (Thornton, 1973)
and on the availability of nutrients, particularly
asparagine (Corrochano and Cerda-Olmedo,
1988) zinc (Hilgenberg and Hofmann, 1977),
and oxygen (Galland and Russo, 1979). The
composition of the culture medium could have
a prominent role in the development of the
spores and their requirements for germination.
In a related fungus, Mucor racemosus, the ger-
mination of the spores with different carbon
sources depended on the concentration and
type of ingredients present in the sporulation
medium (Tripp and Paznokas, 1981). Whether
a similar effect occurs in Phycomyces remains
undocumented.

The usual agar cultures form macrophores
both in the dark and in light. Under some cul-
ture conditions, however, the formation of
macrophores is clearly determined by light.
Growth on a phosphate-rich medium under
periodic alternations of darkness and blue
illumination results in bands of macrophores
(Bergman, 1972). When Phycomyces is grown in
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Figure 5. Vegetative development of Phycomyces. Left. A sporangiophore primordium growing upwards from
the mycelium (photograph by W. Schréder). Right. Two types of sporangiophores of very different sizes
(macrophores and microphores) grow out of the mycelium. The sporangia at the top of the sporangiophores
contain the spores (photograph by F. Gutiérrez-Corona). Microphores are about 1-2 mm in length.

a closed jar, the formation of macrophores
depends on blue illumination (Russo, 1977).

Early reports on the microphores (Burgeff,
1914, 1915; Orban, 1919) were followed by
experiments to determine the conditions for
their appearance (Rudolph, 1958; Thornton,
1972; Gutiérrez-Corona and Cerda-Olmedo,
1985; Ortiz-Castellanos and Gutiérrez-Corona,
1988). Microphorogenesis is brought about by
unfavourable conditions: high plating densi-
ties, scarcity of nitrogen sources, low tempera-
tures, and limited ventilation. Light counter-
acts these effects: under a defined set of very
harsh conditions (Thornton, 1973) microphoro-
genesis is suppressed by light. Under high-
plating density, blue light stimulates macro-
phorogenesis and inhibits microphorogenesis
(Corrochano and Cerda-Olmedo, 1988). The
effect of light on sporangiophore development
has been reviewed by Corrochano and Cerda-
Olmedo (1991, 1992).

As in the case of conidial fungi, light acts as
an indicator of an open environment, and pho-
tomorphogenesis would presumably improve
the dispersion of Phycomyces spores in nature.
Guided by light and other stimuli, macropho-
res grow into the open air where spores can

adhere to or be eaten by passing animals. Mi-
crophores, much less onerous to build than
macrophores, are formed in the dark, when
Phycomyces resigns itself to leaving the spores
in situ.

The effect of light on sporangiophore devel-
opment

Sporangiophore development in Phycomyces is
highly synchronized. In a defined set of growth
conditions and spore density only vegetative
mycelium is detected at the age of 48 h, when
the mycelium is ready to develop sporangio-
phores and is sensitive to blue light. Sporan-
giophores appear soon thereafter and can be
easily collected at the age of 72 h. The maxi-
mum number of sporangiophores is obtained
at the age of 96h, and remains constant for
several days. The final numbers of macropho-
res and microphores in the cultures depend on
the blue light intensity applied at the age of
48h (Corrochano and Cerda-Olmedo, 1988,
1990). The effect of blue light on sporangio-
phore development follows a two-step stimu-
lus-response curve with thresholds at 10 J/m?
and 1]J/m? which suggests the presence of
different photosystems optimized to operate at
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different light intensities. The effect of light
depends on the product of the exposure time
(between 12s and 3h) and the intensity, a
suggestion that Phycomyces counts and remem-
bers the photons received over a long time. The
absolute threshold corresponds to the arrival of
one photon per pm? every 20 min (Corrochano
and Cerda-Olmedo, 1988, 1990). A complex
photosensory system with separate transduc-
tion pathways for photomicrophorogenesis
and photomacrophorogenesis has been pro-
posed based on differences in action spectra
and on the effect of mutations in several genes
(Corrochano and Cerda-Olmedo, 1988, Flores
et al., 1998; Cerda-Olmedo and Corrochano,
2001).

Light probably acts through the activation
of gene transcription in concert with other
stimuli, such as the emergence to the air or the
lack of nutrients, resulting in the initiation of
phorogenesis. The molecular basis of photo-
phorogenesis remains unknown, though evi-
dence of the involvement of heterotrimeric G
proteins and protein phosphorylation (Tsolakis
et al., 1999, 2004), pteridines and NO synthase
(Maier and Ninnemann, 1995; Maier et al.,
2001), and polyamines (Ruiz-Herrera, 1994)
have been proposed. In addition, the gene for
the heat-shock protein HSP100 is induced by
light in mycelia at the onset of sporangiophore
development, suggesting a role for this protein
in the regulation by light of sporangiophore
development (Corrochano, 2002; Rodriguez-
Romero and Corrochano, 2004). In addition,
ras-type proteins with an ability to bind GTP
and key parts of many regulatory networks
have also been implicated in sporangiophore
development in Mucor (Roze et al., 1999).

Conclusion
An overview of spore production and the
stimuli triggering the process across a diverse
group of organisms, such as those covered in
this chapter, reveals many common themes
which are all of great biological relevance, and
practical value in food microbiology.
Regardless of the phylogenetic group and
developmental pathway involved in spore
production, the emergence to the atmosphere
and lack of nutrients appear as key factors
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triggering  the
growth to the initiation of sporulation. The
former stimulus likely involves a series of
endogenous signalling compounds, specifically
designed as reporters of environmental change.

Light, usually blue light but sometimes red
light, is an important environmental factor,
which apparently acts as a second confirma-
tory switch for spore production. Light some-
times promotes sporulation, or may be a deci-
sive factor determining the choice between
alternative spore producing programmes. As in
the case of Neurospora, light may also act as a
signal to entrain a circadian clock that is a
superimposed regulatory circuit modulating
sporulation.

transition from vegetative

Further clarification of the molecular events
responsible for the initiation and regulation of
sporulation by environmental signals will yield
novel insights into possible control mecha-
nisms to deal with pathogenic and food con-
taminant fungi.
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INTRODUCTION

Fungal spore dispersal can rarely be consid-
ered alone and is usually a combination of at
least some of the key stages in the aerobiology
pathway (Edmonds and Benninghoff, 1973),
i.e., source, take-off, dispersal, deposition and
effect. In this chapter we will consider the three
steps needed to transport a spore, through the
air, from one place another, namely: how the
spore gets into the air, how it is transported
through the air and how it is deposited at its
final destination. Many examples of spore dis-
persal studies, used here, have been made in
outdoor environments but the same principles
apply to indoor applications to identify sources
of microbial contamination in food processing
situations.

Air flow considerations

Like all fluids, the flow of air can be in one or
two modes: “laminar” where the air molecules
follow parallel paths; and “turbulent” where
the flow is more chaotic and the molecules fol-
low different paths, although in the same gen-
eral direction. Laminar flow is usually associ-
ated with low velocities and smooth surfaces,
and rarely occurs outside wind tunnels or
other specialised facilities (Grace, 1977). There-
fore in most environments, especially outdoors,
air flow is turbulent, and it is the effects of tur-
bulence that are largely responsible for the dis-
persal of spores carried in the air. However,
when air flows over a surface, friction slows it
down so that the airspeed decreases as the sur-
face is approached (Figure 1). The area of tran-
sition from free air flow to the surface is known

as the boundary layer. Very close to the surface
the air flow becomes laminar (laminar sub-
layer) and air speed is almost zero (Grace,
1977). The thickness of this “boundary layer”
depends on the nature of the flow over the sur-
face and the structure of the surface itself. Air
flow over surfaces has been extensively stud-
ied, and flow over natural surfaces such as
leaves is discussed by Monteith and Unsworth
(1990). The existence of the surface boundary
layer has consequences for spore release and
dispersal and is discussed below.

On a different scale, in the atmosphere,
wind speed increases with distance above the
surface as frictional forces have a decreasing ef-
fect on atmospheric flow. This layer is called
the “planetary boundary layer” and extends
from the surface to where friction-induced tur-
bulence is effectively zero (Figure 1).
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Figure 1. Left: Laminar air flow over a flat plate: (a)
laminar sub-layer close to the surface; (b) turbulent
boundary layer; (c) laminar free air flow. Right: At-
mospheric flow over a crop: (a) surface layer within
crop; (b) planetary boundary layer (turbulent); (c)
pressure gradient air flow. The lines represent the

wind speed profiles above the plate and the crop.
Adapted from Grace (1977) and McCartney and Fitt
(1985).
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Sometimes the boundary layer is defined
by a well-marked temperature inversion, at
other times no clearly marked delineation ex-
ists and turbulence decreases gradually with
increasing height. However, in the presence of
large scale convection there may be significant
vertical transport and the boundary layer can
“break down” (Pasquill and Smith, 1983). Syn-
optic weather fronts and flow over mountain
ranges can also cause boundary layer break-
down. The depth of the boundary layer
changes in response to changes at the surface
and is typically between 400 and 2000 m dur-
ing the day and from a few tens of metres to
about 400 m at night. Air flow within the
planetary boundary layer can be very complex
and is influenced not only by the physical na-
ture of the underlying surface but also by
thermal effects such as large scale convection.
The nature of air flow in the planetary bound-
ary layer had been extensively studied and the
reader is referred to standard texts on atmos-
pheric dispersal such as the publication by
Pasquill and Smith (1983).

The dispersive ability of wind depends on
its turbulence structure: the larger the vertical
component of turbulent eddies, the greater the
potential for spores to be transported into the
atmosphere. Eddy structure is influenced by
the thermal stability of the layer. Under neutral
stability a rising air parcel remains in thermal
equilibrium with the surrounding air and tur-
bulence is dominated by friction, here the
magnitude of the vertical and horizontal fluc-
tuations in wind speed are similar (Figure 2)
(Monteith and Unsworth, 1990). In contrast, in
unstable conditions a rising air parcel tends to
continue to rise and vertical motion is en-
hanced (Figure 2). Unstable conditions occur
when the surface is heated, usually during the
day. Conversely, under stable stratification, for
example during a clear night with light winds,
a rising air parcel becomes cooler than the sur-
rounding air due to expansion as pressure de-
creases and so it tries to descend, thus repress-
ing vertical motion. In this case, the vertical
fluctuations in wind speed are smaller than the
horizontal fluctuations (Figure 2). During the
day, the air near the ground is often unstable,
thus spores released during the day are more
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likely to be more efficiently dispersed than
spores released at night. Once spores are
transported above the planetary boundary
layer, they have the potential to be dispersed
over very large distances in large scale atmos-
pheric motion.
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Figure 2. The influence of atmospheric thermal stabil-
ity on wind speed and turbulence. (a) Stable condi-
tions: vertical air motion is suppressed; (b) neutral
stability: vertical and horizontal fluctuations are of a
similar magnitude; (c) unstable conditions: vertical
mixing is enhanced. Adapted from Thom (1975).

AERODYNAMIC CHARACTERISTICS OF
FUNGAL SPORES

As fungal spores are much denser than air,
they will naturally fall through the air under
the force of gravity. The rate at which they fall
plays an important role in the dispersal and
deposition of airborne spores. Spores that fall
quickly will tend to be less efficiently dispersed
and more readily deposited than those that fall
slowly. Any object falling through the air will
eventually reach a steady speed, vs, called the
“settling speed”, “fall speed”, or “terminal ve-
locity”, when the forces of gravity are balanced
by drag and lift forces that tend to slow the ob-
ject down. The settling speed of a spore de-
pends on its physical properties: mass, size and
shape. However, environmental factors such as
temperature or humidity can have small effects
by altering the density of air or the spore itself.
The gravitational forces acting on a spore are
determined by its mass, while the drag forces
depend on the size and shape of the spore. For
objects such as winged seeds, lift forces can be-
come important as the seed rotates or glides,
but fungal spores are usually small enough for
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viscous drag to be dominant. Fungal spores oc-
cur in a wide range of shapes and sizes (see
plates 6 and 7, Gregory, 1973). Many fungal
spores have compact shapes and can be ap-
proximated to spheres (e.g., Aspergillus spp.,
diameter 2-3 um; Penicillium sp., diameter = 5
um; Puccinia striiformis, diameter 20-25 um) or
ellipsoids (e.g., Sclerotinia sclerotiorum asco-
spores, 8 um long, x 3 um diameter; Blumeria
graminis conidia, 30 pm long x 10 pm diame-
ter). Other spore types are more elongated and
behave more like cylinders (e.g., Helminthospo-
rium sp., 80 um long x 15 um diameter) or fi-
bres (Claviceps purpurea, 1 um diameter, 80-
120 pum long). Some have more complex
shapes, for example the conidia of some Alter-
naria sp. are club shaped. The settling speeds of
fungal spores range from less than 0.1 cm s
(Aspergillus fumigatus spores ~ 0.03 cm s?) to
over 2 cm s (Helminthosporium sativum conidia
2.0-2.78 cm s1) (Gregory, 1973). For a given
species the settling speed of the spores can
generally be estimated only within + 20% due
to natural variation in spore sizes and moisture
content, which can be affected by the ambient
relative humidity.

Although vs for many fungal spores has
been measured experimentally (Gregory, 1973),
it can often be estimated from physical princi-
ples if the shape and density of the spore are
known (Chamberlain, 1975; McCartney, 1990;
McCartney, 1997). In this approach the gravita-
tional forces acting on the particle are equated
to the drag (and if appropriate the lift) forces
acting on the spore. For spherical spores of di-
ameter d, vs, can be calculated from Stokes’ law
(Chamberlain, 1975):

2
y =98P M
© 18wp,

where g is the acceleration due to gravity (9.81
m s2), p and pa are the densities of the spore
and air, respectively, and v is the kinematic
viscosity of air. The density of spores depends
on the species and can vary with relative hu-
midity, but many spores have densities close to
that of water (Gregory, 1973). The settling
speed (cm s™) of a spherical spore that has the
same density as water and a diameter of 4 um
falling through air at 20 °C is:
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v, =0.00308d° ©)
For non-spherical spores vs can be estimated
from that of a spherical spore of the same vol-
ume, vs, by dividing by a shape factor, a (vs =
vss/at). Shape factors have been evaluated for a
number of simple shapes such as ellipsoids,
cylinders and discs (Mercer, 1973; Chamber-
lain, 1975). McCartney et al. (1993) showed that
vs for Alternaria sp. conidia could be estimated
from that of cylinders with the density of water
and the same length, L, and mean diameter, d,
of the spores. At 20 °C, vs (cm s?) of such
spores is approximated by:

2 2/3
,, = 0:00404d>(L/ ) o
o

where d is in pm and the shape factor, «, is a
function of L/d. For cylinders with L/d values
up to about 5, a = 0.087(L/d) + 0.97 (Chamber-
lain, 1975). For cylinders with large values of
L/d, vs may depend only on d (Mercer, 1973).
Using the shape factor values for glass fibres
given by Mercer (1973) vs (cm s), at 20 °C, of
long thin spores, such as Claviceps purpurea as-
cospores, with L/d between 50 and 150 can be
estimated to within about 2% (assuming that
they have the same density as water):

v, =0.0117d> @)

where d is in um. Table 1 illustrates the rela-
tionship between fall speed and particle diame-
ter for spheres, spheroids, cylinders and fibres.

Fungal spores may also be dispersed in
clusters or chains (McCartney, 1997). The value
of vs for a cluster of spores is usually larger
than that for a single spore, but less than that
for a sphere of the same volume. Ferrandino
and Aylor (1984) found that the settling speed
of clusters of Uromyces phaseoli, and Lycopodium
clavatum spores and Ambrosia elatior pollen
could be estimated from:

v,, =0.98v n"% ®)

where n was the number of spores in the clus-
ter and vs was the settling speed of a single
spore. Equation 5 also described the relation-
ship between vs for of a single Blumeria graminis
conidium and clusters of conidia (McCartney
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and Bainbridge, 1987). But, vs: for chains of Al-
ternaria sp. conidia were better described by
Equation 3 with L the length of the chain and 4
the mean diameter (McCartney et al., 1993).

The settling speed of a spore clearly influ-
ences its potential for dispersal. However, a
spore’s aerodynamic properties also affect
deposition processes such as rate of sedimenta-
tion and efficiency of impaction (see below).
The aerodynamic characteristics of a spore can
be summarised using the concept of an “aero-
dynamic diameter,” d.. This is the diameter of a
sphere with the density of water that has the
same aerodynamic behaviour as the spore. The
aerodynamic diameter of a spore can be calcu-
lated from Equation 1 by setting p =1 g cm?®
and solving for d. In air at 20 °C, da (in um) for
a spore of settling speed vs is:

d, =18.02\/v, ©)

when vs is measured in cm s,

SPORE RELEASE

As in any forms of air transport, fungal spore
dispersal has three distinct phases: take-off,
flight and landing. Thus, before spores can be
dispersed they need to become airborne, and
because spores are very small, this entails es-
caping the boundary layer of nearly still air on
the surface on which they are growing (Figure
1). Spores can be passively released into the air
by for example gusts of wind, mechanical dis-
turbance (e.g., animal movement or rain tap-
ping a leaf) or by rain splash, but many fungi
have developed mechanisms that actively re-
lease their spores into the air (Ingold, 1971).
These mechanisms are complex and varied and
have been discussed at length by several au-
thors (Ingold, 1971, Lacey, 1986, Lacey, 1996,
Ingold, 1999). Most of the fungi that employ an
active spore release mechanism are basidiomy-
cetes and ascomycetes (Ingold, 1999) although
fungi in other genera also actively liberate
spores. Ballistospore discharge in basidiomy-
cetes rarely projects spores further than a few
mm (Ingold, 1999), whereas ascospore dis-
charge in ascomycetes usually propel spores
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0.5-2 cm, but distances up to 40 cm have been
reported for some species (Lacey, 1996). Many
active release mechanisms require water, for
example the “squirt-gun” mechanism common
in many ascomycetes, but in some fungi or
Oomycetes, spore liberation takes place under
dry conditions (Lacey, 1996). For example, spo-
rangiophores of Phytophthora infestans and Per-
onospora tabacina twist in response to changes in
relative humidity with sufficient violence to re-
lease sporangia.

Active spore release is often driven by envi-
ronmental factors such as temperature, humid-
ity and light, but is often related to water re-
quirements. Ascospores are usually released af-
ter wetting by rain or dew, as water is needed
for the release mechanism (Lacey, 1986, 1996).
For example, periods of Pyrenopeziza brassicae
ascospore release in oilseed rape crops are as-
sociated with rain, but spore release can con-
tinue for up to five days without further rain-
fall as the crop debris, on which the fruiting
bodies develop, continues to respond to wet-
ting and drying cycles caused by dew
(McCartney and Lacey, 1990). Similarly, asco-
spores of Leptosphaeria maculans (phoma stem
canker of oilseed rape) are released after rain,
and can exhibit a diurnal periodicity with most
spores being released between 10:00 and 12:00,
possibly due to changes in relative humidity
(West et al., 2002). Other fungal groups that use
active spore release, such as some Ento-
mophthorales, also exhibit diurnal periodicities
in spore concentrations. Conidia of Erynia
neoaphidis, a pathogen of aphids, tend to be re-
leased during the night or in the early morning
(01:00-07:00) when environmental conditions
favour spore production (Hemmati et al., 2001).

In contrast to fungi that have developed ac-
tive spore release mechanisms, many fungi rely
on external physical forces to release their
spores into the air. Wind can release spores di-
rectly by blowing them off surfaces or by dis-
lodging them by shaking the surface on which
the fungus is growing (Bainbridge and Legg,
1976). Many fungi have evolved spore bearing
structures that hold the spores away from the
surface to enhance their chances of being
blown off. Powdery mildews, such as Blumeria
graminis, produce conidia in chains, the oldest
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spores being raised away from the leaf by pro-
gressively produced spores. Spores are re-
moved by wind when the aerodynamic forces
acting on the spore exceed the attachment
forces (Aylor and Parlange, 1975), but these
forces are not known for most fungi. The wind
speeds needed to remove spores are probably
relatively large (Grace, 1977), for example, co-
nidia of Blumeria graminis are only released in
wind speeds exceeding about 0.5 m s’
(Hammett and Manners, 1974), while wind
speeds exceeding 5 m s! are needed to remove
conidia of Drechslera maydi (southern leaf spot
of maize) (Aylor, 1975). It is therefore likely
that in many environments spore release by
wind takes place only in gusts when speeds are
sufficient to remove spores. Thus wind inter-
mittency (turbulence) probably plays an im-
portant role in spore removal (Aylor, 1978; Ay-
lor et al., 1981). The importance of gusts in the
removing spores has been demonstrated in
wind tunnel experiments using conidia of Pas-
salora personata (late leaf spot of groundnut)
(Wadia et al., 1998).

Spores can also be released into the air by
other mechanical actions such as crop distur-
bance by machinery: combined harvesters re-
lease large numbers of spores into the air. Me-
chanical disturbance can also be responsible for
spore release in industrial and indoor envi-
ronments, for example waste composting and
processing cork oak (Avila and Lacey, 1974;
Lacey et al., 1992; Lacey, 1997). Spores released
in such environments can represent potential
health risks to workers. Cleaning operations in
food factories have been shown to generate
aerosols containing microorganisms (Burfoot et
al., 2003) and such activities could easily re-
move and disperse fungal contaminants grow-
ing on surfaces. Rain drops falling on leaves or
other surfaces dislodge “dry” spores to allow
them to be dispersed by wind. Some plant
pathogen spores can be released into the air in
this manner, for example late leaf spot of
groundnut (Passalora personata) (Wadia et al.,
1998) and brown (Puccinia recondita) and yel-
low (P. striiformis) rust of wheat (Geagea et al.,
2000). Spores of some puff-balls (Lycoperdaceae)
and earth stars (Geastraceae) can be ejected into
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the air when raindrops strike their ripe fruiting
bodies.

Rain or spray can remove spores directly
from surfaces in run-off water or in splash
droplets (Madden, 1992). Raindrops striking
surfaces can remove spores by incorporating
them in the droplets produced by splash. The
spores of many plant pathogens can only be
dispersed by water (usually splash) because
they are contained in mucilage which prevents
dispersal by wind (Fitt ef al., 1989). The drop-
lets produced by rain splash range in size from
a few pm to up to 1-2 mm, but spores tend to
be carried in droplets greater than about 50 um
and most spore-carrying droplets tend to be
between about 300 and 700 um (Fitt et al.,
1989). As the fall speed of most spore carrying
droplets is relatively large (between 1 and 3 m
s1) they tend to be quickly deposited and are
therefore not efficiently dispersed by wind.
However, the smaller droplets can evaporate
leaving the spores effectively airborne.

DISPERSAL

Once spores have become airborne they can be
transported by wind. If air flow were steady
and non-turbulent, then the distance, x, a spore
would travel could be calculated simply from
its fall speed, vs, the wind speed, u and the
height, &, from which it was released:

hu
xX=—

@)
v

s
Unfortunately, natural winds (and many in-
door air flows) are turbulent, which causes the
concentration of spores in a spore plume to be
diluted as the plume expands downwind, in a
manner analogous to a smoke plume. Because
of this it difficult to define the “dispersal dis-
tance” for windborne spores. Spore dispersal is
therefore often described in terms of a spore
concentration or dispersal gradient that de-
scribes how concentration changes away from
the spore source (Gregory, 1973). Patterns of
spore concentration gradients round spore
sources are complex, but, spore concentrations
measured in one direction away from the
source decrease monotonically with distance
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(Figure 3). Several different functions have
been used to describe dispersal gradients (Mi-
nogue, 1986; Fitt et al., 1987, McCartney and
Fitt, 1998).

Two simple functions have been extensively
used to describe dispersal gradients: the nega-
tive exponential function:

C=C, exp(-ox) (3)

and the inverse power function:
C=Ax" ©)

Where C is spore concentration, x is the dis-
tance from the source and Co, a, A and  are
constants. The coefficients & and $ determine
the rate of decrease in spore concentration with
distance, and are sometimes referred to as
“dispersal gradients”. Although both functions
appear to behave in a similar manner, they are
fundamentally different (Figure 3). In the nega-
tive exponential, concentration decreases by
half over fixed distances (half distance, dx =
0.693a, analogous to “half life” in radioactive
decay). The idea of a “half distance” is fre-
quently used to describe spore dispersal gradi-
ents (Table 2). In the inverse power law, the
rate of decrease in concentration decreases
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with distance from the source giving a “long
tailed” distribution.

The negative exponential equation is more
appropriate when concentration depletion is
predominantly by deposition (as in crop cano-
pies), but the inverse power equation is more
suited when turbulent mixing is dominant
(McCartney and Fitt, 1998). Thus, a power law
is usually more appropriate when describing
dispersal over long distances (Brown and
Hovmeller, 2002).

Relative concentration

Distance (m)

Figure 3. Spore dispersal gradients. Concentrations
of airborne Puccinia striiformis (yellow rust) conidia
measured downwind of an infected patch in a wheat
field (®). Solid line: negative exponential function
fitted to the measured concentrations; broken line:
inverse power function fitted to the measured con-
centrations (West and McCartney, unpublished
data).

Table 1. Relationship between fall speed (vs) and particle diameter for spheres, spheroids, cylinders and fibres.
The density of the particle was assumed to be that of water. Fall speeds are given in cm s when diameters are in
pum. Shape factors were taken from Chamberlain (1975) and Mercer (1973). The shape factors for glass fibres es-
timated from Mercer (1973) were used to calculate the relationships for fibres. The ration of fall speed/ fall speed
of a sphere of the same volume (vs/ vss) is given in the third column, and the aerodynamic diameter, ds, in the

fourth column. These relationships only hold for particles with d. between about 1 and 60 pm.

Shape vs (cm s7) Vs/ Vss da
Sphere 0.00308 d? 1 D
Spheroid (height/diameter = 0.75) 0.00251 d? 0.99 0.904d
Spheroid (height/diameter = 0.5) 0.00186 d? 0.96 0.784d
Spheroid (height/diameter = 0.2) 0.00085 d2 0.80 0.534d
Spheroid (height/diameter = 0.1) 0.00045 d2 0.67 0.384
Cylinder (length/diameter = 1) 0.00382 d2 0.95 1.11d
Cylinder (length/diameter = 2) 0.00561 d2 0.87 1.35d
Cylinder (length/diameter = 5) 0.00841 d2 0.71 1.65d
Fibre (length/diameter = 50) 0.0115 42 0.21 1.934d
Fibre (length/diameter = 100) 0.0118 42 0.14 1.954d
Fibre (length/diameter = 150) 0.0119 42 0.10 1.96 d
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Table 2: Spore concentration or deposition gradients: values are given as half distances!. The entries are ordered

in approximately increasing aerodynamic diameter.

Species? Half Spore shape3? Comments Source
distance! and size (um)
(m)
Pyrenopeziza 7-10 rounded Light leaf spot of oilseed rape, McCartney et al.
brassicae cylinder concentration downwind (1986)
~12x2.4 from field edge.
Scerotinia 0.2-0.9 ellipsoid Ascospore deposition downwind | Bourddt et al. (2001)
sclerotiorum ~8x3 of pasture plots inoculated
with S. sclerotiorum sclerotia.
Bovista plumbea 5-8 ovoid Grey puffball. Fitt et al. (1987)
4-5.5x5-6.5
Cladosporium sp. 32-110 ellipsoid Spores, concentration downwind = From: Eversmeyer
10-20x3-4 from a wheat crop. and Kramer (1992)
Cryphonectria 43 ellipsoid Chestnut blight. Fitt et al. (1987)
parasitica 7-12x3-5.5
Gibberella zeae 11-33 curved fusoid = Fusarium head blight of wheat, de Luna et al. (2002)
19-24 x 3-4 concentration downwind of
infected wheat plots.
Ustilago 1.1-4.6 spheroid Smut of sugar cane, deposition to = Hoy et al. (1991)
scitaminea 5.5-7.5 the ground close to infected
plants.
Ustilago violacea 14 spheroid Anther smut of white campion, Roche et al. (1995)
4-10 deposition to flowers and
ground traps.
Venturia 8-11 ellipsoid Apple scab, ascospores, From Holb et al.
inaequalis ~12x5 estimated from average spore | (2004)
concentrations measured over
a seasomn.
Botrytis cinerea 1.5-24 ellipsoid Gray mould of snap beans, From: Johnson and
~13x7 deposition to leaves during Powelson (1983)
crop bloom.
Podaxis 6-7 ovoid Desert shaggy main mushroom. Fitt et al. (1987)
pistillaris 9-12x10-14
Phaeoisariopsis 0.4-1 rounded Late leaf spot of groundnut, Savary and Van
personata cylinder deposition estimated from Santen (1992)
18-60 x 6-10 “trap” plants.
Blumeria ~1.8 ellipsoid Barley powdery mildew, within From: Bainbridge
graminis 25-40 x 8-10 a barley canopy. and Stedman (1979)
Blumeria 20-89 ellipsoid Wheat powdery mildew, From: Eversmeyer
graminis 30 x10 concentration downwind and Kramer (1992)
from a wheat crop.
20 um drops 0.25-2.5 spheroid Deposition to horizontal McCartney and
20 collectors in a barley crop. Bainbridge (1984)
Tilletia tritici 5.5-7.5 spheroid Bunt of wheat. Fitt et al. (1987)
14-25
Puccinia 0.5-1.2 ellipsoid Wheat rust, deposition to “trap” Aylor (1987)
recondita 16-34 x 13-25 wheat plants in a winter
barley crop.
Puccinia 12.5-24 ellipsoid Brown rust of wheat, From: Eversmeyer
recondita 16-34 x 13-25 concentration downwind and Kramer (1992)

from a wheat crop.
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Puccinia 0.5 spheroid Yellow rust of wheat, Figure 3
striiformis 20-25 concentration downwind of

an infected patch in a wheat

crop.
Alternaria 1.6-2.3 club shape Alternaria blight of linseed, con- | Vloutoglou et al.
linicola 60-220 x 15-21 centration downwind of line (1995)

source in a linseed crop.

1 Half distances were estimated from original data when not quoted in the source.
2 Latin binomials are currently accepted usage, and may differ from those quoted in the original source.
3 Sizes of spheroids are given as the diameter; for ellipsoids and other shapes, the size is given as length x diame-

ter.

When both functions have been compared
using measured spore or pollen gradients, both
models often fit equally well (Gregory, 1968,
Fitt et al., 1987, Ferrandino, 1996). Local envi-
ronment can play an important role. Within
crops, gradients are generally relatively steep
(Table 1), for example d» values for 20 um
droplets measured within a barley crop ranged
between about 0.5 and 2.5 m depending on the
canopy structure (McCartney and Bainbridge,
1984).

Gradients at the edges of crops tend to be
shallower (Table 2): d» values measured for oil-
seed rape pollen (vs value about 1.6 cm s com-
pared to about 1.2 cm s for 20 um drops) dis-
persing from the edge of an oilseed rape field
were between about 2 and 8 m (McCartney and
Lacey, 1991). Spore size (aerodynamic diame-
ter) can also affect dispersal gradients:
Pyrenopeziza brassicae ascospores, which are
much smaller than oilseed rape pollen grains
(vs about 0.03 cm s™), had d» values of about 9
m when measured downwind from the same
oilseed rape field as the oilseed rape pollen
(McCartney et al., 1986). Other functions have
been used to describe spore dispersal gradients
(McCartney and Fitt, 1998) and recently Bul-
lock and Clarke (2000) have suggested a com-
bined exponential and inverse power equation
to describe wind-borne seed dispersal:

C = A(ae™ +bx™") (10)

This equation allows for two different compo-
nents of dispersal: a steep short distance gradi-
ent and a flatter long distance “tail”. This could
also be used for spores, but this equation re-
quires two parameters to describe the shape of
the gradient. Unfortunately, there has been lit-
tle systematic work on the influence of envi-

ronmental factors, surface structures or spore
characteristics on dispersal gradient parame-
ters. Thus it is difficult to estimate a priori dis-
persal gradient shapes.

Because of their turbulent nature, wind can
also rapidly transport spores vertically into the
atmosphere, where they have the potential to
disperse over a large distance. Vertical trans-
port is most likely, when turbulence is high, for
example during unstable atmospheric condi-
tions that occur during sunny afternoons (Fig-
ure 2). Such conditions also favour the passive
removal of spores and escape from plant cano-
pies. Spore concentrations decrease with height
if the source of spores is local and at ground
level, but concentrations can increase with
height if the spores have a distant source.
Spore aerodynamic diameter can also affect the
potential for vertical transport of spores: con-
centrations of ascospores of P. brassicae (da
about 3.1 um) decreased less quickly with
height than much larger oilseed rape pollen
grains (d. about 23 um) (Figure 4). Although
most fungal spores probably travel relatively
short distances, once they have been mixed
into the planetary boundary layer (Figure 1)
they can travel long distances. Hirst et al. (1967)
found measurable concentrations of fungal
spores between 500 and 1000 m above the
North Sea many kilometres from the nearest
source, and spores and pollen grains, which
must have been produced in distant continents,
have been found in air samples taken in Ant-
arctica (Marshall, 1996). The introduction of
new plant diseases into countries has been at-
tributed to long distance transport of spores,
although such events are probably rare (Brown
and Hovmeller, 2002). Natural or man-made
events that enhance vertical air movement,
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such as bush fires, may be responsible for indi-
vidual long distance transport events, for ex-
ample the spread of viable bacteria and fungal
spores from the Yucatan in Mexico to Texas
and from Southeast Asia to Hawaii (Mims and
Mims, 2004). Long distance transport of spores
need not take place in a single step: plant
pathogen inoculum can spread over continen-
tal distances in multiple “jumps”. In most
years, tobacco blue mould (caused by Perono-
spora tabacina) spreads from Cuba up the east-
ern states of the USA in a series of dispersal
events (Davis and Main, 1986). The North
American Plant Disease Forecast Centre, North
Carolina State University, Raleigh, NC, pro-
vides an Internet-based blue mould disease
risk forecasting system for tobacco and cucur-
bit growers
depts/pp/ blue mold/index.html, Main et al.,
2001). The forecasting system uses atmospheric
dispersal models to predict P. tabacina spore
transport events.

Empirical descriptions of spore dispersal
gradients have limited applications as it is dif-
ficult to estimate gradient parameters for con-
ditions different from those in which they were
measured.

(http://www.ces.ncsu.edu/

Height Above Ground (m)

0 02 04 0.6 0.8 1
Relative Concentration

Figure 4. Vertical transport of spores. Relative con-
centration profiles of Pyrenopeziza brassicae asco-
spores and oilseed rape pollen measured simultane-
ously above an oilseed rape crop: filled symbols pol-
len; open symbols ascospores. The solid line is the
mean profile for the pollen and the broken line is that
for the ascospores (McCartney and Lacey (1991) and
McCartney, unpublished data).

As a result, atmospheric dispersal models
that are used to calculate air pollution dispersal
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have been adapted to estimate spore dispersal
patterns (McCartney and Fitt, 1998). Average
pollution concentrations downwind of point
and line sources can be estimated using Gaus-
sian Plume dispersal models (Pasquill and
Smith, 1983). Some atmospheric dispersal
models that have been developed for use in air
pollution regulation and emergency planning
are of this type (Caputo et al., 2003). For exam-
ple, the US Environmental Protection Agency
developed the AEROMOD model for regula-
tory purposes (USEPA, 1999). Gaussian Plume
models assume that air pollutant concentration
profile distributions are Gaussian in both cross-
wind and vertical directions (Figure 5). The
values of the standard deviations of the cross-
wind (oy) and vertical (oz) distributions are de-
pendant on downwind distance and determine
the downwind gradients. As Gaussian plume
models have been used for many years, much
effort has been spent on parameterising oy and
o: for different atmospheric conditions (Pas-
quill and Smith, 1983). Gaussian Plume models
were developed in the 1980s to assess the risk
of the aerial transmission of Foot and Mouth
disease in farm animals (Blackall and Gloster,
1981; Gloster, 1983a) and Newcastle Disease in
poultry (Gloster, 1983b). This type of model
was also used in the management of the 2001
Foot and Mouth outbreak in the UK (Mikkel-
sen, 2003).

i Vertleal preflle

Figure 5. Spore dispersal downwind of a ground
level point source. Gaussian plume models assume
that the spore concentrations in the crosswind and
vertical directions are distributed according to a
Gaussian distribution.
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Air parcel trajectory analysis has been used
in tracing potential long distance spread of
plant pathogens (Aylor, 1986, Davis, 1987,
Brown and Hovmeller, 2002). Trajectory analy-
sis uses information on wind fields and atmos-
pheric temperature profiles to account for large
scale movement of air parcels due to changes
in wind direction, and is frequently used in air
pollution analysis (Stohl, 1998). Web-based tra-
jectory models are available from the USA Na-
tional Ocean and Atmosphere Administration
(HYSPLIT model http://www.arl.noaa. gov)
and the British Atmospheric Data Centre
(NERC Centres for Atmospheric Science,
http://badc.nerc.ac.uk/ community/). Trajectory
analysis can be combined with the Gaussian
Plume approach to take account of spore dis-
persal within the air parcel (Aylor, 1986; Davis,
1987; Aylor, 1999). The spore plume is treated
as an expanding “puff” travelling along the
path of the trajectory. The spore concentrations
in the “puff” are assumed to follow a Gaussian
distribution in the vertical, horizontal and
downwind directions, unless constrained by
atmospheric structures such as inversions. The
rate of “puff” expansion is determined by how
0z, oy and ox (the standard deviations of the
Gaussian distributions) change with distance.
Gaussian “puff” models for spore dispersal
also allow for spore loss through deposition by
sedimentation and washout (Aylor, 1999). The
model used by the North American Plant Dis-
ease Forecasting Centre for their Internet-based
tobacco and cucurbit disease risk forecasting
system is a Gaussian “puff” trajectory model
(Main et al., 2001). The NOAA HYSPLIT model
is used to estimate the risk of inoculum move-
ment from infected to uninfected areas. A
Gaussian “puff” model was also one of the dis-
persal models used to analyse the Foot and
Mouth disease outbreak in the UK in 2001
(Mikkelsen et al., 2003).

Other models, based on physical principles,
have been used to describe airborne spore dis-
persal (see for example: Aylor, 1990;
McCartney, 1997; McCartney and Fitt, 1998;
Aylor et al., 2003).

EAD models spore dispersal is assumed to
be analogous to molecular diffusion; while LS
models estimate the trajectories of “individual
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Figure 6. Eulerian advection-diffusion models are
based on the number balance of spores entering and
leaving a small volume of air. Schematic diagram for
an infinite line source of spores (assumes that cross-
wind diffusion ignored and downwind diffusion
negligible compared to downwind transport). The
difference between the rate the spores carried into
and out of the volume by wind is balanced by the
rate at which spores enter and leave the volume ver-
tically (sedimentation and diffusion) and the rate at
which spores are deposited within the volume
(deposition). The rate of diffusion is proportional to
the vertical concentration gradient (0C/0z).

spores” allowing for the effects of turbulence.
EAD models are based on the number bal-
ance of spores entering and leaving a small
volume of air (Figure 6). This can be illustrated
by considering an infinite line source of spores
at right angles to the wind. In this case, cross-
wind and downwind diffusion can be ignored
(advection is assumed to be the predominant
mechanism for transporting spores down-
wind). For a small volume of air, the difference
between the rate at which spores enter or leave
the volume horizontally by wind is balanced
by the rates at which spores leave the volume
vertically by diffusion or by sedimentation and
the rate at which spores are removed from the
volume by deposition (Figure 6). The rate of
vertical diffusion is assumed to be proportional
to the vertical concentration gradient (K-0C/0z)
and determined by a diffusion coefficient, Kz,
which is a function of height. Dispersal from
point and area sources can also be described by
EAD models, but these require terms to de-
scribe horizontal diffusion and advection (Yao
et al., 1997, Aylor, 1999). EAD models usually
need to be solved by numerical methods, and
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diffusion coefficients, wind speeds and spore
deposition rates need to be defined for all
points in the model space. Diffusion coeffi-
cients and wind speeds can be measured di-
rectly or estimated theoretically for different
atmospheric conditions (Yao et al, 1997;
D’Amours, 1998). Deposition rates depend on
spore aerodynamic properties and the nature
of the surface (see next section). EAD models
implicitly assume that the size of the eddies
that cause diffusion are small compared with
the size of the dispersing plume. This may not
be the case in some situations, such as in plant
canopies, which may explain why EAD models
have been found to overestimate concentra-
tions of plant pathogen spores close to the
spore source (Legg and Powell, 1979; Aylor
and Ferrandino, 1989). However, EAD models
are useful when the dominant eddies are small
compared with the vertical width of the plume
(Aylor, 1999), such as dispersal downwind
from the edge of a field (Yao et al., 1997). Xu
and Burfoot (2000) have applied EDA-based
models to the application, by fogging, of agro-
chemicals to potatoes in storage.

Figure 7. Schematic diagram of a two-dimensional
Lagrangian stochastic dispersal model. The horizon-
tal (1) and vertical (w) wind speeds are recalculated
after each time step (At). The speeds are calculated
from the previous speed plus a random component
to simulate turbulence.

Lagrangian stochastic, LS, models simulate
the paths of individual spores as a pseudo-
random walk (Figure 7). Spore paths are simu-
lated as series of discrete steps determined
partly by a correlation between successive ve-
locities (the velocity “memory”) and partly by
a random element that represents the effects of
turbulence (Figure 7). The formulation of LS
models has been reviewed by Wilson and Saw-
ford (1996). Because LS models simulate the
flights of “individual spores”, they are useful
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for estimating dispersal close to sources (Aylor,
1989, 1999) and have been used to calculate the
escape of Venturia inaequalis (apple scab) asco-
spores from the ground (Aylor and Flesch,
2001) and Phytopthora infestans (late blight) spo-
rangia from potato canopies. The dispersal of
pollen from maize crops has also been investi-
gated using LS models (Aylor ef al., 2003; Jaroz
et al., 2004). The effects of gust release on spore
dispersal can be simulated using LS models, by
only starting spore trajectory simulations when
the wind speed exceeds the spore release
threshold. LS simulations suggest that deposi-
tion near the source may be enhanced by gust
release due to more efficient impaction at the
higher wind speeds in which the spores are
travelling (see below) (Legg, 1983). LS models
have the potential to describe spore dispersal
in a wide range of environments as long as the
flow fields can adequately be described (mean
flow and turbulence statistics). Mean flow
fields in indoor environments can be calculated
using sophisticated computational fluid dy-
namics (CFD) programs that solve the continu-
ity equations for mass and momentum (Bur-
foot et al., 1999). For example such programs
have been used to study the air flow in potato
storage facilities (Xu et al., 2002). The mean
flows predicted by CFD programs can be com-
bined with appropriate descriptions of turbu-
lent fluctuations to form the basis for LS parti-
cle dispersal models (Burfoot et al., 1999, Rid-
dle et al., 2004). This approach has recently
been used to model the dispersal of airborne
microbial particles from cleaning operations in
an enclosed room (Harral and Burfoot, 2005).
In this study dispersal of aerosol particles gen-
erated by a boot scrubber, in a room ventilated
by ceiling air ducts, was simulated using two
different CDF/ Lagrangian modelling ap-
proaches (Gosman and loannides, 1981; Rey-
nolds, 1998). Both modelling approaches pre-
dicted the general pattern of particle dispersal
within the room, but the Reynolds model more
accurately predicted particle clearance times.
The Reynolds model simulates the effects of
velocity fluctuations more accurately than the
Gosman and Ioannides model, and therefore
may be more applicable to modelling the dis-
persal of microorganisms indoors. As our un-
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derstanding of indoor and outdoor air flow in-
creases, the accuracy and applicability of LS
models should increase.

Atmospheric dispersal models are becom-
ing increasingly more sophisticated, for exam-
ple some can describe dispersal over complex
terrain (e.g., Aloyan, 2004; Wang and Ostoja-
Starzewski, 2004). These new approaches could
help in understanding the influence of land-
scape on spore dispersal. As noted above, the
combination of computational fluid dynamic
models with dispersal models should allow
spore dispersal to be modelled in urban (Rid-
dle et al., 2004) and indoor environments (Har-
ral and Burfoot, 2005).

DEPOSITION

The rate of deposition of spores, (D, number
per unit area per unit time) from the atmos-
phere to a horizontal surface is proportional to
the concentration of spores above the surface,
C, and is given by:

D=v,C (11)

the constant of proportionality, v4, is called the
deposition velocity (Chamberlain, 1975). If at-
mospheric air flow was non-turbulent, va
would have the same value as the spore set-
tling speed, vs. However, in turbulent flow dif-
fusion can enhance deposition rates and so
deposition velocities tend to be about 2-5 times
larger than vs (McCartney and Fitt, 1985).
Deposition velocities also tend to increase with
wind speed and turbulence (Davidson et al.,
1982; Callander and Unsworth, 1983). How-
ever, the effects of turbulence on spore deposi-
tion tend to decrease with increasing aerody-
namic diameter (Figure 8). There have been
several models developed to estimate particle
deposition velocities from surface characteris-
tics, most using an EAD approach (see
McCartney and Fitt, 1985; Ferrandino and Ay-
lor, 1985) and more recently using LS models
(Reynolds, 2000).

Spores not only settle on surfaces, they can
also be impacted onto an object, such as a leaf,
or to the effects of inertia (Figure 9).
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Figure 8. Enhancement of deposition by turbulent
diffusion. The ratio of deposition velocity/ settling
speed (vi/vs) plotted against settling speed for spore
and pollen deposition to microscope slides 20 cm
above a barley crop. The ratio decreases with increas-
ing spore size showing that turbulence has a smaller
effect on large spores. Adapted from McCartney ef al.
(1985).

Impaction Effilclency (%)

Figure 9. Top: Inertial impaction of spores. Air flow
around a vertical cylinder: air streamlines are shown
as solid lines (—); spore trajectories (- ) cannot
follow the streamlines exactly, so some spores may
strike the cylinder. Bottom: Impaction efficiencies
measured in a barley crop for Blumeria graminis co-
nidia as a function of Stokes’ number (see text). Solid
symbols (A): measurements made inside the crop;
open symbols (A): measurements made at the top of
the crop. The solid line is the relationship between ef-
ficiency and Stokes’ number for low turbulence flow
(Chamberlain, 1975). Adapted from McCartney
(1991).
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The rate of dep sition by impaction, I, is pro-
portional to the wind speed, u and the spore
concentration, C:

I=CukE (12)

the constant of proportionality, E, is called the
efficiency of impaction, and increases with
spore aerodynamic diameter and wind speed,
but decreases as the size of the object impacted
upon increases (Chamberlain, 1975). In laminar
flow the efficiency of impaction is a non-linear
function of the particle Stokes” number, St, de-
fined as:
St = v.u

gL
where g is gravitational acceleration (9.81 m?s)
L is a characteristic length of the object (e.g.,
width of a leaf or diameter of a stem). Aylor
(1982) gives the following functional represen-
tation for the relationship between E and St:

(13)

0.86

1+0.4428:™°7 ()
McCartney and Bainbridge (1987) found that
impaction efficiencies for Blumeria graminis
(barley powdery mildew) conidia measured in
a barley crop were significantly larger than
those calculated from Equation 14 using meas-
ured mean wind speeds (Figure 9). They at-
tributed this to the effects of releasing spores
only in gusts. Spores released in gusts will be
carried in air travelling faster than the mean
wind, consequently their impaction efficiencies
will be larger than that for spores travelling at
the mean wind speed (Aylor et al., 1981). Model
calculations suggest that enhanced impaction
due to gusts could decrease dispersal distance
close to the source (McCartney, 1987).

Deposition to individual surfaces, such as
leaf elements within vegetation canopies, has
often been treated as a combination of two
processes: gravitational settling and inertial
impaction (McCartney and Fitt, 1985). Non-
horizontal and non-vertical objects are resolved
into areas projected horizontally (along the
mean wind direction) and vertically to deter-
mine the proportions of the total deposition
that are by sedimentation (horizontal) and im-
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paction (vertical). Thus, for an object at an an-
gle, 6, to the horizontal the deposition rate is
given by:

D, =D, cos(8)+D,, sin(0) (15)
where Do and Ds are the deposition rates on
equivalent horizontal and vertical surfaces.
This assumption may not strictly be valid as
the variable boundary layer on the sloping sur-
face has a vertical component that may affect
sedimentation. However, Equation 15 was
found to describe deposition on sloping sur-
faces in a wheat canopy (McCartney and Aylor,
1987) and thus may be adequate for practical
purposes.

CONCLUSIONS

Airborne transfer of microorganisms is now
seen as significant route for contamination in
many sectors of the food industry (Burfoot et
al., 2000). Thus, an understanding of the physi-
cal and biological processes involved in the ae-
rial transport of such organisms is needed to
assess the risks of contamination and to de-
velop appropriate strategies to avoid contami-
nation. In this chapter we have attempted to
highlight the physical and biological nature of
the dispersal of fungal spores through the air.
Although many of the examples cited have
been related to the spread of plant pathogenic
fungi, the mechanisms involved are equally
applicable to dispersal in other environments.

Recent advances in fluid dynamics (Rey-
nolds, 1998) combined with new methods for
detecting and identifying fungal contaminants
(Ward et al., 2004) offer new opportunities for
in-depth studies of the spread of contaminants
in indoor and outdoor environments. Such
studies, in turn, will lead to a better under-
standing of the role dispersal plays in fungal
contamination and allow improvements to be
made in both the risk assessment and the man-
agement of contamination.
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INTRODUCTION

Fungi can be found in a wide variety of envi-
ronments, such as in seeds, plants, soil, water,
insects, food and food products, and animal
products. Phytopathogenic fungi cause dam-
age to the living crops upon storage as Colleto-
trichum that causes anthracnose disease in
several fruits and vegetables such as banana,
avocado, papaya, and tomato, decreasing their
commercial values. Fungal infection of grain,
nuts and fruits is often preceded by physical
damage caused by insect invasion or mechani-
cal injury during harvest. Fungal growth re-
duces the nutritional value of storage grains
and animal feed and can result in the produc-
tion of mycotoxins (D'Mello and MacDonald,
1997). Mycotoxins are poisonous, often car-
cinogenic secondary metabolites of fungi,
which are associated with certain disorders in
animals and humans (for Fusarium on grain see
for instance, D'Mello et al., 1998; Reid et al.,
1999).

Food products also become contaminated
during processing and handling operations.
Processed food can be considered as a complex
often plant-based medium that fungi colonise
and spoil. Fungal species associated with par-
ticular foods correlate with the characteristics
and properties of the product (Dijksterhuis and
Samson, 2002; Filtenborg et al., 2004). The pri-
mary cause for the deterioration of rye bread
for example are the fungi Penicillium roqueforti,
P. paneum, P. carneum and Paecilomyces variotii.
Contaminated commodities, such as cereals,

can deteriorate during storage, resulting in
enhanced contamination levels of whole wheat
flour (Weidenborner et al., 2000). In food prod-
ucts, the issue of mycotoxins requires continu-
ous attention, but more recently fungal spores
are also increasingly recognized as aeroaller-
gen sources (Green et al., 2005). Fungal con-
tamination and the toxic metabolites it forms
cause massive economic losses of food. There is
a great interest among agricultural, food indus-
trial and medical disciplines to prevent or
control fungal contamination. These include
different techniques that manipulate the physi-
cal environment of the fungus including acidi-
fication, increase of the osmotic potential, dry-
ing, cooled storage, pasteurisation and the use
of modified atmospheres. Some fungal species
are able to grow at such adverse conditions
and are able to thrive at situations that are
meant to be free of spoilage.

Contamination and colonisation of the food
products is often by means of survival vehicles
including airborne spores. Fungi are known for
their capability to produce sexual and/or asex-
ual spores as agents of reproduction, dispersal
and survival. Some fungal species predomi-
nantly form sexual spores as Talaromyces spe-
cies even without the need of different mating
types (homothallic) and ascospores are pro-
duced in high numbers, while there is only
restricted production of asexual spores. Alter-
natively, many fungal species do not have a
well recognised sexual stage and are desig-
nated as the Deuteromycetes (mitosporic
fungi). This group includes many members of
genera as Aspergillus, Penicillium and Fusarium,
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which are very relevant fungi for food situa-
tions (Dijksterhuis and Samson, 2002). Spores
play an important role in the life cycle of fungi
acting as dispersal or survival spores. Dispersal
spores are separated completely from the par-
ent mycelium by different factors to facilitate
migration to a new site. They have a moderate
capacity for survival in a resting state (dor-
mancy). They are also capable to germinate
readily in the presence of nutrients or favour-
able environmental conditions (Griffin, 1994).
In case of Aspergillus and Penicillium, conidia
are formed in chains on specialised spore-
forming cells (phialides). Mature conidia have
to survive in dry conditions during dispersion
through the air current (Dijksterhuis and Sam-
son, 2002). In contrast, survival spores are often
produced in lower numbers and may not be
separated from the parent mycelium (Carlisle
et al., 1994). As an example, thick-walled chla-
mydospores are produced by, e.g., Mucor ra-
cemosus, F. culmorum and Paecilomyces variotii
and typically produced between hyphal cells.
Besides, many ascospores are formed inside
closed or open fruit bodies (ascomata) that
reside within the mycelium and not on special-
ised structures (conidiophores) that enable the
spores to be distributed by air- or water cur-
rents. Many fungal species are able to produce
different types of spores within one colony as
is the case with for example Fusarium species
(microconidia, chlamy-
dospores) and Eurotium species (conidia and
ascospores) (Samson et al., 2004).

As is stated above, fungal contamination of
foods and food products and colonisation and
infection of plants and animals is usually initi-
ated by contact of the host with spores (co-
nidia). Contamination by the external envi-
ronment, e.g., air, water, walls and floors for
instance is considered to be the main source of
contamination of beef carcasses with Penicil-
lium, Aspergillus, Mucor and Cladosporium spe-
cies (Ismail et al., 1995). Additionally spores can
be brought on the crop or food product via an
encounter with organisms (insects, mites). The
germination process is the beginning of fungal
colonisation into food and on plants or ani-

macroconidia and
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mals. It involves the initiation of biochemical
activities, with an increase of the metabolic
rates and induction of morphological changes
(Griffin, 1994; D'Enfert and Fontaine, 1997). A
better understanding of spore survival and the
different processes of spore germination could
lead to novel techniques to prevent food spoil-
age. This chapter describes the germination
process of fungal spores and the relation be-
tween germination and fungal contamination,
mycotoxin production, control methods and
the mode of action of antifungal agents. The
problem of fungal contamination can be par-
tially confronted with the use of fungal inhibi-
tors of germination and hyphal growth, but
spores are less sensitive to different com-
pounds. It is here, that the terms fungistatic
and fungicidal have a different meaning. Ger-
mination of a spore includes a continuous
change from a “stasis”-like situation towards a
vegetatively growing hyphal cell expressing
processes as active metabolism, expanding cell
mass and nuclear division.

LANDING, ADHESION AND WETTING OF
THE CONIDIA

The first events of fungal colonisation are the
landing of the spores on the substratum and
subsequent hydration. Airborne spores are
cells that have to deal with drying and rewet-
ting and certainly will possess mechanisms
that address the redistribution of cell compo-
nents that accompany these changes. In Mag-
naporthe grisea, the conidia that are transported
through the air have a collapsed appearance as
a result of dehydration and this stage is re-
garded as a normal part of the life cycle of the
cell and not as an artefact due to preparation of
the cells. After rewetting these conidia retained
their turgid shape (Howard, 1993). A similar
feature is visible with dry rust spores immedi-
ately after contact with the leaf surface (Deising
et al., 1992). Upon landing, attachment of the
spore is important especially in case of the
colonisation of plant surfaces, which often have
a hydrophobic nature.
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Figure 1. Formation of spores on specialized structures. Top left, a conidiophore of Penicillium bialovaiense where
spore-forming cells (phialides) are clearly visible. Top right, multicelled spores of the fungus Helminthosporium
solani formed on a spore-bearing structure that is located on potato skin. Bottom left, Aspergilllus oryzae forms
numerous conidia on a conidiophore where many strings of conidia form a spherical structure. Bottom right,
detail of the previous micrograph with visible ornamentation on the conidia.
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Some spores possess a droplet of adhesive
material as conidia of M. grisea that bear a
spherical droplet on the tip that literally glues
the spore to the leaf surface when it is trans-
ported to it (Hamer et al., 1988).

Other spores do not have these appendages
and attachment must be reached by other
means. In case of urediniospores of Uromyces
viciae-fabae, 10-25% of the spores were able to
adhere immediately to different surfaces and
were not removed by sterile distilled water
(Clement et al., 1993). Attachment was higher
on hydrophobic surfaces and increased after
more than 20 min, which indicates that during
development of the spore the attachment to
different surfaces increased indicating a “vul-
nerable” stage where spores can be removed
easier. Immediate adhesion of Botrytis cinerea
conidia was studied by Doss et al. (1993) and it
was found that dry conidia adhered for 15% to
tomato cuticle, but after vapour hydration for 2
min, 93% of the conidia were adhered (were
resistant to a jet of nitrogen gas). Washing with
water resulted in 37% adhered spores on the
cuticle (and 9% on glass). The process was not
influenced by lectins or proteases, but deter-
gents had a strong inhibiting effect on adhesion
to both hydrophobic substrata polystyrene and
tomato. The authors conclude that adhesion is
a two-step process with “passive” adhesion
mediated by hydrophobic interactions (and
also occurring with killed conidia) and subse-
quent stronger delayed adhesion during swell-
ing and germ tube formation. Upon contact
and wetting of the urediniospores Uromyces
viciae-fabae material accumulation between the
spore-cuticle (in this case bean leaves) interface
became apparent (Deising et al., 1992). This
material dubbed “the adhesion pad” plays a
role in firmer attachment to and degradation of
the (wax) cuticle of the host. The tenacity of
adhesion to artificial surfaces of uredospores of
U. appendiculatus was correlated with the extent
of hydrophobicity (Terhune and Hoch, 1993),
which was measured after more than 30 min.
The black rot fungus of grape, Phyllosticta am-
pelicida, exhibits a complex adhesion pattern
towards different substrates including electro-
chemical attraction (spores have a polyanionic
surface, i.e., it is negatively charged) and hy-
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drophobic interactions. Remarkably, attach-
ment was a prerequisite in this fungus for
subsequent germination, indicating that these
phenomena were linked (Kuo and Hoch, 1996).
In a number of cases, immediate attachment to
the substrate was seen (within seconds) and
factors of the imbibing solution (as acidity)
were vital here.

Filonov (2001) confirmed that B. cinerea
conidia become more firmly attached to apple
skin during swelling and germination. A short
ultrasonication treatment removed >95% of the
conidia immediately after addition. During the
first 4 h 80% of the spores were recovered, but
during the formation of germ tubes attachment
to the substrate had increased strongly with
70% attachment after the treatment after 24 h.
Filonov (2003) further studied the adhesion
and germination of conidia of different fungal
species on polycarbonate membranes. Adhe-
sion was assayed after 24 h which means that
spores could have germinated very well and
that adhesion of germlings is assayed in such a
case. From these studies it became clear that
adhesion/germination of Penicillium expansum,
claviforme and roqueforti as well as Botrytis cine-
rea was markedly higher and influenced
through by the presence of acetate esters. It is
tempting to assume that the fruit rotters, P.
expansum and B. cinerea, react on volatile con-
stituents of fruits, while adhesion of only these
fungi had increased on apple skin with addi-
tional esters present in the air. It was also clear
that fresh wounds on apples captured 80-100%
of the spores compared to approx. 20% on the
skin and that the age of the wound was corre-
lated with the firmness of attachment after 4h.
Wounds of 24 h old age exhibited 40% recovery
of B. cinerea conidia after sonication treatment
at 150 W for 10 s while fresh wounds did not
show recovery. In case of P. expansum this was
60% vs. 20% of the conidia. This observation is
very relevant for postharvest problems while
disinfection of wounds directly after formation
is in fact very important (see also Filonov,
2004).

The act of wetting alone leads to changes in
the conidium as is observed with Neurospora
crassa (Bonnen and Brambl, 1983). They ob-
served an increase in the fraction of polyri-
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bosomes correlated with water harvested co-
nidia while cells obtained in an isoparaffinic
hydrocarbon fluid had the same levels of these
dry-harvested conidia. This
shows that cellular constituents change imme-
diately after contact of the cytoplasm with
water. In this case protein synthesis might
occur quickly after wetting of the cells. Incuba-
tion of sporangiospores of R. oligosporus after a
2 hour storage period in buffer (pH 4) showed
metabolisation of cFDA (carboxyfluorescein
diacetate) and germ tube formation in a sub-
population of the cells after 4 hours (Thanh and
Nout, 2004), which indicate that spores de-
velop under very poor nutrient conditions

structures as

upon wetting.

FURTHER STAGES OF GERMINATION

In general water and nutrients are important
requirements for proper germination. Many
fungal species need external addition of these
nutrients for optimal germination, other spe-
cies often related to plant (leaf) surfaces do
germinate in distilled water and have internal
deposits of nutrients (as rust-fungi do, e.g.,
Uromyces vignae, see Dijksterhuis, 2003). Leaf
pathogenic fungi as Colletotrichum species and
Magnaporthe grisea need a hard surface as one
of the requirements for germination and ap-
pressorium formation. Similarly, Botrytis cine-
rea germinates not only on glass surfaces that
are hydrophic, but also on rich media. In the
latter case conidia rapidly germinate with long
germ tubes that soon branch (Doehlemann et
al., 2006).

Addition of phosphate, amino acids, glu-
cose and combinations of the compounds re-
sulted in increased germination in case of spo-
rangiospores of Rhizopus oligosporus (Thanh
and Nout, 2004; Thanh et al., 2005). Besides,
also physical factors can invoke germination;
sporangiospores of Phycomyces blakesleeanus are
activated to germinate by a heat treatment at
50 °C (van Assche et al., 1972). When proper
nutrients are available, the spores continue to
develop, which results in isotropic growth also
designated as swelling, which is observed in
numerous fungal species. Fusarium culmorum

and Rhizopus spores require a carbon and ni-
trogen source for development. Penicillium
griseofulvum and Aspergillus nidulans conidia
need glucose for germination (D'Enfert and
Fontaine, 1997, Osherov and May, 2001). In
addition, other low molecular weight nutrients
as for example inorganic salts can activate
germination (Griffin, 1994). Uptake and me-
tabolisation of the probe carboxyfluorescein
diacetate (cFDA) was strongly increased after
the introduction of dried sporangiospores of R.
oligosporus in malt extract at 37 °C (Thanh and
Nout, 2004; Thanh et al., 2005). This was inter-
preted as a monitor of the beginning of the
germination process. After long drying periods
(11 months) the spores did show no colony
formation on 2% glucose alone (<1%). More
complex media as malt extract, peptone, yeast
extract and glucose/peptone medium resulted
in much higher numbers of germinated spores
(33-36% of the spores) and colonies. The use of
the fluorescent probes propidium iodide (PI)
indicated that a large subpopulation of the
dried spores show Pl-related membrane per-
meabilisation and DNA staining (Thanh ef al.,
2006). However, the dye TOTO-1 was not ob-
served inside the cells. This is remarkable
while both PI and TOTO-staining inside the
cell was regarded as an indicator of cell death.
When dried spores were pre-inoculated in malt
extract broth, the majority of the spores stained
with ¢FDA and therefore were metabolically
active. This is evidence for a regeneration of a
damaged cell population. The fraction of PI
positive-TOTO negative (thus damaged) spores
increased with storage time. The requirements
of germinating spores may clearly differ from
other stages of the fungal lifecycle. With R.
oryzae, sporangiospores germinate readily in
malt pepton medium, but germination de-
creases below a pH of 4.8 (J. Dijksterhuis, un-
published results). Optimal germination was
observed at 30 °C, while the highest radius of
colonies is observed in case at 35 °C.

The first obvious change in spore morphol-
ogy in many fungal species is isotropic growth,
also designated as swelling which is observed
in the case of Penicillium and Aspergillus species
(M.R. van Leeuwen, CBS, unpublished results)
and Fusarium culmorum macroconidia (Chitarra
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et al., 2005a), where the spore starts to swell
and consequently increases its volume. Swell-
ing is not merely water uptake, it is also char-
acterised by changes in the composition of the
cell, cell wall growth, and increase in dry
weight (Bartnicki-Garcia and Lippman, 1977).
Isotropic growth is accompanied by numerous
metabolic activities including respiration, RNA
and protein synthesis (van Etten et al., 1983;
Ojha and Barja, 2003), and degradation of tre-
halose into glucose (Osherov and May, 2001).

Following swelling, cell wall deposition
becomes polarized, and the extension occurs at
a restricted area at the tip of the developing
germ tube (Parton et al., 1997). Momany (2002)
distinguished different stages of spore germi-
nation. First initiation included breaking of
dormancy and the start of isotropic growth. A
phase of isotropic growth, which is roughly
between 3 and 7 hours is followed by the estab-
lishment of an area of polarised growth, which
includes the proper positioning of cell wall
deposition and directioning of the vesicle
transport machinery in which the cytoskeleton,
different proteins and the plasma membrane
show a precise interplay (Cheng et al., 2001).
This cooperation results in the outgrowth of a
germ tube and later, the formation of a branch-
ing mycelium. Extensive studies have been
carried out on the germination of unicellular
spores, e.g., Colletotrichum, Aspergillus, Penicil-
lium and Rhizopus, but hardly anything is
known about germination of multicellular
conidia. (Bourret, 1986, Breeuwer et al., 1997;
Marin et al., 1998; Chaky et al., 2001; Leandro et
al., 2001).

The different stages of conidial develop-
ment seem to be linked to the different stages
of the cell cycle (Harris, 1999). Isotrophic
growth takes place in A. nidulans until the first
mitosis. After mitosis an axis of polarity is
established and maintained in the emergence
and elongation of the germ tube (Momany,
2002). Mitosis is also associated with septum
formation at the base of the emerged germ
tube. Between A. fumigatus and A. nidulans
interesting differences were observed in timing
of polarity establishment related to the mitotic
state. Pear shape (germ tube emergence) was
observed in 22% of the conidia before the first
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mitosis in case of A. fumigatus and not with A.
nidulans (Momany and Taylor, 2000). Similar
differences are observed with septation and the
emergence of a second germ tube and these
morphogenetic changes are also related to the
nutrient status of the medium. The authors
mention that a critical size of cell volume could
be an important factor in septum formation.
Remarkably, Dijksterhuis et al. (unpublished
results) have found that a gradual decrease
occurs in conidia of different Penicillium species
with respect to fluid phase viscosity of the
cytoplasm to a level that is typical for vegeta-
tive cells. In such a case a global and physical
parameter might induce cell changes.

SIGNALLING DURING EARLY
GERMINATION

Different signalling factors are involved with
germination of conidia. In sporangiospores of
Pilobolus longipus, glucose resulted in a rise of
cAMP before germination (Bourret, 1986) and
the role of this signalling pathway was also
recognised in yeast ascospores (Thevelein,
1984). Fillinger et al. (2002) studied the role of
adenylate cyclase in the cAMP signalling
pathway as well as the downstream kinases
schA and pkaA during germination of conidia
of A. nidulans. A double mutant of pkaA and
cyaA (the adenylate cyclase) and the single
cyaAA mutant exhibited delayed conidial ger-
mination (30% in 15 h), but certainly not a
complete arrest. Trehalose degradation was
blocked in the cyaAA and the schaAApkaAA
mutants. This indicates that individual signal-
ling elements of the adenylate cyclase sequence
play a role in different aspects of germination,
but that they have several targets, which re-
sults in the operation of a signalling network.
Changing the activity of the signal mediator
Ras to dominant activity led to blocked germ
tube formation and resulted in prolonged
swelling and multiple nuclei. This Ras-
pathway operates independent of the ade-
nylate cyclase pathway/network and dominant
activity of Ras results in a defect of polarity
establishment. Ras is a member of the small
GTPase family and plays an important role in
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the communication inside different signalling
networks in the cell. Two different GTPase
types, a ras and a rho type were studied in the
dimorphic fungus Penicillium marneffei (Boyce
et al., 2005). For this study dominant negative
and dominant positive transformants were
used, while a deletion could not be generated
(lethal?). The dominant negative rasAP'?>4 and
the dominant activated rasAS"®V both showed
less germination after 12 h and the authors
state that an increase proportion of the cells are
misshapen. This indicates that activity of these
molecules above and below a certain level has
a bearing on germination. Dominant activation
of a rho GTPase and CDC42 homologue
cfIAS™ did undo the effect of rasAP1A and
resulted in high germination again. Another
rho GTPase named cflB was deleted and
showed some disturbance in conidial germina-
tion including not complete germination after
12 h, but a somewhat higher incidence of sec-
ondary germ tubes at that stage (Boyce et al.,
2003).

Zuber et al. (2003) studied the effect of al-
terations of the G-protein a-subunit on germi-
nation of conidia at 25 °C. This is also a mole-
cule that cycles between a GTP-bound active
(signalling) state and a non-signalling Ga-
subunit. Germination rate was lowest (25% at
27 h) in the AgasC mutant, also delayed in the
gasCG27R, which is non-signalling (25% at 15 h),
but was accelerated in the dominant active
gasCER compared to the wildtype (35% vs.
25% in 10 h. These features remained similar
under carbon poor situations.

Similarly, in A. nidulans, conidia showed
enhanced germination with a constitutively
active ganB%L mutant and was lowest in the
ganBS7R which is kept in the inactive state
(Chang et al., 2004).

Calcium is a factor that plays an important
signalling role in cells that settle on a surface.
These can be Oomycetes as Phytophthora para-
sitica (Warburton and Deacon, 1998) or fungal
species as Phyllosticta ampelicida (Shaw and
Hoch, 2000) or Colletotrichum gloeosporioides
(Kim et al., 1999). The latter two species need a
hard surface to germinate and also this feature
has to be communicated into the cell. Doehle-
mann et al. (2006) have studied germination in

Botrytis cinerea and found that a disrupted Ga3
subunit reduced fructose dependent germina-
tion to approximately 20% of the cells over a
long period, but this mutant germinated like
the wildtype on a hydrophobic polypropylene
surface. Deletion of the MAP kinase BMP1
resulted in no germination at all on hydropho-
bic surfaces. Buhr and Dickman (1997) observe
expression of serine-threonine
kinase, calmodulin and protein kinase C prior
to germ tube morphogenesis of C. trifolii, which
illustrates that during germination many dif-
ferent factors play a role and a complex inter-
play of signalling routes may depict this pic-
ture to the cell.

maximum

COMPATIBLE SOLUTES IN CONIDIA

Accumulation of compatible solutes inside
living cells is thought to protect cells against
osmotic stresses and it also is observed after an
oxidative or heat shock in germinating conidia
of Aspergillus nidulans (Fillinger et al., 2001).
These compounds do not disturb the function-
ing of proteins and other biomolecules and the
complexes formed by them when they are
present in high amounts inside the cell, hence-
forth the name compatible solutes (see also
Dijksterhuis and Samson, 2002). Trehalose, an
a-1,4 non-reducing disaccharide including two
linked glucose moieties (a-D-glucopyranosyl-
a-D-glucopyrano-side) is an important com-
patible solute and protects both membranes
and proteins (Crowe et al., 1984; Hottiger et al.,
1994; Prestrelski et al., 1993; Wolkers et al,
1998) against drying and heat. Trehalose is
synthesised in yeast cells from glucose by the
action of trehalose-6-phosphatase (encoded by
TPS1) which links two phosphorylated glucose
molecules to each other via a UTP-bound ener-
gizing step. The resulting trehalose-6-P is
dephosphorylated by means of a trehalose-6-
phosphate phosphatase (TPS2).

Germination of conidia is associated with a
degradation of the trehalose pool from 1,2 pg
per spore, to zero within 120 min and this
phenomenon is observed with different types
of spores (Thevelein, 1984; D’Enfert ef al., 1999;
Dijksterhuis et al., 2002). Assuming a cell di-
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ameter of approximately 3,0 um (based on
conidia of A. niger studied by Tiedt (1993) and
a density of conidia above 1,0 gr/ml (otherwise
the cells could not be centrifuged so quickly)
this results in a weight of one spore of mini-
mally 20 pg meaning that trehalose accumu-
lates to maximally 6,7 % of the cell wet weight.
In A. nidulans trehalose degradation is per-
formed by an neutral cAMP-activated and
calcium-dependent neutral trehalase. Germi-
nating conidia of 2 h show 80% decrease in
colony forming units after 20 min at 50 °C. A
mutant defective of neutral trehalase activity
retained levels of trehalose at the maximum
level and showed nearly unchanged germina-
tion and full heat tolerance for at least 40 min
at this temperature (D’Enfert et al., 1999). Co-
nidia of A. nidulans that had germinated for
three hours at 30 °C and shifted to 50 °C
showed accumulation of trehalose within 30
min to a level of maximally 0,8 pg/spore (Fill-
inger et al., 2001). Lower accumulation was
observed after addition of 100 mM H:02. A
tpsAA strain of A. nidulans was, unable to pro-
duce trehalose and, surprisingly, the wildtype
and mutant showed a similar sensitivity for the
stressors and the accumulation of trehalose did
not increase the survival of the germlings dur-
ing short-term exposure. However, germinat-
ing conidia of the mutant showed very low
colony formation when stored for approx. 15
hours at 44 °C, while the wildtype showed no
significant decrease. Sustained storage of co-
nidia at 20°C showed gradual decrease in vi-
ability during a period of 20 days in case of the
mutant, but with maximal germination by the
wild type after 50 days. Of course, trehalose
only can perform its function when it is present
in the cell, it cannot restore the damage done to
the germling after a heat shock. Yeast cells that
were treated with a short heat shock showed a
increased acquired tolerance to subsequent heat
treatment that was associated with the pres-
ence of trehalose (De Virgilio et al, 1994).
Combined, these data strongly suggest that the
presence of trehalose provides protection
against different types of stress and also plays
an important role in the longevity of the life of
the conidium.
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Surprisingly, the A. nidulans conidia also
contain 0,8 pg mannitol per spore (4% wet
weight) which is degraded to zero in 3 hours
during early germination. Also in conidia of
the related fungus A. niger, mannitol is an
important compatible solute (Ruijter et al.,
2003). Mannitol is produced by the action of
two enzymes mediating a reduction and a
phosphatase activity from fructose 6-phosphate
via mannitol 1-phosphate. Conidia of A. niger
contain 10,9% dry weight mannitol and assum-
ing a percentage of water inside the spores of
50% or more this would be approx. 5,5% man-
nitol (wet weight). For a comparison, stress-
resistant ascospores of the fungus Talaromyces
macrosporus contain approximately 38% water
and are regarded as very dense (Dijksterhuis et
al., 2002). The A. niger conidia contain a some-
what smaller quantity of trehalose (3,6% dry
weight). The AmpdA strain of A. niger that is
deficient for the mannitol 1-phosphate dehy-
drogenase has more trehalose (11.5% dry
weight) and reduced mannitol levels (4.0% dry
weight). Mutant conidia show 90% viability
loss after nearly 1 hour of heating at 50 °C
while the wildtype survives easily 2 h at this
temperature. Further, conidia are more sensi-
tive for a freeze-thaw step, lyophilization and a
hypo-chlorite treatment. Interestingly, there is
no difference in long-term storage between the
wildtype and the mutant, which indicated that
trehalose and not mannitol plays an important
function in this respect. These data combined
may suggest that only a combination of treha-
lose and mannitol, that are both present in
conidia of the two species in approximately
equal amounts, give protection against differ-
ent stressors. The data may also suggest that
another cell mechanism is connected with the
processes of compatible solute accumulation,
for instance, the expression of heat shock re-
lated proteins.

Hallsworth and Magan (1994, 1996) pro-
vided clear evidence that the growth condi-
tions of the spore-delivering culture in the
fungal species Metarrhizium anisopliae, Beauveria
bassiana and Paecilomyces farinosus strongly
influences the accumulation and composition
of compatible solutes inside the conidia. These
species are insect pathogens and the spores of
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these fungi were used for biocontrol of insect
pests and proper storage and survival of the
conidia was of great importance. In control
situations (in this case Saboraud Dextrose
Agar), mannitol was the most dominant solute
in the three species (Hallsworth and Magan,
1996). The presence of trehalose, glycerol or
starch in the growth medium of the three spe-
cies highly influenced the internal composition
of the spores glycerol,
erithr(e)itol and trehalose as main players with
total solute levels between 10 and 20% dry
weight (Hallsworth and Magan, 1994). These
authors observed that glycerol and erythritol
dominance inside the spores was correlated

with mannitol,

with (faster) germination in case of lower water
activities (Hallsworth and Magan, 1995). A.
nidulans conidia were also tested (Hallsworth et
al.,, 2003) from PDA (potato dextrose agar)
media with excess glycerol or KCI. All growth
conditions resulted in mannitol levels of 4.4-
4.6% dry weight, but glycerol containing me-
dium also showed 6.3 and 2.7% glycerol and
erythreitol, two other important compatible
solutes in fungi. The KCI conidia showed in-
termediate levels of the latter (0.35 and 0.64%),
and 0.084% and 0.21% in PDA grown cells. The
authors observed protection of germination of
conidia that contained high levels of ethanol
and erithreitol in the presence of ethanol and
NaCl (up to 7.5 and 16% wt/vol, respectively).
Penicillium chrysogenum was grown on pearl
barley by Ballio et al. (1964) and the harvested
conidia showed 10% and 8.3% mannitol and
trehalose, respectively (dry weight) and 3.0 and
2.7% glycerol and erythreitol which confirm
the typical levels of these solutes inside this
type of spores. Table 1 summarizes very
shortly the functions correlated with the differ-
ent compatible solutes discussed till now.

Table 1. Compatible solutes and their function in
conidia

Compatible solute Function inside spore

Mannitol/Trehalose Protection against heat
Trehalose Longevity
Glycerol/Erithreitol Protection during germi-

nation at low aw

Figure 2. Multi-compartment macroconidia of the

fungus Fusarium culmorum. Top, cells stained with a
fluorescent dye (cFDA-SE), which is used for the
measurement of the internal pH of the cells. The cells
are studied with the confocal microscope. Bottom,
cryo-electron microscopy of germinating macroco-
nidia that clearly show isotropic growth of the indi-
vidual compartments.

MULTICELLULAR CONIDIA AND INTER-
NAL pH.

Multicellular conidia are formed by a large
number of fungi among them are a number of
species very relevant in food situations. Fusa-
rium species are important food related (cere-
als) and plant pathogenic mycotoxin forming
fungi. Alternaria species are often observed on
cereals and form mycotoxins and are related to
allergenic reactions. Helminthosporium solani
causes silver scab on stored potatoes and Mag-
naporthe grisea is the most important pathogen
of rice. Germination of these multicellular
conidia is only scarcely studied and one could
argue if the different cells of such a spore be-
have as individual conidia “glued” together or
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do exhibit a certain differentiation. Is there any
ecological reason to produce these structures?
It was known that in conidia M. grisea and F.
culmorum germ tubes developed preferably
from apical cells and seldom from middle cells
(Jelitto, 1999; Atkinson et al., 2002; Chitarra ef
al., 2005a). The last authors studied F. culmorum
as a model system of multicellular conidia by
means of FRIM (fluorescence ratio imaging)
where the internal pH inside spores was fol-
lowed during germination.

The pHin for F. culmorum (pHin 6.4; Chitarra
et al., 2005a) was higher than P. paneum (pHin
5.4; Chitarra et al., 2005b), but both within the
pH range previously reported for Rhizopus
oligosporus, which is between pH 5 to 6.5
(Breeuwer et al., 1997). The germination of P.
paneum conidia and F. culmorum macroconidia
under optimal conditions included both iso-
tropic growth and an increase of intracellular
pH of both types of spores and no statistical
significant differences among compartments of
F. culmorum was observed during early stages
of swelling. During further stages of swelling
and germ tube formation, differentiation be-
tween the compartments of the macroconidium
was statistically sound. After the first stages of
swelling, the ungerminated middle compart-
ments of F. culmorum showed a significant
decrease in pHin, which was not associated
with an increase in the fraction of vacuoles in
the cells. The latter was observed with M. grisea
conidia (Atkinson et al., 2002). The monitoring
of the internal pH in multicelled conidia
showed higher pH values in apical cells and
certainly inside the germ tubes. The pHin in
germ tubes of F. culmorum (>7.2) was in agree-
ment with the pHin of M. grisea germ tubes (7.4)
incubated in complete nutrient medium
stained with the dye SNARF-1 (Jelitto, 1999) or
with the cytoplasmic pH found with dextran
conjugated dye in hyphae of Neurospora crassa
(Parton et al., 1997). Changes in pH may be
associated with differentiation processes as has
been reported elsewhere (Inouye, 1985; Stewart
et al., 1988). These studies do not establish
whether an increase in pHin occurs prior to or if
it is a product of the metabolic changes occur-
ring inside the cell. Controversial results of
internal pH gradient in tip growth hypha have
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been previously reported (Roncal et al., 1993;
Jelitto et al., 1994; Robson et al., 1996; Parton et
al., 1997).

Taken together these observations suggest
that differentiation occurs between the differ-
ent compartments. The inclination of the apical
cells to germinate over middle cells may be
started by the difference between the surface-
to-volume ratio of apical cells. This may facili-
tate differences in, for instance, transport proc-
esses and henceforth introduce an asymmetry
in the development of the conidium. The con-
sistent germination pattern of the macroco-
nidium was changed after treatments of the
conidia with sublethal doses of nystatin. Apical
cells were preferably targeted by the com-
pound and the distorted germination was
counteracted by an increased germination of
the middle compartments. This shift indicates a
way of communication between the cells and a
type of “apical dominance” may be alleviated
from the middle cells. The ecological function
of such differentiation and communication
may be sought in the more versatile response
of these cells towards adverse conditions for
germination. When the first germination fails,
another attempt can be made later and if condi-
tions remain unattractive for colonization, the
middle cells may differentiate further to long-
survival spores as chlamydospores and this
was already observed decades ago (French and
Nielsen, 1966; Schneider and Seaman, 1974).

FUNGAL GERMINATION AND SELF IN-
HIBITORS

Fungi produce substances during growth that
influence their own development. These can be
inhibitory substances and then are named self-
inhibitors. These compounds inhibit germina-
tion of spores or growth of hyphae. For exam-
ple, germination of spores of Rhizopus oryzae
shows lower germination when they are pre-
sent in higher densities. Germination lowers
from 67 to 22% after 4 hours of incubation
when the density of the spores increases from
10° to 7 x 107 spores/ml (J. Dijksterhuis, unpub-
lished results). Self-inhibitors have been char-
acterised in many fungal (and non-fungal)
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genera Puccinia, Uromyces, Colletotrichum, Dic-
tyostelium, Fusarium and Aspergillus and can be
volatile or non-volatile (see for instance, Allen,
1955, Bacon and Sussman, 1973, Barrios-
Gonzalos et al., 1989). Various self-inhibitors
have been isolated and identified after extrac-
tion from culture filtrates of fungi (Table 2).
Self-inhibitors also can influence other
fungal processes, for example, mycosporine-
alanine produced by C. graminicola prevents
appressorium formation (Leite and Nicholson,
1992, 1993). The self-inhibitors produced by
Glomerella cingulata and Dictyostelium  dis-
coideum (not strictly a fungus, but this illus-
trates that concept of self-inhibition might be
widely spread) inhibit protein synthesis (Bacon
and Sussman, 1973; Lingappa et al., 1973). Self-
inhibitors must inhibit spore germination in a
reversible manner, after removal of the com-
pound from the spore or its environment, ger-
mination is initiated (see also Chapter 1 of this
book). The major function of self-inhibitors is
stated as prevention of premature germination
of spores directly after formation when they
are located at conidiophores, inside fruiting
bodies or on pustules (in case of rust-fungi)

Table 2: Self-inhibitors from fungi

and before spore dispersion. This mechanism
guarantees that spores only germinate after
dispersal into the environment that favour
outgrowth to establish a mycelium.

Breeuwer et al. (1997) studied the mode of
action of the self-inhibitory compound non-
anoic acid in sporangiospores of Rhizopus oligo-
sporus. Nonanoic acid results in both a decrease
in internal pH and a lower number of meta-
bolic active cells, but this effect is transient and
restoration of the internal pH to normal levels
occurs at a concentration of 1 mM. The mode of
action of this compound is compared to that of
weak organic acids that are used as food pre-
servatives, like sorbate, propionate and acetate.
Also spores of other fungal species show simi-
lar phenomena in the presence of nonanoic
acid.

The intracellular pH of macroconidia of
Fusarium culmorum fluctuated between 5.4 and
6.5 in the presence of nonanoic acid during a
period of 90 minutes at an extracellular pH of
4.0 (Chitarra et al., 2005a). The disturbed or
fluctuated intracellular pH was recovered
twice, indicating that macroconidia had energy

Fungal species

Chemical compound

References

Aspergillus niger
Anisogramma anomala
Blastocladiella emersonii
Colletotrichum capsici
Colletotrichum gloeosporioides
Colletotrichum graminicola

Gloeosporone

Dictyostelium discoideum
Fusarium oxysporum Nonanoic acid
Geotrichum candidum
Glomerella cingulata
Hemileia vastatrix Free organic acid
Microsporum gypseum

Penicillium griseofulvum

Peronospora tabacina

Puccinia graminis var tritici

Methyl-cis-ferulate
Puccinia helianthi; P. antirrhini
Syncephalastrum racemosum Nonanoic acid
Tiletia caries Trimethylalanine

Uromyces phaseoli var typica

Microsporine-alanine
N,N-dimethylguanosine

5-Isobutyroxy-p-ionone
Coumarins and phenolic acids

Methyl-3,4 dimethoxycinnamate

Aspartic and glutamic acid

Krishnan, 1954; Barrios-Gonzales, 1989
Stone et al., 1994

Adelman and Lovett, 1974

Louis et al., 1988

Lax et al., 1985

Leite and Nicholson, 1992

Bacon et al., 1973

Garrett and Robinson, 1969

Steele, 1973

Lingappa et al., 1973

Musumedi et al., 1974

Page and Stock, 1971

Fletcher and Morton, 1970

Leppik et al., 1972

Page and Stock, 1971

Sumere et al., 1957; Macko et al., 1971a

Macko et al., 1971b

Hobot and Gull, 1980

Trione, 1973

Wilson, 1958; Stone et al., 1994; Steele,
1973
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enough to pump excess protons out of the cell.

In addition, swelling and germ tube forma-
tion of the conidia of Penicillium paneum was
inhibited and transient collapse of the internal
pH of the spores was also observed (Chitarra et
al., 2005b).

Recently, a volatile self-inhibitor, 1-octen-3-
ol, was identified in case of the fungus P.
paneum (Chitarra et al., 2004; Chitarra et al.,
2005b) that blocked swelling and germination
of conidia at a millimolar (4 mM) concentration
range and approximately 70% of the conidia
had the same size as freshly harvested conidia
after 4 h, while 80% of the control cells was
clearly swollen. 1-Octen-3-ol was initially iden-
tified in and above dense suspensions of co-
nidia. Small droplets of very dense (10°
spores/ml) conidial suspensions placed on thin
agar layers showed less than 10% germination
after 24 h, which indicates a clear crowding
effect. There was some entering of the fluores-
cent indicators PI and TOTO into the conidia in
the presence of 1-octen-3-ol (in case of 20 and
10%) which indicates a mild permeabilization
of the plasma membrane. In addition oxygen
consumption was slightly lowered and a tran-
sient drop in internal pH was observed. Taken
together these observations suggest that 1-
octen-3-ol has a mild systemic effect on the
developing conidial cells. Surprisingly, there
were notable differences in the composition of
the protein population of treated cells after 5 h
compared to the controls. So, despite its mild
physiological effects, a profound influence on
protein expression was observed.

1-Octen-3-ol also inhibits other fungal life
stages including radial growth of the mycelium
of different fungal species. Further, microcycle
conidiation was observed in the presence of the
compound. One could suggest that 1-octen-3-ol
acts as a fungal hormone during development
of the fungal thallus. Physiologically, 1-octen-3-
ol is a product of the enzymatic breakdown of
linoleic acid by the enzyme lipoxygenase and a
hydroperoxide. In Pleurotus pulmonarius, li-
noleic acid splits in two compounds, 10-HPOD
(10-hydroperoxyocta-decadienoic acid) a pre-
cursor of 1-octen-3-ol and 13-HPOD (13-
hydroxyperoxy-cis-9,trans-11-octadecadienoic
acid)(Assaf et al., 1997; Kuribayashi et al., 2002).
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Together with 1-octen-3-ol, a non-volatile me-
tabolite, 10-oxo-trans-8-decenoic acid (ODA) is
formed in this process, which is stated to have
an influence on the development of the mush-
room. It stimulates growth of the mycelium,
stipe elongation, and fruiting initiation during
mushroom development and it has been re-
garded as a growth regulating substance (GRS)
produced by gills (Mau et al., 1992; Cham-
pavier et al., 2000). Other linoleic acid deriva-
tives play a role in sporulation phenomena in
Emericella (Aspergillus) nidulans, which suggest
that polyunsaturated lipid compounds and
their degradation products are remarkably
important in development of fungi.

Further investigation of the role of self-
inhibitors may reveal novel methods for the
inhibition of fungal development in food.

ANTIFUNGAL COMPOUNDS

Germination and growth of fungi in food and
feed is discouraged by the introduction of
different adverse conditions as the use of al-
tered gas composition, low water activities and
the presence of organic acids or a combination
of these factors. Low oxygen pressure and
organic acids for instance are used to preserve
grass forage in silos during ensilage. These
conditions lower the metabolism of fungi and
prevent their growth as is also the result of
lowering of the water activity of a medium to a
= 0.65-0.86. However, some osmotolerant and
xerophilic fungi that are able to grow in the
presence of high concentrations of sugar and
salt cause spoilage in these conditions
(Dijksterhuis and Samson, 2002), but with
many commodities including seeds, grains,
beans and peas prevention of fungal spoilage is
successful due to their low water activity if
properly dried and well stored.

The main antimicrobial food preservatives
are weak organic acids and esters (propionate,
sorbate, benzoate and benzoate esters (para-
bens), organic acid acidulants (lactic, citric,
malic, and acetic acids), inorganic acid pre-
servatives (sulfite), mineral acids (phosphoric
and hydrochloric acids) and other compounds
as natamycin (Britt et al., 1974; Kabara and
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Eklund, 1991; Gould, 1996; Stark, 2003). Propi-
onate is a highly effective fungal inhibitor used
in cheese and bakery product industries. Sec-
butylamine is commonly used in its free form
to preserve fruits against damage by storage
fungi such as Penicillium and Aspergillus. In
addition, sorbate prevents fungal growth and
decreases mycotoxin biosynthesis by inhibiting
the biological pathways responsible for their
production. Nowadays, a wide range of anti-
fungal agents is used in combating biodeterio-
ration; prevention or treatment of fungal dis-
ease of plants and treatment of diseases in
animals and humans (Table 3). The mode of
action of these compounds is variable, but an
important part of the compounds have plasma
membrane and cell wall related targets.

Novel antibiotics against bacteria com-
pounds are actively search at and one potential
family of antifungal compounds are the iturins
(A-E) that are produced by Bacillus subtilis.
Iturins are cyclic lipopeptides characterised by
the presence of seven o-amino acids (Isogai et
al., 1982; Latoud et al.,, 1990). Iturins interact
with sterols in the cytoplasmic membrane and
are similar to the antifungal polyene ampho-
tericin B (Maget-Dana et al., 1985; Latoud et al.;
1990). Other lipopeptides that belong to the
iturin group are the bacillomycins D, F, and L,
and mycosubtilin (Bland, 1996, Moyne et al.,
2001). Iturin A reduced the fungal population
on seed with variation among the fungal spe-
cies with respect to their sensitivity, but it is
not able to inhibit aflatoxin production of As-
pergillus flavus (Klich et al., 1993, 1994). For
instance, Rhizopus sp. was known previously
not to be sensitive to it (Gould, 1996). This may
be explained by the low ergosterol content of

Table 3: Antifungal compounds and their mode of action

the Rhizopus sp. membrane (Groll ef al., 1998).
Fungal inhibition was observed in case of
postharvest fungal spoilage of peaches and the
role of iturins during biological control with
Bacilli studied (Gueldner et al., 1988). An iturin-
like compound inhibited the germination of
Penicillium paneum conidia (Chitarra et al.,
2003). Fluorescence microscopy and FCM re-
vealed that the PI was able to label damaged
cells, indicating the permeabilisation of P.
paneum conidiospores membrane after expo-
sure to the HCI precipitate.

EPILOGUE

The fungal spore is a resting phase and as such
is not very reactive on antifungal compounds.
Killing of spores with other methods than heat
is a very difficult task. Germination of spores
(conidia), however, is a gradual development
from resistant and not-responsive cells to
germ-tube bearing cells via a number of stages.
Knowledge about the sensitivity of these dif-
ferent phases to antifungal compounds is vital
to evaluate the potential of fungal spores to
form “spoilage time bombs” when the antifun-
gal compound is inactivated due to its stability
or diffusion.
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INTRODUCTION

Fungal spoilage is a cause of immense food
losses during storage of crops and food
products. In order to overcome food spoilage
by fungi, mankind has developed an array of
methods to make food, which can be regarded
as a rich and complex medium, difficult to
colonize. This is done, among others, by means
of lowering of the water activity by addition of
sugars, salt or after drying. In other cases, food
products are  kept
temperatures. A third possibility is the killing
of fungi present in the food matrix by a
transient heat (pasteurisation).
Currently, novel techniques are introduced as
high-pressure treatment or storage of a food

under lowered

treatment

product under a modified
Although heat treatment is a reliable and
historical method, a class of fungal organisms
is able to survive prolonged periods of heat
and these organisms cause a restricted, but
consistent, loss of food products. This is
especially interesting with modern trends to
use minimally processed food where the heat
treatment is minimalised in favour of the
organoleptic properties of the product and
vitamin content.

atmosphere.

HEAT RESISTANCE IN FUNGI

Vegetative (yeast) cells usually have little heat
resistance. When heated in beer (pH 4.0, 5%
ethanol) Saccharomyces carlsbergensis, Hansenula
anomala and Pichia membranaefaciens had
Das-values of less than 2 min. S. willianus, was

more heat-resistant with a D around 15 min
(Tsang and Ingledew, 1982). For Zygosacchar-
omyces bailii, Saccharomyces bisporus, H. anomala
and Z. rouxii decimal reduction was observed
after heating for 1 min in a buffer (pH 5,5)
supplied with 400 g/l sucrose, at 56, 55, 54 and
50°C, respectively (Baggerman and Samson,
1988). Yeast species that were heated in
grapefruit serum showed similar characteris-
tics (Parish, 1991). The presence of sucrose,
sodium chloride or glycerol in the heating
menstruum was somewhat protective during
heating, while sorbate and benzoate usually
reduced the heat resistance of the yeast cells
(Beuchat, 1981; Agab and Collins, 1992). Living
(and growing) fungal cells exhibit after a
sudden increase in
approximately 10 °C above the optimal growth
temperature, a phenomenon called heat shock.
Increases in temperature lead to a number of
changes including protein denaturation, cell

temperature  of

cycle arrest and changes in the fluidity of the
membrane. One of the most deleterious factors
in heat shocked cells is the disturbance
(unfolding) of the protein structure that leads
to the formation of aggregates of proteins that
affect the functioning of the cell lethally
(Riezman, 2004). Accumulation of compatible
solutes (glycerol, trehalose, mannitol) that
protect the cellular membrane and the proteins
(Crowe et al., 1984; Prestrelski et al., 1993) is
one of the answers of the cell to heat shock. In
addition, heat shock proteins play an
important role in cooperation with compatible
solutes in yeasts (Elliott ef al., 1996), but these
are scarcely studied in fungal survival
structures. Recently, the genome of the
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filamentous fungus Aspergillus fumigatus was
sequenced (Nierman et al., 2005) and 323 genes
showed higher expression at 48 °C compared
to 37 °C. The most strongly upregulated genes
included three proteins related to compatible
solute synthesis and degradation and nine heat
shock proteins. This also illustrates the role of
different heat-shock
response.

factors during the

Fungal survival structures as conidia,
sclerotia, chlamydospores and ascospores can
be regarded as more or less heat resistant
when they are compared to actively growing
fungal cells. They do not exhibit the
metabolism of the vegetative cells, but prevail
in a dormant state and often are encompassed
by a thicker cell wall.

Conidia are non-motile asexual spores of
many fungal species that are often dispersed
by air and water and which exhibit some
dormancy, namely that they germinate only
when proper nutrients are present in the
medium. Conidia of the fungal species
Aspergillus  niger, chrysogenum,
Wallemia sebi, Eurotium rubrum and P. glabrum,
exhibit a decimal reduction in buffer in the
range of 56 and 62 °C (Baggerman and
Samson, 1988) and P. roqueforti, P. expansum, P.
citrinum and A. flavus have D-values between
3.5 and 230 min at 54-56 °C (Broker et al.,
1987a). The age of the spores at the time of
harvest as well as the composition of the
growing and heating media influence the heat
resistance. Furthermore, conidia could restore
from a heat treatment while P. expansum
showed recovery during a 3-day storage in
aerated water at 23 °C after a heat treatment at

Penicillium

54 °C compared to conidia that were plated
out directly (Baldy et al., 1970). Numbers of
colonies were 20-fold higher after this
treatment, indicating that the situation after
heating has an effect on the number of
survivors.

Ascospores are widely formed sexual
spores within the Ascomycetes with often a
high survival capability. In an investigation of
20 yeast strains from soft drinks and fruit
products, mainly Saccharomyces cerevisiae, S.
bailii (now Z. bailii) and S. chevalieri strains, the
Deo-values of ascospores were 25 to 350 times
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higher than those of the corresponding vegeta-
tive cells (Put and de Jong, 1980). In a pH 4,5
buffer S. cerevisiae, S. chevalieri and S. bailii
ascospores exhibited Deo-values of 22.5, 13 and
10 min (Put and de Jong, 1982).

In general, ascospores of filamentous fungi
are more heat resistant than mycelia and
conidia and more resistant than yeast
ascospores. A number of observations suggest
that thick-walled hyphal fragments and
chlamydospores (Paecilomyces variotii, Fusarium
spp) and sclerotia (e.g., in Eupenicillium) can
perform high thermo-resistance (Splittstoesser
and King, 1984). But by far the most heat-
resistant fungal structures known to date are
ascospores produced by some members of the
genera  Byssochlamys, = Neosartorya  and
Talaromyces. Ascospores of these fungi are
extraordinary heat resistant and show Dso
values of several minutes (Beuchat, 1986). In
fact, these spores belong to the most resilient
eukaryotic structures observed hitherto. A
decimal reduction time of 1.5-11 min is
observed at 90 °C among different species
(Scholte et al., 2001, Dijksterhuis and Samson,
2006). Ascospores of the fungus Talaromyces
macrosporus are able to survive at 85 °C for 100
min, which makes these fungal spores as
resilient as some bacterial spores (e.g., Bacillus
subtilis).

One has to realise that heating of cells in a
low moisture environment is much less
effective. Even yeast cells show very high
inactivation times at low humidities. When
heated on aluminium foil at a relative
humidity of 33-38%, P. membranaefaciens and
Rhodotorula rubra cells showed little survival
after 5 min at 110 °C (Scott and Bernard, 1985).
With Diwo-values of 1.3, 1.8, 2.9 and 3.6 min,
respectively, Debaryomyces hansenii, Kloeckera
apiculata, Lodderomyces elongisporus and H.
anomala cells were more resistant.

HEAT-RESISTANT FUNGI

Heat-resistant fungi can survive pasteurising
heat treatments of especially high-acid food
products (e.g., fruits, see Silva and Gibbs,
2004). Subsequent germination causes spoilage
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of canned and pasteurised fruit products.
Fungi that are associated with product recalls
that cause a damage of millions of dollars in
the fruitjuice branch are Byssochlamys nivea
(fulva),  Talaromyces  flavus  (macrosporus),
Neosartorya fischeri, Eupenicillium brefeldianum
(as reviewed by Tournas, 1994). Despite
several decades of research these fungi still
represent problems in the food branch. Heat-
resistant fungi are basically soil-borne fungi
and fruits that develop in contact with soil
(like strawberries and pineapple) are more
prone to fungus
Talaromyces flavus is found to have a
worldwide distribution and was isolated from

contamination.  The

soil samples from 16 different countries
including Bermuda, Tasmania, Pakistan and
Finland (Fravel and Adams, 1986).

The first description of the heat-resistant
nature of these fungi in literature was the
isolation of Byssochlamys nivea from processed
fruit by Olliver and Rendle in the 1930s
(Olliver and Rendle, 1934). In 1963, a heat-
resistant Aspergillus (teleomorph, Neosartorya
fischeri) was isolated from canned strawberries
(Kavanagh et al, 1963) and later two heat-
resistant Penicillium-like species were isolated
from flash-pasteurised apple juice (van der
Spuy et al., 1975) which became later known as
(flavus and  macrosporus). In
addition, other fungal species are now
identified as heat-resistant (e.g., Talaromyces
trachyspermus, Enigl et al, 1993; Talaromyces
helicus and stipitatus, Dijksterhuis and Samson,
2006; Byssochlamys spectabilis, ]. Houbraken,
unpublished results).

Talaromyces

INACTIVATION  OF
FUNGI

HEAT-RESISTANT

Methods

Heat resistance of cells is expressed by means
of the D- and Z-values, as is well documented,
but the exact measurement and calculation of
these values is not so self-evident. Throughout
different studies various attempts are made to
heat ascospore solutions instantaneously,
which is important for an accurate D-value
acquisition. These attempts include small
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sealed vessels that are plunged into water or
oil baths (King and Whitehand, 1990), or a
two-phase slug flow heat exchanger (King,
1997) or spiral steel capillary tubes (Engel and
Teuber, 1991). A simpler method is the
addition of a small aliquots of ascospore
suspension to a larger preheated volume of
fluid. Dijksterhuis et al. (2002) used small
diameter Teflon tubing for sampling of the
heated solution without opening the water
bath. The D-value, the decimal reduction time,
is the time (usually in min) that is needed to
inactivate 90% of the microorganisms at a
given temperature. Ideally, a linear curve will
be obtained when the number of surviving
microorganisms, on a logarithmic scale, is
plotted against time. However, many cases of
non-linear death-rate kinetics are observed
(Put and de Jong, 1982; Splittstoesser and King,
1984, King and Halbrook, 1987). King et al.
(1979) have provided a mathematical method
for these situations. They use the formula:
(logNo — log Ni)~ = kt + C, where «a is a term
that addresses the non-linearity of the death
kinetics, and k equals a rate constant and 1/k is
a measure for the D-value at the used
temperature. Apart from non-linear survivor
plots, tailing is a phenomenon where a small
subpopulation of spores seems to be extra
resistant to heat (Bayne and Michener, 1979;
Casella et al., 1990). One cause of tailing can be
that a small subpopulation escapes proper
heating. Fujikawa and Itoh (1996) modelled the
non-linear thermal inactivation of A. niger
conidia at 60 °C that included a shoulder, an
accelerated decline and a tail. A later report of
Fujikawa et al. (2000) indicated that the conidia
that adhered to the inner wall of test tubes
were the cause of tailing in a test tube system.
To compare heat-inactivation rates at different
temperatures, a second parameter, the z-value,
is used. It denotes the increase or decrease in
temperature needed, respectively, to decrease
or to increase the D-value by a factor of 10. For
A. niger conidia for example, a Dsy of 3.3 min
with a z-value of 4.9 °C implies a Ds: of
approximately 33 min (Baggerman and
Samson, 1988).

Homogeneity of the ascospore suspension
is important for heat-resistance measurements;
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Table 1. Heat resistance of ascospores at different temperatures and medium composition

Fungal species T D-value = Medium Reference
Byssochlamys fulva 86° 13-14 Grape juice 1
8 Tomato juice 2
B. nivea 85° 1.3-4.5 Buffer pH 3.5 3
34.6 15° Brix Strawberry pulp 4
88° 8-9 sec Ringer solution 5
90° 1.5 Tomato juice 2
B. spectabilis 85° ca. 70 Buffer, pH 6,8 6
Eurotium herbariorum 70° 1.1-4.6 Grape juice, 65° Brix 7
Eupenicillium 85° 3.7 15° Brix strawberry pulp 4
javanicum
Monascus ruber 80° 1.7-2.0 Buffers (pH 3.0 ; pH 7.0) 8
0.9-1.0 In brine
Neosartorya fischeri 85° 13.2 Apple juice 9
10.1 Grape juice 9
10-60 In ACES-buffer, 10 mM, pH 6.8 10
10.4 Buffer pH 7.0 9
14.5 15° Brix strawberry pulp 4
15.1 15° Brix apple juice 11
19.6-29.5 Dionized water, pineapple juice and concentrate 12
35.3 Buffer pH 7.0 13
88° 14 Apple juice 14
4.2-16.2 Heated fruit fillings 15
12.4-17.0  Dionized water, pineapple juice and concentrate 12
90° 44-6.6 Tomato juice 2
91° <2 Heated fruit fillings 15
N. pseudofischeri 95° 20 sec 6
Talaromyces flavus 85° 3.3 15° Brix strawberry pulp 4
(macrosporus) 85° 39 Buffer pH 5.0, glucose, 16° 16
20-26 Buffer pH 5.0, glucose 17
88° 7.8 Apple juice 14
7.1-223 Heated fruit fillings 15
90° 2-8 Buffer pH 5.0, glucose 17
6.2 Buffer pH 5.0, glucose 9
6.0 Buffer pH 5.0, glucose. Slug flow heat exchanger 9
2.7-4.1 Organic acids 18
2.5-11.1 Sugar content (0-60° Brix) 18
52-7.1 PH 3.6-6.6 18
91° 2.1-11.7  Heated fruit fillings 15
T. helicus 70° Ca. 20 19
T. macrosporus 85° 30-100 In ACES-buffer, 10 mM, pH 6.8 20
T. stipitatus 72° Ca. 85 19
T. trachyspermus 85° 45 sec 16
Xeromyces bisporus 82.2° 2.3 21

References: 1. Michener and King (1974). 2. Kotzekidou (1997). 3. Aragao (1989). 4. Casella ef al. (1990). 5. Engel
and Tueber (1991). 6. J. Houbraken, unpublished data. 7. Splittstoesser et al. (1989). 8. Panagou et al. (2002). 9.
Conner and Beuchat (1987b). 10. J. Dijksterhuis, unpublished data, strain CBS 133.64. 11. Gumerato (1995). 12.
Tournas and Traxler (1994). 13. Rajashekhara et al. (1996). 14. Scott and Bernard (1987). 15. Beuchat (1986). 16.
King (1997). 17. King and Halbrook (1987). 18. King and Whitehand (1990). 19. ]. Eleveld, unpublished data. 20.
Dijksterhuis and Teunissen (2004). 21. Pitt and Hocking (1982). This is a revised table from: Dijksterhuis, J., and
Samson, R. A. (2006). Activation of ascospores by novel food preservation techniques. In Advances in Food
Mycology (Hocking, A. D., Pitt, J. I, Samson, R. A., and Thrane, U, eds.). Advances in Experimental Medicine
and Biology 571:247-260. Table 1, with kind permission by Springer Science and Business Media.
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no other cell types may mask or deform the
results obtained.

In some studies pre-treatments are done to
kill other cell types in case of very heat-
resistant cells (Reyns et al., 2003). For instance
Byssochlamys (anamorph, Peacilomyces) forms
conidia, chlamydospores and
hyphal fragments in one culture. Further,
counts of suspensions will show
deviations of thermal death kinetics when the
cells of the population stick together. Asci
(ascus; the structures that contain 8 ascospores
and give the Ascomycetes their name) must be
broken effectively to measure proper thermal
death kinetics of single ascospores. Michener
and King (1974) use a French press treatment
for the particularly
Byssochlamys.

To enumerate the surviving colonies, in
many studies, the stain Bengal Rose (typically
10 mg/L) is added to the agar medium. The
stain causes some more distinct boundaries of
the fungal colony (King and Halbrook, 1987)
and in time a nice purple dot is formed beneath
the centre of the colonies; these factors facilitate
the counting of the colonies.

ascospores,

viable

resistant asci  of

Conditions that affect heat resistance

The majority of the studies on heat-resistant
spores in the past is done with respect to
factors that correlate with the extent of heat
resistance. A large part of these studies is
summarised in Table 1 (Modified after
Dijksterhuis and Samson, 2006). Heat
resistance varies with different external and
endogenous factors.

External factors include the presence of
sugar (Beuchat, 1988a; King and Whitehand,
1990; Splittstoesser and Splittstoesser, 1977) in
the heating menstruum, the influence of pH
and the presence of organic acids. The presence
of sugars invariably has a protective action on
the survival of spores within experiments,
while, between studies sometimes confusing
values are acids
counteract heat resistance of ascospores, but
only at low pHs (lower than 4). This is most
prominent for fumaric acid (Beuchat, 1988b;
Conner and Beuchat, 1987a; Splittstoesser and
1977). and Beuchat

seen. Several organic

Splittstoesser, Conner
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(1987a) state that pH, type, molarity of the
undissociated form of the organic acid act
synergistically ~with heat to
ascospores. Benzoic and sorbic acid had also
clear effects on T. flavus and N. fischeri
(Beuchat, 1988b; Rajashekhara ef al, 1998).
Tartaric and malic acid however correlated

inactivate

with a higher heat resistance of spores of B.
fulva. The combination of different factors may
lead to some puzzling variations in heat
resistance observed in literature. For instance,
N. fischeri is more heat resistant in apple juice
compared to grape juice (Conner and Beuchat,
1987a) and both B. fulva and N. fischeri exhibit a
markedly lower heat resistance in cranberry
juice compared to grape, apple or tomato juice
(Splittstoesser and Splittstoesser, 1977). N.
fischeri in 0.1 M phosphate buffer (pH 7.0)
exhibited a far higher heat resistance than in
grape jellies with large amounts of sugar cane
at pH 3.1-3.3 (Beuchat and Kuhn, 1997). B. nivea
and fulva and N. fischeri were approx. twice as
heat resistant in tomato juice (pH of 4.2) as in
phosphate buffer (pH 7.0, 0.1 M, Kotzekidou,
1997).

Endogenous factors that influence heat
resistance are the age of the culture for N.
fischeri, T. flavus and B. nivea (Beuchat, 1988a;
Casella et al., 1990; Conner and Beuchat, 1987b;
Dijksterhuis 2004) that
positively correlates with the resilience of the

and Teunissen,

spores, the composition of the medium and the
growth temperature of the fungus (Conner and
Beuchat, 1987b; King and Whitehand, 1990).
The latter reported higher heat resistance of T.
macrosporus when the fungus was grown on
solid medium. T. flavus showed higher heat
resistance  when grown on oatmeal agar
compared to malt extract agar. Finally, the
individual isolates used showed variation in B.
nivea, T. macrosporus and flavus and N. fischeri
(Bayne and Michener, 1979; Beuchat, 1986;
King and Whitehand, 1990). To our knowledge,
the only study on the nature of heat resistance
was done by Conner et al. (1987). They studied
(11 days) and older (25 days)
ascospores of N. fischeri with different heat
resistance (Ds2 of approx. 23 and >60 min,

younger

respectively). Ascospores showed changes in
the inner cell wall region at the lateral ridge
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during aging. They observed qualitative
differences in extractable proteins, but did not
see changes in fatty acid or lipid content. Older
spores contained 2.8% (dry weight) of mannitol
and 0.6% of trehalose which could not be
measured inside 11-day-old spores. Polyols
and disaccharides may play an important role
protection. Heat
ascospores not only increased with the age of
the fungal culture, but also harvested and

in heat resistance  of

washed ascospores showed maturation in case
of T. macrosporus (ie.,
resistance in time, Dijksterhuis and Teunissen,
2004) when stored at 30° C. This phenomenon
did not occur at lower temperatures (10° C)

increase of heat

suggesting a temperature-dependent acquisi-
tion of resistance.

More reports
ascospores include the fungus Monascus ruber
from brine containing thermally processed
canned green olives (Panagou et al., 2002). The
spores are moderately heat-resistant in a
phosphate buffer (pH 7.0; D7 = 7.1 min) and
not much higher in citrate buffer (pH 3.0; D7 =
7.8 min). In brine (pH 3.8; 5.6% NaCl) the D
was somewhat increased, but the D7s markedly
lowered (4.9 min). In brine with higher salt
content (10.5% potassium chloride) the Do is
markedly higher and the D7 similar as in the
buffer situations. The Dso is lower (0.9-1.0 min)
in the salty environments than in buffer (1.7-2.0
min). Taken together these results show a
complex behaviour of the spores with respect
to the presence of salt in the bathing medium.
At lower temperatures salt is correlated with
an increase of heat resistance, but this effect
inverses at higher temperatures. The author
suggests that potassium chloride might have a
detrimental effect if damage occurs to the
spores. While other heat-resistant fungi show
initial activation of germination by heat, this
behaviour is not reported in this study.

recent on heat-resistant

GERMINATION OF ASCOSPORES AFTER
HEAT ACTIVATION

The phenomenon of dormancy
Dormancy can be regarded as a form of
hypometabolism, which includes any rest
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period or reversible interruption of the
phenotypic  development (Sussman and
Halvorson, 1966). Exogenous dormancy

(quiescence) includes delayed development
due to physical or chemical conditions of the
environment. Constitutive dormancy is a
condition in which development is delayed as
an innate property such as a barrier to the
penetration of nutrients or water, a metabolic
block, or as a result of the action of a self-
inhibitory There are
indications that ascospores of the heat-resistant
fungi described here exhibit
dormancy and need a robust physical signal (as
heat, but also high pressure) for breaking of
dormancy. In most of the studies done on heat-
fungi, spores to
germinate is observed where the number of
viable counts after a short heat treatment is
increased several log cycles (e.g., Byssochlamys
nivea (5 min, 75 °C) , Yates et al., 1968; Eurotium
herbariorum (15 min, 60 °C), Splitstoesser et al.,
1989; Neurospora tetrasperma, (5 min, 65 °C),
Lingappa and Sussman, 1959; Talaromyces
flavus, Katan, 1985; Neosartorya fischeri, Beuchat,
1986; Gomez et al., 1989; T. macrosporus, (7-10
min, 85 °C, Dijksterhuis and Teunissen, 2004).
The fungus T. flavus shows heat activation at 80
and 85 °C and activation is followed by killing
during prolonged treatment at the higher
temperature (Beuchat, 1986). At
temperatures activation fails and only low
numbers of germinated spores are observed.
Recent observations at our laboratory indicate
that with T. macrosporus no activation was
observed on Malt Extract Broth below 60 °C
during a one-hour activation period (J.
Dijksterhuis, When
suspensions of N. fischeri were heated at
different temperatures for 10 min, a very steep
activation (nearly 1000 times) occurred
between 60 and 70 °C (Gomez et al., 1989).
When the cells were dry-heated at relatively
low humidities (50%) at 95 °C for 60 min this
traject was starting at lower temperatures (50
°C) and completed at 65 °C. Both T. flavus and
N. fischeri isolates show marked variations in
the temperature and the extent of heat
activation (Katan, 1985; Splittstoesser et al.,
1993).

compound. clear

constitutive

activation of

resistant

lower

unpublished results).
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The speed of activation

Remarkably, the speed of activation increases
with higher temperatures in the case of T.
flavus, although N. fischeri exhibits constant
rates of heat activation between 70-85 °C
(Beuchat, 1986; King and Halbrook, 1987). In
our laboratory we observed that ascospores of
T. macrosporus added to preheated buffer of pH
6,8 were fully activated within 2 min. Kikoku
(2003) activated ascospores of T. macrosporus in
a citrate-phosphate buffer (pH 6.5) within 100 s
at 81 and 82.5 °C. Shorter activation times were
observed at higher temperatures, namely 60 s
at 86.5 and 87 °C, and 35 s at 91 °C. From these
data the author calculated rate constants of
heat activation (expressed as k), which range
from 1.2 to 4.1/min between 81 and 91 °C. At 84
°C no difference in k was observed between
pH 3.5 or 6.5 (2.9 and 2.8/ min, respectively)
and also in phosphate buffer (pH 6.6) the k
value was 2.8/min. However in grape juice (5
°Brix) a very high k value was observed
(7.7/min). Thus, the presence of the sugars or
organic acids or some other compound in the
fruit juice resulted in a very rapid activation at
this temperature (100% in 20 s). The activation
energy (Ea) of a certain reaction was calculated
using the Arrhenius plot where In (0.23303 k) is
plotted against 1/T. If activation is confined to a
conformational or chemical change of one
compound in the ascospore, for instance a
receptor protein or structures inside the
(plasma) membrane, the Ea reflects the energy
needed to convert 1 mole of such a compound.
Changes in proteinaceous compounds do need
a different energy absorption than lipid
compounds and then the Ea could give clues
about the nature of activation. In case of
systemic changes inside the ascospore, many
different alterations absorb the energy
delivered by the heat and the Ea calculated
does not give much information. Recent
findings suggest that heat activation includes
the release of a protein, alterations of different
fractions inside the cell wall and an increase in
the permeability of the ascospore cell wall (J.
Dijksterhuis, unpublished results). All these
different processes will make a precise
indication of the activation factor with the
Arrhenius plot more difficult.
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Dry heat treatments of ascospores

Apart from heat, also a drying treatment can
result in activation, but differences seem to
occur between species. For N. fischeri the
dormant state can be broken by a drying
treatment of 18h at 40 °C (Beuchat, 1992), but T.
flavus ascospores did not show a release of
dormancy. After a subsequent storage period
under dry conditions (aw = 0.23) up to 30
months or more, the T. macrosporus ascospores
did not need heat activation anymore and
germinated after wetting. Remarkably, in case
of storage in blueberry, grape or strawberry
fruit powders, full activation was obtained
within 8 months of storage, after 20 months in
pineapple powder, but only partial activation
after 30 months in apple powders. As stated
earlier, heating at 50% r.h. (dry heat treatment)
at 95 °C (for 30 or 60 min) activated N. fischeri
ascospores, but the temperature of the wetting
or recovery buffer was crucial for the viable
count obtained (Gomez et al., 1989, 1993). The
latter could hint into a
phenomenon where ascospores are reversibly
brought back into the dormant state. It could
also hint into the direction of imbibitional
damage to the cells where rewetting in a cold
fluid may cause the occurrence of different
phases in the membrane at the same time
resulting in leakage and cell damage (van
Bilsen et al., 1994). Glycerol had a protective
action on the ascospores after drying during
recovery in ice water, which indeed suggests
that these ascospores undergo
imbibitional Surprisingly, water
vapour alleviated the detrimental effect of
temperature on recovery.

Later research of the same group (Gomez et
al., 1994) indicated that the ascospores were
more heat resistant as the relative humidity
had decreased up to four orders in magnitude
compared to the resistance during wet heat.

Recovery in hot buffer (80 °C) was higher
than in cold buffer (0 °C) only in ascospores
that were heated at 30 and 40% RH and subse-
quently vapour treated, but this “recovery”
was interpreted as a result of heat activation.

de-activation

resilient
damage.
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Figure 1. Formation of fruit bodies of the fungus
Talaromyces macrosporus; numerous yellow coloured
ascomata (fruiting bodies) can be observed after 7
(left) and 14 days (right) after inoculation of the
fungus.

Can spores be de-activated?

T. macrosporus is a suitable model system for
the study of heat-resistant ascospore biology.
The fungus has a worldwide distribution and
is a homothallic fungus (forms sexual fruit
bodies without the need of different mating
types) on oatmeal agar at 30 °C (Figure 1).
Ascomata and ascospores can be harvested by
a simple procedure to a dense homogenous
suspension.  The produces
Penicillia with elongated phialides and conidia
(Figure 2). Ascospores do not germinate when
left in malt extract broth for prolonged times.
As stated above, a 7-10 min treatment at 85 °C,
however, results in
synchronisation of germination of the majority
of the cells. HPLC studies showed that these
cells contain very high concentrations of
trehalose, up to 15-20% of the wet cell weight
(that is 24-32% of the dry weight, Dijksterhuis
et al., 2002). The low water content of the
spores (38%) introduces a very high viscosity
inside the spores which is recently measured
by means of EPR (Electron Paramagnetic
Resonance)  studies and  cryo-electron
microscopy  (Dijksterhuis et al, 2007).
Furthermore these cells are encompassed by a
very thick ornamented cell wall (Figure 3) that
is covered with numerous spikes (Figure 4).

fungus also

activation and

A sudden lowering of the temperature or a
reduction of the water content might introduce
a glass transition situation inside the cell. The
glassy state is an amorphous phase
characterized by very low movement speeds of
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the molecules inside the cytoplasm. This state
inside the cell can be considered as a
“biological glass,” a term introduced by
Buitink (2000). Thoroughly dried glasses,
especially those containing
characterised by a high melting temperature
(Wolkers et al., 1998).

Could ascospores
dormancy again when the cytoplasm is
brought into a glassy state, for instance, by
plunging of the cells in liquid nitrogen (a
sudden lowering of the temperature) or
controlled drying below 3% water? We
observed that heat-activated spores when
plunged in nitrogen or kept at 20 °C directly
germinated upon introduction into conducive
conditions (Dijksterhuis and Samson, 2006).
Further, ascospores were dried according to
the procedures used at the CBS, and ascospores
remained dormant after drying and could be
effectively activated by a heat treatment after
resuspension in buffer.

trehalose are

activated resume

Figure 2. Two examples of conidiophores formed by
T. macrosporus as viewed by means of cryo-SEM. Not
the elongated phialides (arrow) and conidia
(arrowhead).

Activated spores, however, germinated
direct-ly upon rewetting, but these cells
showed similar tolerance to the drying
treatment as dormant cells. In addition, these
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cells survived another heat treatment very well
and no additional increase or decrease of cell
numbers occurred compared with undried
activated cells.

This indicated that these cells had retained
their activated state, but still showed heat
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resistance. Both drying tolerance and heat
resistance had decreased markedly after
keeping the cells at 2h at 30 °C. These
combined observations suggest that important
phase transitions of the inner cell may not
change the status of activation.

Figure 3. The ascospores of T. macrosporus as observed by means of transmission electron microscopy. It clearly
illustrates the very thick outer cell wall of the spore which contains different layers and ornamentations (top
right) and deep indentations of the cell wall into the cell (lower right). Photographs taken by Kenneth van Driel,

CBS, Utrecht.

Figure 4. The ornamentations are clearly visible on this freeze break cryo-scanning electron micrograph.
Photograph taken by Jaap Nijsse, Plant Physiology, Wageningen.
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An ecological function for heat resistance?
The ecological function of heat activation is
unknown, but could be related to survival of
fungal cells after fires followed by a rapid
colonisation of soils. Talaromyces is a fungal
genus isolated from soil worldwide (Fravel and
Adams, 1986) and postfire ascomycetes are
described before as Daldinia loculata, a fungus
that produces fruit bodies on trees killed by fire
(Johannesson et al., 2000; Guidot et al., 2003).
Remarkably, this fungus produces ascospores
that germinate through a stage including a
sudden opening of the thick outer cell wall,
which enables the germ tube to grow out
(Beckett, 1976a,b), which is similar to the
phenomenon of prosilition in case of T.
macrosporus (see below).

Indeed, activated germinating spores could
quickly fill empty ecological niches that are
formed as a result of the fire. Fire-related
germination is well known with plant seeds
(e.g., Eucalyptus), but attempts at our
laboratory to activate T. macrosporus with
smoke extracts, as is observed in case of plant
seeds (Flematti et al., 2004) failed. It is also
possible that heat activates spores because it
results in changes in the cell that are also
addressed by the still hidden activation signal
in nature.

A last possibility might be that the
dormancy of these ascospores works as a clock
to enable the spores to survive long periods
and henceforth these spores can be regarded as
“dispersed” in time.

BREAKING THE DORMANCY BY ULTRA-
HIGH PRESSURE

Ascospores can be activated by a novel non-
thermal activation method

Heat treatment of food products is a classical
and very important method for preservation,
but it also influences firmness, taste and
vitamin content. Modern consumers tend to
prefer “fresh” food and therefore shorter
lower temperatures gain
popularity. In addition, a new generation of
non-thermal preservation techniques is under
development (Barbosa-Canovas et al., 1998;

treatments at
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Smelt, 1998). One of these alternative methods
is the application of high pressure that results
in death of microorganisms, but structure and
vitamin content of the food stay relatively
unchanged.

Vegetative (growing) microbial cells are
sensitive to high-pressure treatments at 200-400
MPa (0,1 MPa = 1 bar, Barbosa-Canovas ef al.,
1998). Fungal and Dbacterial spores are
inactivated at much higher pressures (Maggi et
al., 1994; Butz et al., 1996; Wuytack et al., 1998)
and ascospores of B. nivea are inactivated
above 600 MPa combined with high
temperatures (60 °C, Butz et al., 1996), but these
treatments were more effective when the
treatments were repeated shortly after each
other (designated as oscillatory treatments,
Palou et al., 1998). Since pressurization is
already commercially used to pasteurize fruit
juices and other products, pressure resistance
of these fungi is of relevance for the food
industry.

Two independent recent studies showed
that ascospores of T. macrosporus were
activated by high-pressure treatments (Reyns et
al., 2003; Dijksterhuis and Teunissen, 2004).
Both studies showed that even a very short
treatment at high pressure caused maximal
activation. Dijksterhuis and Teunissen (2004)
observed full dormancy after 200 MPa
treatments and activation of part of the spores
(up to 7% of the cells) between 400 and 800
MPa, while Reyns et al. (2003) observed partial
activation at 200 MPa and full activation at 600
MPa following 15 seconds of treatment. The
following aspects seem important for this
difference. Firstly, the cultivation of the fungus
was different including temperature, medium
and harvesting time of the ascospores.
Dijksterhuis and Teunissen (2004) report that
the age of the fungal culture during harvesting
of the ascospores correlated with the heat
resistance and that considerable increase of
heat resistance occurred between 20 and 40
days of culturing.

So, the combined results of the papers hint
in the direction that the extent of maturity of
the ascospores may also influence the ability of
the cells to remain dormant (see Dijksterhuis
and Samson, 2006). Further, Reyns et al. (2003)
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had a pre-treatment of the ascospore
suspension for 20 min at 65 °C to kill the
vegetative cells. In a buffer at a pH 6,8; this
treatment will not activate ascospores, but 70
°C gives a strong increase of germination (J.
Dijksterhuis, unpublished results). At lower
pH (3.0), Reyns et al. (2003) observed that near
complete activation occurs after the heat
treatment at 65 °C. At our laboratory we
observed activation at even lower temperatures
in low pH solutions (J. Dijksterhuis,
unpublished results). Thirdly, the actual high-
pressure treatments are done in a buffer
(Dijksterhuis and Teunissen, 2004, 10 mM
ACES, pH 6,8) or in distilled water (Reyns et
al., 2003). It is known that these treatments
lower the acidity of the medium temporarily,
which will be less extensive in a buffer and also
this could have an effect on activation.
Dijksterhuis and Teunissen (2004) performed
cryo-electron microscopy on the spores and
observed changes of the cell wall after short
treatments at 600 MPa, where Reyns et al.
(2003) illustrated that treated spores collapsed
after air drying, while untreated spores
maintained their shape. These observations
indicate that structural changes occur in the
cell wall and that these have a direct influence
of the process of activation.

All these factors learn that activation of the
ascospores of T. macrosporus is influenced by
many different cues and that profound
knowledge will be needed of activation and
germination in order to tackle the growing
problem of heat-resistant fungi in food
products.

The relation between different treatments

Ascospores of Eurotium herbariorum (also
sometimes designated as E. repens) are mildly
heat resistant (Splittstoesser et al., 1989). Eicher
and Ludwig (2002) showed that 8% of these
spores were activated from dormancy after 60
min at 200 MPa (and not above or below these
pressure  values, H.
communication) and that 50% germinated after
8 min at 60 °C. After 18 hours, approx. 15% of
the cells showed signs of germination at room
temperature. Ascospores that were heat
activated (15 min, 60 °C) were more sensitive to

Ludwig, personal
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a subsequent high-pressure treatment at 500
MPa and the effect was much stronger when
the heat treatment was applied immediately
after pressurization. The spores recovered ten-
fold during storage at 20 °C in an isotonic salt
solution; a phenomenon designated by the
authors as “re-stabilisation.” When pressuri-
sation was first (500 MPa, 30 min), heat
activation did not enhance germination, but
slightly reduced viability. A pause between
these treatments reduced the counts further.

These relations between treatments indicate
that germination and inactivation are complex
phenomena ruled by many different
parameters. In case of T. macrosporus, full heat
activation occurred after short treatments at
800 MPa (Dijksterhuis and Teunissen, 2004).
However, the experiments of Reyns et al. (2003)
show clear heat sensitivity of ascospores for the
activation heat treatment (30 min, 80 °C) after
all pressure treatments at 600 MPa and 700
MPa.

Figure 5. Ascospores of T. macrosporus exhibit a
strong autofluorescence in a broad range of
excitation wavelengths. Top panel shows two focal
planes through the spores, illustrating the spikes on
the surface of the cell wall. The lower panel shows
prosilited ascospores with ruptured cell walls where
ejection has taken place (for an image with
transmitted light, see the inset).
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HEAT-RESISTANT ASCOSPORES OF
TALAROMYCES MACROSPORUS

Heat activation is as earlier stated a process
that includes different mechanisms including a
change in permeability in the ascospore cell
wall (J. Dijksterhuis ef al., in preparation) and a
possible influx of water into the inner cell.
Upon heat treatment, the
trehalose is degraded by a high trehalase

disaccharide

activity and the product of hydrolysis, glucose,
is accumulated inside the spore, but resides
inside the cell for only a very short time
(Dijksterhuis et al., 2002). Then it is released
into the bathing medium till no glucose could
be detected inside the spore after breaking of
the cells. These observations,
massive release of glucose from the
germinating cell. It is not clear if glucose
transporters are involved in this process, the

indicate a

spores show only very low respiration during
these stages of germination (Dijksterhuis et al.,
2002).

After 150 min or more the inner cell jumps
through the outer cell wall, which becomes
ruptured. The emptied outer cell wall remains
attached to the protoplast
encompassed by the inner layer of the
ascospore cell wall by means of a third, fibrillar
layer (Dijksterhuis et al., 2007). This process is
very sudden, it only takes a second or less, and
is termed prosilition (Latin: prosilire, to jump
out). After this remarkable phenomenon, the
respiration of the cells increases strongly and
isotrophic growth (swelling) is followed by
polarised growth (germ tube formation). The
time needed from heat activation to germ tube
formation is approx. 7 hours following the heat
treatment. Figure 5 shows prosilited and
unprosilited cells by means of the fluorescence
microscope.

Recently, prosilition was also confirmed in
species of Talaromyces
stipitatus, T. helicus and T. bacillosporus.
However, ascospores of Neosartorya species
seem to germinate by a slow separation of the
two shell-like ornamented halves and
subsequent formation of a germ tube.
Apparently, the two genera show different
modes of ascospore germination.

which is

other namely T.
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HEAT-RESISTANT ASCOSPORES OF
NEUROSPORA

Earlier studies on Neurospora tetrasperma
One of the most important model systems in
fungal biology is Neurospora crassa and the very
related N. tetrasperma forms ascospores that
survive temperatures at and above 60 °C for
long times (> 1 h) and these ascospores do need
a “heat flash” (65 °C, 5 min) for activation of
germination (Lingappa and Sussman, 1959).
These ascospores are not relevant in the food
context, but research on these spores is done in
the past and summarised here. After heat
activation the spores can be best grown at 27
°C. During this incubation the heat resistance
of the spores decreases. The latter is also the
case when the exospore (the thin outer layer of
the spore cell wall, which is actively shed
during germination) is removed by using
Clorox, but it was not clear if the compound
itself did have side effects (Lingappa and
Sussman,  1959).
compounds including furfural and phenetyl-
alcohol were able to break the dormancy of
these spores (Eilers and Sussman, 1970). It was
observed that furfural was taken up by the
ascospores and that the compound bound to
the cell wall of the spores. In 1976 Sussman
hypothesized that these compounds may act
by causing an alteration in lipid moieties of the
spore and thereby break dormancy.

Upon
ascopores is rapidly degraded, which was at
that time interpreted as storage
compounds usage for energy metabolism and
biosynthesis. Hecker and Sussman (1973)
suggested that the trehalase needed for this
degradation was associated with the inner cell
wall of the ascospore which was based on
immunofluorescence (where the
cytoplasm had a strong autofluorescence) and
the observation that trehalase was stabilised,
that means protected from drying followed by
a heat treatment, by cell wall preparations of
the spores (and also by a fraction of it).
Belmans ef al. (1983) observed that the
activation temperature of N. tetrasperma
ascospores shifted upwards with 4K/100 MPa
(1000 bar) during high-pressure treatment.

Remarkably,  chemical

activation trehalose inside the

carbon

studies
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They argued that this is typical for proteins
and not for lipids, which have melting
characteristics from 20 K/100 MPa and
concluded that the activation trigger in these
spores is transduced by a protein
conformational change.

Later studies

During sexual development in N. crassa
(perithecium development and also ascospore
germination) the amount and also composition
of the fatty acid population in cultures changes
(Goodrich-Tanrikulu ef al., 1998). In developing
asci oleate (18:1) becomes the predominant
fatty acid, while vegetative tissue contains
mostly linoleate (18:2). The amount of polar
lipids inside ascospores before heat activation
was 8 pg/spore on a total fatty acid content of
44 pg/spore. In the first 6 hours after activation,
the amount of linoleate increases markedly in
the polar lipids. The content of triacylglycerol
inside spores increases from 60% of the total to
a maximum of 80-90% between 3 and 12 h after
activation (after 4-6 the first hyphal tips appear
from the spores in N. tetrasperma). Upon
activation, ascospores show a biphasic increase
in respiration. The first phase lasts 90 min and
is independent of (mitochondrial and
cytoplasmic) protein synthesis. Radioactive
methionine is incorporated into the spores only
after 90 min when the first signs of germ tube
formation occur (Hill et al., 1992) and the
second stage of increase in respiration starts.
However, it is possible that the spores do not
take up the labelled compound while the cell
wall is not permeable. Isolated mRNA was
hybridised with c¢DNA for mitochondrial
ATPase. In dormant cells some transcripts
were present, but had disappeared at 30-90
Then transcription
obviously started as judged by reappearance of
mRNA. In study, germinating
ascospores were exposed to a heat shock. Only
cells reacted with accumulation of hsp30 after
480 min, cells at 90-300 min did not react
(Plesofsky-Vig et al., 1992).

All these data suggest that ascospores
germinate  through and initial stage
characterised by respiration and
biosynthesis of proteins and nucleic acids.

min after activation.

another

lower
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Recent studies on T. macrosporus ascospores
show that also these spores exhibit such a
stage, which is also characterised by high
internal viscosity of the cytoplasm, which
drops suddenly after prosilition (Dijksterhuis ef
al., 2007). Obviously, the very stress resistant
ascospore needs time to renormalize to a
vegetative cell as the cell constituents become
“less protected.”

FUTURE DEVELOPMENTS

Heat-resistant ascospores remain a concern in
food industry due to minimal processing of
food products. More recently, these fungi are
also reported from raw pectin and dairy
products,
occurrence is increasing. More research has to
be done on the precise mechanism of
germination to find alternative methods to
prevent spoilage with these fungi. Apart from
this, these unique resistant eukaryotic cells

which may mean that their

may give new insights in unique ways of
protection of biological compounds.
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Part 3

FUNGI AND MYCOTOXINS

Safety of food products remains in the centre of attention and a
considerable part of all food is lost due to spoilage. The release of toxic
components in food during spoilage is one of the most important aspects
of food mycology. Fungi are very avid producers of many different
complex secondary metabolites and among them are some of the most
carcinogenic compounds produced in nature. Unfortunately, more and
more of these compounds are identified to date. Many debates have taken
place on the topic of the lowest allowed concentrations of certain toxic
compounds in food. Magan and Aldred discuss in Chapter 7 the influence
of the environment on fungi to bring them to mycotoxin production. They
highlight possible reasons why fungi do produce these compounds and
address the question how the presence of other fungal species does alter
the production pattern. In Chapter 8, Frisvad, Thrane and Samson provide
a list'of mycotoxin producers. The basic thrust in this chapter is the
observation that fungal species produce a very species specific cocktail of
secondary metabolites that can be either toxic or non-toxic. Therefore,
taxonomy of the fungal species must be very sound. In literature there are
many examples of mycotoxin producers that are wrongly labelled in the
light of the current knowledge. This chapter addresses this problem and

delivers an updated list of which fungus produces which toxin.
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Why do fungi produce mycotoxins?

Naresh Magan and David Aldred

Applied Mycology Group, Biotechnology Centre, Cranfield University, Silsoe, Bedford MK45 4DT, U.K.

INTRODUCTION

Fungi are ubiquitous in nature and have
evolved over time to colonise a wide range of
ecosystems. Part of this evolution process has
been the development of the ability to produce
a range of extracellular chemicals known as
secondary metabolites. Many fungi have been
responsible for the production of very useful
secondary metabolites with pharmaceutical use
(e.g., penicillin, cyclosporin, the statin group)
as well as those which are considered to be
toxic. This group is known collectively as my-
cotoxins. Two of these are classed as 2B car-
cinogens (aflatoxin, ochratoxin). Others such as
the trichothecenes, zearalenone, patulin and
fumonisins are important agents in relation to
contamination of human food and animal feed.

Secondary metabolites may be defined as
those products produced by microorganisms
(and other “lower” organisms) that are not
directly essential for growth (Betina, 1994).
They may therefore be further defined as those
metabolic products that have no known role in
the “internal economy of the producer” (Wil-
liams, 1994). This contrasts with primary me-
tabolism which may be defined as: “a summa-
tion of the interrelated enzyme catalysed reac-
tions which are essential to growth by provid-
ing energy, synthetic intermediates and key
macromolecules” (Betina, 1989).

Secondary metabolites, including mycotox-
ins, have previously been considered to be
somewhat “exotic” and poorly understood
chemical substances. An understanding of this
enigmatic group of chemicals is especially
important in the case of the mycotoxins, be-

cause of the special threat they can pose in the
human food production chain. Some studies
refer to these as extrolites, of which hundreds
can be produced by different spoilage fungi
and which have been successfully used to aid
in identification and differentiation of related
species by using micro-extraction techniques
(Frisvad and Filtenborg, 1983, 1989; Smeds-
gaard, 1997).

Secondary metabolites are produced by
both major groups of microorganisms — the
bacteria and fungi — with the most well-known
examples produced by the actinomycetes (bac-
teria) and the ascomycetes and deuteromycetes
(fungi). Many hundreds of secondary metabo-
lites are known, with many more undoubtedly
still to be discovered. Indeed, individual mi-
crobial species may be capable of producing
large numbers of metabolites, and the profile of
production may change under different growth
conditions, such as nutrient status and water
availability. Figure 1 shows patterns of secon-
dary metabolite production for the phyl-
losphere-dwelling fungus Epicoccum nigrum
when grown on a range of different solid sub-
strates.

Secondary metabolites from the “higher”
fungi (basidiomycetes) also exist, but are less
well known because of the general difficulty of
culturing this class of fungi in the laboratory.
These metabolites may represent a largely
untapped resource of useful chemical sub-
stances (Aldred et al., 2005).
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Figure 1. Profile of secondary metabolites obtained from Epicoccum nigrum when grown on a range of solid
substrates and analyzed by HPLC with photodiode array detection. Secondary metabolites are quantified by
mean peak area (absorbance units). Key to substrate treatments: Med A: Medium A (confidential growth me-
dium developed by Xenova Ltd.) OSR: oil seed rape, WF: wheat flakes, S: trace nutrient supplement, P: perlite
(moisture retainer), CC: couscous, M: millet, SW: shredded wheat (breakfast cereal) (adapted from Aldred et al.,

2005).
ROLE OF SECONDARY METABOLITES

There has for decades been a debate about
what, when and why microorganisms produce
secondary metabolites. There is still significant
discussion about the origin, purpose and sig-
nificance of products of secondary metabolism.
Classically, primary metabolism has been de-
fined as “a summation of the interrelated en-
zyme catalysed reactions which are essential to
growth by providing energy, synthetic inter-
mediates and key macromolecules” (Betina,
1989). They are normally bioactive molecules
formed from unique, often elaborate biosyn-
thetic pathways using the intermediates of
primary metabolism, e.g., amino acids, sugars
and nucleosides and central pathway interme-
diates (Vining, 1986). The enzymes of secon-
dary metabolites are unique to these processes
with substrate specialities markedly different
from those of primary metabolism. Production

is by ordered sets of genes associated with
special regulatory mechanisms that control
both timing and level of gene expression. Con-
trol mechanisms are usually integrated with
the physiology of the producer organism.

The greatest area of debate has been the
role that such secondary metabolites serve to
the producing organisms (Aharonowitz and
Cohen, 1985). Some have suggested them to be
“reserve products” or “detoxification prod-
ucts” (Vining, 1986), although others have
quite rightly pointed out that they are ex-
tremely toxic (Haslam, 1986), and it is certainly
unclear which chemicals are being detoxified
in these suggested processes. Others workers
have put forward the idea that secondary me-
tabolites are produced when conditions no
longer allow balanced growth. For example,
under conditions of specific nutrient depletion,
they have been described as “shunt” or “over-
flow” metabolites that reduce abnormal con-
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centrations of normal cellular constituents in
adverse conditions (Haslam, 1985a,b; 1986).
Similarly Ratledge (1993) suggested that the
products themselves are largely irrelevant, but
that the processes involved in production allow
the continuation of metabolic activity and the
turnover of enzyme systems under abnormal
growth conditions. However, Williams ef al.
(1989) extended the view that primary metabo-
lism is itself far too finely tuned for these ideas
to be acceptable.

The more modern view of secondary me-
tabolites including mycotoxins is that the
products may confer some selective advantage
to producers in the natural state (Williams,
1994). Vining (1986) adapted this view and has
described their functionality as falling into two
groups: (a) extrinsic functions — those that
impinge on growth and reproduction of other
microorganisms in the immediate environ-
ment; (b) intrinsic factors — those that benefi-
cially affect growth, physiology and reproduc-
tion of the producer organism. Secondary me-
tabolites with extrinsic functions would in-
clude the antibiotics classes and the mycotox-
ins. Secondary metabolites with intrinsic func-
tions may, for example, be concerned with the
sequestering of limiting nutrients from the
immediate environment.

In fact, much has been written on the view
that secondary metabolism is a process that
must in some way benefit the producer, and the
most pertinent points are summarised below:

O Secondary metabolites are frequently pro-
duced by long, complex biosynthetic
pathways (often 10-40 steps) and are ex-
tremely expensive energetically. They
must therefore have been actively selected
for, indicating an intrinsic competitive
benefit to the producer (Williams, 1994).

O Binding of secondary metabolites to recep-
tor molecules is often extremely sophisti-
cated with a complementarity approach-
ing that of enzyme-substrate binding. This
also points to evolutionary selection of ad-
vantageous characteristics (Maplestone et
al., 1992).

O All antibiotics so far studied are produced
by genes organised into clusters often in-
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cluding regulatory and auto-resistance
genes. Gene clustering is usually strong
evidence of evolutionary selection of genes
(Stone and Williams, 1992).

O Secondary metabolism is exhibited by
lower organisms lacking an immune sys-
tem. It can therefore be viewed as replac-
ing such a system in these organisms.

O Microorganisms living in harsh environ-
ments (where there is little competition),
and nutritionally rich
(where there is always an excess of nutri-
ents) generally do not produce secondary
metabolites (Vining, 1990; Demain, 1992).

O The general observation that secondary
metabolism is regulated to commence
when balanced growth is no longer possi-
ble may reflect a specific “switching on” of

environments

various survival strategies at a time when
the environment is becoming hostile and
competition is at its greatest (Maplestone,
1992).

Janzen (1977) extends these ideas of com-
petitive advantage even further by suggesting
that toxic metabolites (e.g.,, mycotoxins) and
other “objectionable” substances are elaborated
onto substrates by microorganisms to prevent
their utilisation by other organisms (including
man). Lillehoj (1982) has further suggested the
importance of ecological imbalance as a stimu-
lus for secondary metabolite production and
cites the example of high mycotoxin produc-
tion in monoculture crops both pre- and post-
harvest.

Secondary metabolite production is ener-
getically expensive and thus is physiologically
regulated in response to environmental factors
(Vining, 1990). It is usually suggested that in
liquid submerged culture secondary metabo-
lism often occurs during the idiophase when
active growth as ceased, often due to nutrient
exhaustion. Others have reported specific regu-
lation exerted by the presence of readily utiliz-
able carbon sources such as glucose and nitro-
gen sources such as ammonia and phosphate.
This mechanism is known as catabolite repres-
sion. The mechanism appears to operate by
repression of the enzymes of secondary me-
tabolites, therefore working at the level of
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DNA transcription. In laboratory systems this
type of regulation is lifted when the substance
is exhausted and results in the onset of produc-
tion as a direct response to changes in envi-
ronmental conditions. This is very important
since it indicates that for some secondary me-
tabolites (perhaps including mycotoxins) pro-
duction is specifically switched on by the initia-
tion of stress (e.g., nutrient depletion) condi-
tions. This is one of the most compelling pieces
of evidence which supports the idea that sec-
ondary metabolism is initiated for the purpose
of conferring a competitive advantage to the
producer. The key point here is that energy
expensive biosynthetic processes are being
switched on at a point where nutrients are
becoming scarce. The most plausible explana-
tion for this observation is that the chemicals so
produced play a vital role in the survival of the
organism. The fact that we often fail to recog-
nise the specific role played by these sub-
stances probably reflects our lack of under-
standing of the ecology and physiology of
microorganisms in natural conditions.

However, not all secondary metabolite
systems respond to nutritional signals in this
way, and many are probably regulated by
other signals which may be very specific to the
role played by the metabolite once it is formed.
Further, the traditional view of secondary
metabolites only being produced during later
growth is certainly not supported by studies
with mycotoxigenic species. For example, natu-
ral strains can be found that produce a my-
cotoxin concomitant with growth, e.g., afla-
toxin producing strains of A. flavus (Gendloff et
al., 1992). In fact, there is a significant body of
evidence that suggests that fungi produce
mycotoxins rapidly and during the linear
phase of active growth. This is further influ-
enced by the prevailing environmental factors
and nutritional status of the food matrix.

MYCOTOXIN PRODUCTION BY FUNGI IN
RELATION TO ENVIRONMENTAL STRESS

The ability of fungal species to colonise and
occupy specific ecological niches is determined
by their capacity to effectively compete against
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other microorganisms which make up the
community. Fungi compete very directly with
each other for resources by releasing extracel-
lular enzymes into their immediate environ-
ment. This will further be impacted upon by
other important factors such as temperature,
water availability, gas balance and pH. Stress
factors may be long-lived or transient resulting
in a dynamic fungal community structure in a
state of flux. To overcome such changes fungi
use different primary strategies to survive and
prosper in different ecological niches. They can
use combative (C-selected) strategies, e.g.,
Trichoderma species, xylariales and basidiomy-
cetes, which maximise occupation and exploi-
tation of food matrices in relatively unstressed
and undisturbed conditions and where recalci-
trant compounds such as lignin needs to be
degraded; stress (S-selected) strategies which
allow survival and endurance of continuous
environmental stress, e.g., Zygosaccharomyces
rouxii, Eurotium, Penicillium and Aspergillus
species; and ruderal (R-selected) strategies, e.g.,
Rhizopus, Mucor species, characterised by spe-
cies with a high reproductive potential and
shortlife span which facilitates successful ex-
ploitation in severely disturbed but nutrient-
rich conditions. These three can merge to result
in secondary strategies (C-R, S-R, C-5, C-5-R)
which form part of a continuum with some
transition between them. The main attributes of
these three primary groupings are summarised
in Figure 2. A key component of fungi which
use S- and C-selected strategies to occupy eco-
logical niches is secondary metabolite produc-
tion. When trying to understand the reasons
why fungi produce such metabolites, this must
be borne in mind. Furthermore, interactions
between fungi, occupation and dominance in a
specific niche could all be influenced by
whether mycotoxins are produced. Thus, the
possible role of such secondary metabolites
must be considered in a wider ecological con-
text.

Many studies on production of mycotoxins
by spoilage fungi, especially in culture or in
naturally contaminated food products have
involved quantification at a single point in
time.
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Stress-tolerant species
Persistent as long as stress conditions
maintcined.

Subject to replocement if

stress alleviated.

Mot necessarily of rapid growth,
spore germination or reproduction
rates.

Good enzyrnatic competence.

Epherneral.

Ruderal species

Often capable only of utilizing
edsily assimilable resources.
Rapid and sometimes total
commitrnent to reproduction.
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Combadtive species
Fersistent, long-lived.
Capable of defending captured
resources.

With or without rapid growth and
spore germination.

Slow or intermittent reproduction.
Good enzymatic competence.

Figure 2. Summary of attributes of fungi in relation to the three major ecological strategies employed by fungi

(adapted from Cooke and Rayner, 1984).

This often gives no idea of the temporal
production rates and the conditions under
which they were produced on often nutrition-
ally heterogeneous food matrices. In nature, for
fungi to compete effectively in a mixed micro-
bial community they often have to be very
competitive to become established. Thus, rapid
early production of mycotoxins could be one
way in which they are able to spatially retain a
competitive edge in a range of fluctuating
conditions. Recent studies by Puel ef al. (2005)
show that mycophenolic acid kinetics by Bys-
sochlamys nivea was correlated with biomass
with rapid early production in the first 10 days,
increasing over 30 days before decreasing,
probably due to nutrient exhaustion. These
studies were conducted in defined liquid cul-
ture only. However, they do not support the
view that mycotoxins are produced solely in
late exponential and stationary phase. They
must be produced earlier for an ecological
reason as part of an overall strategy to colonise
food matrices.

If fungi colonise a matrix where there is no
competition then they still often produce my-
cotoxins very rapidly, in spite of the traditional
view that they are only produced when the
nutrients have been exhausted. Thus colonisa-
tion and mycotoxin production are related but

often there are differential optima for these two
parameters. For example, P. verrucosum grows
optimally at 25 °C and 0.98 water activity (aw)
while it produced OTA (ochratoxin A) opti-
mally at 25 °C and 0.95 aw indicative of the
influence of water stress. Figure 3 shows the
temporal production of ochratoxin by a strain
of P. verrucosum on irradiated wheat grain
under marginal and optimum temperature and
water availability levels. Recent studies of
Aspergillus carbonarius, a member of the Asper-
gillus section Nigri group, on grape-based me-
dia also showed that optimum growth was at
30-35 °C and 0.99-0.98 aw (Mitchell et al., 2004).

In contrast, many European isolates pro-
duced OTA optimally at 15-20 °C and 0.95 aw.
They also produce OTA very rapidly (within 5-
10 days) after initial growth, again suggesting
an important role in primary and secondary
strategies for colonisation of the food matrix
(Belli et al., 2004; Esteban et al., 2004). This sug-
gests that when a species is impacted by fluc-
tuations in environmental stress, particularly
drought stress, then conditions are marginal
for growth, and these fungi are often stimu-
lated to produce higher titres of mycotoxins,
even in the absence of competition
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Figure 3. Temporal production of ochratoxin A by a
strain of Penicillium verrucosum (OTA11l) on wheat
grain at 25 °C under four different water availabil-
ities.

for space in a particular niche. Recent studies at
Cranfield have examined the partitioning of
OTA between spores, biomass and medium for
A. ochraceus and A. carbonarius species from
Europe. These studies showed that while for A.
ochraceus, 60% of the OTA was in the biomass,
and about 20% was in the spores and the me-
dium. In contrast for many A. carbonarius iso-
lates under optimum temperature and water
availability conditions (20 °C, 0.98-0.95 aw) at
least 60% of OTA was in the spores, 30% in the
mycelial biomass and 20% in the medium
(Mitchell, Magan and Aldred, unpublished
data). This suggests that different mycotoxi-
genic species may have different patterns of
partitioning of such metabolites into mycelium,
spores and substrate. Perhaps abiotic or biotic
stress impacts physiologically in a similar way
and results in expression of genes or gene
products for the biosynthesis of mycotoxins.
Other stresses, especially the application of
fungicides to crops, have also been shown to
result in an impact on mycotoxigenic species
and influence mycotoxin production. Fungi-
cides and fungistats can effectively inhibit
germination and growth of fungi which pro-
duce mycotoxins, e.g., Fusarium culmorum, F.
graminearum, P. verrucosum. However, where
control is only partial and allows some growth
then sometimes a stimulation in mycotoxin
production has been observed. For example,
Magan et al. (2002) found that suboptimal con-
centrations of triazole fungicides stimulated
production of DON (deoxynivalenol) by F.
culmorum isolates from different parts of
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Europe, especially when combined with re-
duced water availability. F. graminearum strains
have also been shown to be stimulated to pro-
duce more DON on wheat grain compared to
untreated controls (Ramirez et al., 2004), al-
though some liquid culture studies with addi-
tion of fungicides suggest that this does not
occur (Nicholson, 2004). However, the liquid
fermentation studies did not consider interac-
tions with other abiotic stresses and they are
very different from those in natural ecosystems
where active colonisation of a solid substrate is
required by foraging hyphae colonising the
food matrix and releasing enzymes as well as
mycotoxins to enable effective establishment to
occur. Such fundamental differences in growth
conditions can be expected to impact signifi-
cantly on secondary metabolism production
patterns.

Food preservatives are predominantly
fungistats as apposed to fungicides and their
use is being reduced because of consumer
pressure. However, it has been shown that
while at the recommended levels they are ef-
fective in bakery products, at intermediate
levels (<0.3%) they can result in stimulation of
growth and in some cases mycotoxin produc-
tion. Recent work suggests that interaction
between environmental factors and calcium
proprionate and potassium sorbate can result
in a differential effect on growth and ochra-
toxin production by P. verrucosum on bread
analogues (Arroyo et al., 2005). Similar results
have been obtained by Marin et al. (2002) in
relation to a range of spoilage moulds. This
suggests that where substitution is made with
antioxidants or natural preservatives, e.g.,
essential oils, then potential for such stimula-
tion must be considered as well as impacts on
shelf-life of food products.

There is some correlation between hydro-
lytic enzyme production, growth and my-
cotoxin production as the latter is dependent
on extracellular enzyme production, estab-
lishment and colonisation. Figure 4 shows the
increase in specific activity of one hydrolytic
enzyme (n-acetyl-B-D-Glucosaminidase) in
wheat-based media in relation to colonisation
and OTA production by P. verrucosum. This
shows that enzymes are produced rapidly
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during the first 5-10 days, followed by produc-
tion of OTA. Thus a sequential series of events
occurs to enable the fungus to become estab-
lished and then perhaps retain possession of
territory gained.

1200

1000 |
—e—097 8,
B 004 |a—ass
£ —a—093
S a00 o
g
L 00 |
2
g 200 |
=
0 r— T
0 5 0 15

120

100 |
T %
2
=

60 |
<
o
«
g 40 ]
o
2 w.J

0 A——k T T )

Time (days)
Figure 4. Comparison of hydrolytic enzyme produc-
tion (n-acetyl-B-D-Glucosaaminidase) and ochratoxin
production by a strain of P. verrucosum growing on a
wheat matrix at different water availabilities.

Recently, some elegant studies have been
conducted in relating molecular monitoring of
the impact of environmental conditions influ-
encing induction of OTA biosynthesis genes in
Penicillium nordicum (Geisen, 2004). Real time
PCR (polymerase chain reaction) specific for
OTA polyketide synthase gene (otapksPN) for
P. nordicum demonstrated the induction of the
transcription factor correlates with biosynthesis
of OTA. Thus the induction of the molecular
signal can be used to support the production
kinetics of mycotoxins in the environment. The
kinetics using this approach supports the early
synthesis of OTA, within 3-5 days. The effect of
temperature, pH, and ionic solute concentra-
tion all showed a parallel expression of
otapksPN gene and OTA production. Interest-
ingly, while this occurred for pH and ionic
solute stress, there was less relationship be-
tween expression and OTA production and
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temperature (15 to 30 °C). It was speculated
that temperature has less effect on otapksPN
gene expression although it does have an im-
pact on OTA production. The maximum
amount of ionic stress imposed was 50 g/l
which only equates to about 0.975 water activ-
ity. Penicillium species, especially P. verrucosum
grow and produce OTA over a much wider
range than this (Sanchis and Magan, 2004;
Cairns-Fuller, 2004; Cairns-Fuller ef al., 2005).
Thus an opportunity does exist to use this
approach to confirm the role of mycotoxins in
ecological competitiveness during colonisation
of food matrices and gain territorial advantage.

It is interesting to note that sometimes
fungi are able to break down mycotoxins if
necessary and synthesise more when required.
For example, A. carbonarius produces OTA over
5-15 days then there is a decrease followed by
another cycle of production. Abrunhosa et al.
(2002) found that a range of fungi isolated from
grapes could degrade OTA produced by A.
carbonarius. Varga et al. (2002) showed that
OTA can be degraded by Aspergillus species.
Recently, Varga et al. (2005) have also demon-
strated the capacity of Rhizopus species to de-
grade a range of mycotoxins. For example, they
could degrade 95% of OTA in 16 days, even on
moist wheat. This suggests that depending on
the ecological conditions and the strategy for
competitive exclusion of competitors, enzyme
systems may be activated to enable such deg-
radation pathways to be instituted.

ECOLOGICAL INTERACTIONS BETWEEN
SPOILAGE FUNGI AND MYCOTOXIN PRO-
DUCTION

Mycotoxigenic moulds do not occur in an eco-
logical niche alone. They are often part of a
diverse community of microorganisms in
which they need to compete effectively, and
sometimes exclude other species from colonis-
ing territory by using a range of strategies as
detailed previously. One such strategy must
include the rapid production of the necessary
hydrolytic enzymes to gain access to the nutri-
ents and then produce activate synthesis of
mycotoxins to maintain a hold on territory.
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Recent innovative studies have shown that
Penicillium species can produce quorum sens-
ing (QS) inhibitors which can affect the func-
tioning of bacteria such as Pseudomonas aerugi-
nosa. Microorganisms exist in mixed consortia
and this study has shown that penicillic acid
and patulin were two metabolites which were
biologically active and significantly affected
the QS-controlled gene expression of Ps.
aeruginosa (Rasmussen ef al., 2005). This sug-
gests that quite complex interactions might
occur between microorganisms and that fungal
secondary metabolites may have a much wider
influence in mixed communities than thought
previously.
produce N-acetyl homoserine lactones (AHLs)
which coordinate expression of virulence in
response to surrounding bacterial populations
as QS compounds. The potential interaction of
fungal secondary metabolites with such QS
AHLs needs to be investigated in more detail
under different environmental stress condi-
tions as Rasmussen et al. (2005) showed that 33
of 50 extracts from Penicillium species pro-
duced QS inhibitor compounds.

Studies have been conducted to examine
the interactions between fungal species on
grain substrates and the outcome of such inter-
actions on dominance/competitiveness. Of
course, environmental factors, carbon sources
and the ability to capture and assimilate them
will further influence these interactions within

Many Gram-negative bacteria

an ecosystem influencing the outcome of com-
petition (Cooke and Whipps, 1993). Recently,
in detailed studies of the maize ecosystem
Marin et al. (2004) suggested that different
strategies are used by spoilage fungi depend-
ing on the moisture content of the maize. For
example, some species which have adapted to
xerophilic conditions, e.g., Eurotium species,
use specific strategies to colonise partially
dried maize (13-14% m.c.). In contrast, wet
drying maize (>18% m.c.) is colonised by a
range of Aspergillus, Penicillium species, some
mycotoxigenic species. They are involved in
primary resource capture, combat and defence
of niche resulting in secondary resource cap-
ture. Primary resource capture involves utiliza-
tion of readily available carbon sources, espe-
cially water soluble sugars. This promotes
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access and utilization via secondary resource
capture of less readily available resources such
as cellulose, hemicelluloses and occupation of
territory. Combat involves defence of the colo-
nised territory by an already established occu-
pant. The combative species are able to keep
captured resources by storage of lipid bodies,
glycogen or compatible solutes with or without
fast growth and spore germination, slow or
periodic reproduction, and enzymatic compe-
tence and the production of mycotoxins.

An Index of Dominance to classify interac-
tions and outcome of competition has been
used widely to obtain information on the rea-
sons why certain species are more competitive
over others under different environmental
conditions (Magan et al., 2003). More recently,
the number of carbon sources a fungus can
assimilate has been used as a determinant of
colonisation potential. The number relative to
other fungal species has been used to develop a
Niche Overlap Index (NOI) based on the num-
ber of common carbon sources utilized, di-
vided by the total number utilised. The ability
to use some C-sources which other species
cannot use over a range of conditions may
provide an advantage in producing secondary
metabolites as part of maintaining a competi-
tive edge over other species. This has shown
that mycotoxigenic species such as P. verrico-
sum and Fusarium section Liseola species are
able to compete effectively against other spoil-
age species such as Alternaria and Cladosporium
species, partially by the ability to utilise carbon
sources over a range of conditions but also the
ability to produce mycotoxins. For example,
Fusarium section Liseola species are considered
to have endophytic phases of growth in maize
tissue. Fumonisin (FB1) production may be an
important component for becoming established
and also retaining its niche. Growth of a range
of species including A. alternata, P. expansum,
Botrytis cinerea and F. graminearum can be in-
hibited by FB1 at different concentrations,
although generally fumonisin producers are
not affected. However, field studies with co-
inoculation of fumonisin producers and non-
producers of F. verticillioides and F. graminea-
rum in field infection of maize found that inter-
actions between these two species did not
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directly affect mycotoxin production or accu-
mulation. Such studies suggest that FB1 pro-
duction may not be directly associated with a
competition strategy.

Other studies however suggest that interac-
tions between mycotoxigenic species and other
mycoflora in a niche is further affected by envi-
ronmental factors resulting in a fluid situation
where interactions can vary and dominant
species may change. For example, fumonisin
production by F. verticillioides and F. prolifera-
tum was inhibited by the presence of some
species (A. flavus, A. ochraceus, P. implicatum)
regardless of water availability or temperature.
However, interactions with A. niger resulted in
a significant stimulation in FB1 production on
maize grain (Marin et al., 1998). Furthermore,
co-culture of both Fusarium species resulted in
a stimulation of FB1 production than when
they were grown individually. This could be
due to the production of synthesis precursors
or to the fact that competition may encourage
these spoilage fungi to produce mycotoxins at
an earlier stage. It can be speculated that per-
haps some mycotoxigenic species may produce
QS-like compounds which could influence the
activity of other species competing for the
same ecological niche. Other studies of differ-
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ent mycotoxin-producing species have shown
that when Fusarium section Liseola species
were competing with F. graminearum, FB1 ac-
cumulation decreased at 15 °C regardless of
moisture content. However, at 25 °C, F. verticil-
lioides produced higher amounts of FB1 in the
presence of F. graminearum than when cultured
alone. In contrast, F. proliferatum produced less
than in the absence of the competitor. There
was, however, no effect on production of
zearalenone by F. graminearum, although there
was some stimulation under specific environ-
mental conditions (15 °C, 0.98 aw). DON pro-
duction was significantly stimulated at slightly
reduced water availability (0.98 aw; Velluti et
al., 2000a,b).

Table 1 summarises some studies where
interaction with species has resulted in a stimu-
lation or inhibition of mycotoxin production by
other competing species on grain matrices.

Studies have examined interactions be-
tween A. ochraceus and other spoilage fungi
and found that the effect of interactions on
growth and OTA production was more pro-
nounced in vitro than in situ on maize grain
(Lee and Magan, 1999, 2000).

Table 1. Interactions between mycotoxigenic fungi and other species and outcomes on mycotoxin production

Species interactions

Effects on mycotoxins

Reference

Fusarium verticillioides + Trichoderma viride

F. verticillioides + Aspergillus niger, A. flavus, A.
ochraceus, Penicillium implicatum

F. verticillioides + F. proliferatum

Reduce Fumonisin B1 by 85%

Inhibited Fumonisin B1, except at
0.98 aw

Enhanced Fumonisin B1 (co-culture

Yates et al. (1999)
Marin et al. (1998)

Marin et al. (1998)

on maize)

F. verticillioides + F. graminearum

< Fumonisin at 15°C; > at 25°C,
deoxynivalenol at 0.98 aw, no ef-

Velluti et al. (2002a
and b)

fect on zearalenone

A. flavus + different fungi

Inhibition of aflatoxin depending

Cuero et al. (1988)

(maize grain) on species

A. ochraceus + other species

A. flavus + Hyphopichia burtonii + Bacillus
amylofaciens
F. culmorum + grain fungi

Stimulation in some cases in vitro;
inhibition of ochratoxin in maize;

Stimulation of aflatoxin (maize
grain)

Predominantly inhibition of DON

Lee and Magan
(1999; 2000)
Cuero et al. (1987)

Magan et al. (2003)

(wheat grain)

P. verrucosum + Alternaria alternata, F.culmorum,
Eurotium repens, P. aurantiogriseum, A. ochraceus

Some species inhibited; others
stimulated OTA on wheat grain

Cairns et al. (2003)
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Interaction of Fusarium section Lisolea species
and A. parasiticus showed that there was no
effect on FB1 production by the former species.
However, the Fusaria were competitive and
inhibited aflatoxin production over a range of
environmental conditions (Marin et al., 2001).
Field studies of co-inoculation with these same
species (F. verticillioides, A. flavus) also resulted
in lower aflatoxin accumulation than when the
aflatoxigenic species was used alone (Zummo
and Scott, 1992).

Recent studies have examined the interac-
tion between F. culmorum, and a range of other
fungi which colonise ripening ears and grain
during harvesting to examine the impact on
DON and NIV (nivalenoll) production.

Table 2. Effect of interactions between F. culmorum
and other species on deoxynivalenol and nivalenol
(ng g grain) production on irradiated wheat grain at
two water activity levels at 25 °C. Key to fungi: F,
Fusarium; A, Alternaria; M, Microdochium; M. majus,
M. nivale var majus; P, Penicillium (from Magan et al.,
2003)

Mycotoxin

Deoxynivalenol  Nivalenol
Water activity 0.995 0.955  0.995 0.955
F. culmorum 7669 447 289 298
F. culmorum + 634 0 316 412
C. herbarum
F. culmorum + 451 444 0 288
M. nivale
F. culmorum + 0 440 292 0
M. majus
F. culmorum + 3264 450 0 0

P. verrucosum

LSD (P=0.05: DON=180; NIV=123).

Table 2 shows that on wheat grain the pres-
ence of fungi such as Cladosporium herbarum,
Alternaria tenuissima, Microdochium nivale and
M. nivale var. majus and the mycotoxigenic
species P. verrucosum resulted in inhibition of
DON production but in some cases increased
NIV production. This suggests that where a
range of mycotoxins are produced there may
be a switch from one synthesising pathway to
another as part of the strategy to maintain a
competitive edge (Magan et al., 2003).

Although DON is produced in higher con-
centrations than NIV, the latter is in fact more
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toxic. Similar results were obtained when some
essential oils were examined to control growth
and DON/NIV production by F. culmorum
(Hope et al., 2003). They found that some essen-
tial oils could inhibit growth and DON produc-
tion under some environmental factors. How-
ever, there was a switch to nivalenol and some-
times other trichothecenes. It was thus sug-
gested that in the stored grain ecosystem com-
plex interactions occurred between germina-
tion, establishment and mycotoxin production
and environmental factors which were influ-
enced by the presence and activity of other
species (Magan et al., 2003).

Metabolomic production profiles for my-
cotoxins and other secondary metabolites may
indeed be a method for such fungi to respond
in a fluid way to changes in competition from
other species alone or interactions with fluxes
of changing abiotic factors. Recently, Aldred et
al. (2005) showed that ecological niches from
which fungi are isolated significantly influence
metabolomic profiles and titres of individual
metabolites. Production was very different for
species from damp rainforest ecosystems and
from the phyllosphere. Thus the production of
mycotoxins and secondary metabolites in gen-
eral must be seen in an ecological context.

CONCLUSIONS

Some mycotoxins appear to be produced in
response to environmental change, usually due
to the onset of stress conditions.

O Evidence suggests that mycotoxins pro-
duced by fungi (and other
organisms) confer a competitive advan-
tage to the producer. This role may not
always be clear (especially in laboratory
situations), and probably operates only
within natural ecosystems.

micro-

O Under stress conditions the need for com-
petitive advantage is increased and this is
when mycotoxins probably become impor-
tant.

O In natural systems the ecological milieu
determines the community structure and
the predominant species may be partially
dependent on stress tolerance and the abil-
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ity to produce a battery of secondary me-
tabolites. This array of metabolites could
have different functions against other mi-
croorganisms, mites and nematodes.

O The use of alternative, more natural, pre-
servatives for food preservation requires
careful consideration of concentrations to
prevent stimulating growth and my-
cotoxin production in such ecosystems.
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INTRODUCTION

Mycotoxins are extrolites produced by fila-
mentous microfungi that can cause disease in
vertebrate animals when introduced via a
natural route: ingested, absorbed through the
skin or inhaled. This definition excludes fungal
toxins which are active against bacteria, ar-
chaea, algae, protozoa, and non-vertebrate
animals such as insects, spiders, worms, snails
and jellyfish. It also excludes toxins produced
by Basidiomycetes, i.e.,, mushrooms and re-
lated fungi, because these toxins are ingested
by eating fruit bodies, a problem different
from the ingestion of toxins produced by mi-
crofungi. The definition of microfungi is not
rigorous, but understood here to refer princi-
pally to Ascomycetous fungi, including those
with no sexual stage. The subkingdom Zygo-
mycotina apparently contains few mycotoxin
producers, including genera such as Rhizopus
and Mucor, are not necessarily excluded from
potential mycotoxin producers, but com-
pounds of sufficient toxicity to be termed my-
cotoxins have not been found in these genera,
except for rhizonin A and B from Rhizopus
microsporus (Jennessen et al., 2005).

All fungi produce extrolites, but fortu-
nately only some of these are toxic to verte-
brates. Some mycotoxins are acutely toxic,
some are chronically toxic and some are both.
Furthermore it is possible that mixtures of
mycotoxins act synergistically or additively, so
a mycological examination of the mycobiota, to
species level, is very important, as different

species produce different profiles of extrolites
(Frisvad and Samson, 2004a). Prevention of
mycotoxin formation should rely on accurately
identified fungi and determination of the my-
cotoxins and other extrolites the fungi pro-
duce. Knowledge of the physiology of the
different species is important, not only regard-
ing growth lag phase and growth rate, but also
regarding conidium production and further
extrolite production. Mycotoxins and other
extrolites may be produced in large amounts
on some media and not on other media, so a
detailed knowledge of the influence of the
substrate on mycotoxin production is particu-
larly important. Many mycotoxins may be
produced under artificial laboratory condi-
tions, but not necessarily on food, feedstuff or
other substrates. Extrolites other than my-
cotoxins may also be a serious problem, a
problem usually overlooked. For example
penicillin is produced by P. nalgiovense and P.
chrysogenum, species often found or deliber-
ately used as starter cultures, in mould-
fermented salami products. The contamination
of foods with penicillin and other pharmaceu-
tical compounds should also be avoided. Fur-
thermore allergy problems, maybe initiated by
living in water damaged buildings, may later
be a problem if mouldy foods with the same
fungal species are encountered. In the present
chapter we will focus on the qualitative rela-
tionship between fungal species and their
mycotoxin production, in worst case situa-
tions.



136

FRISVAD ET AL.

Table 1. Mycotoxins and other bioactive extrolites which have been named after a misidentified fungus or
named after a synonym (Frisvad, 1989; Marasas et al., 1984; Frisvad et al., 2004c).

Extrolite Producer originally Correct name
identified as
Communesin P. commune P. marinum
Compactin P. brevicompactum P. solitum
Cyclopaldic acid P. cyclopium P. commune
Cyclopenin P. cyclopium P. solitum
Cyclopiamide P. cyclopium P. griseofulvum
Cyclopiamin P. cyclopium P. griseofulvum
Cyclopiazonic acid P. cyclopium P. griseofulvum
Dehydrocyclopeptin P. cyclopium P. solitum
Moniliformin Fusarium moniliforme F. verticillioides
Neosolaniol F. solani F. sporotrichioides
Nivalenol F. nivale F. kyushuense
Ochratoxin Aspergillus ochraceus Aspergillus westerdijkiae
Patulin P. patulum P. griseofulvum (synonym)
Patulodin P. patulum P. solitum
Puberuline P. puberulum P. cyclopium
Rubratoxin P. rubrum P. crateriforme
Sterigmatocystin Sterigmatocystis sp. Aspergillus versicolor
Terrestric acid P. terrestre P. crustosum (synonym)
Vermiculin P. vermiculatum Talaromyces flavus
Verrucosidin P. verrucosum var. cyclopium P. polonicum
Verruculogen P. verruculosum P. brasilianum
Viridicatin P. viridicatum P. crustosum
Viridicatol P. viridicatum P. crustosum
Viridicatumtoxin P. viridicatum (P. expansum) P. aethiopicum

Important and less important producers of
the different mycotoxins will be listed and
discussed and examples of misidentified my-
cotoxin producers or misidentified mycotoxins
will also be listed.

Mycotoxins have often been named after
the fungus which was first found to produce
them (Table 1). A large number of connections
between fungal species and mycotoxins and
antibiotics have been reported, but unfortu-
nately many of these reports are incorrect
(Frisvad, 1989).

Sometimes the fungi reported to produce
mycotoxins are erroneous. Some examples of
this are the following: Drusch and Ragab

nagar et al. (2002) incorrectly list P. viridicatum
as producing ochratoxin A in a table, while
using P. verruculosum as the species name in
the text.

The correct name of the ochratoxin produc-
ing fungus was neither of these but actually P.
verrucosum, the most important producer of
ochratoxin A in Penicillium.

Below we provide an overview of the spe-
cies producing the important mycotoxins and
also list the most important misconceptions
concerning species and their associated my-
cotoxins.

(2003) listed “P. patulinum” and “P. clavatus” as LIST OF MYCOTOXINS
producers of patulin, and Bhatnagar et al.
(2002) listed “P. niger” as an ochratoxin A Aflatoxins

producer. These taxa never existed and are
incorrect combinations of genus and species or
names that have never been described. Bhat-

Aflatoxins are the most potent natural com-
pound carcinogens known (JECFA, 1997) af-
fecting all vertebrate animal species, including
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man. Four compounds are commonly pro-
duced in foods: aflatoxins B1, B2, G1 and Gg, but
other biotransformed aflatoxins may occur for
example in milk, such as aflatoxin Mi and M2
(Cole and Cox, 1981).

Aspergillus flavus is the most common spe-
cies producing aflatoxins (Sargeant ef al., 1961),
occurring in most kinds of foods in tropical
countries. This species is very common on
maize, peanuts and cottonseed, and produces
only B aflatoxins. It has been estimated that
only about 30-40% of known isolates produce
aflatoxin, but in this estimate other closely
related species has not been taken into ac-
count. Furthermore several other extrolites are
produced by A. flavus, including kojic acid,
cyclopiazonic acid, aspergillic acid and f-
nitropropionic acid, so accurate identification
of both the fungus and its profile of extrolites
is important, if a prevention program should
be successful. Species phenotypically quite
similar to A. flavus, such as A. nomius (Kurtz-
man et al., 1987; A. zhaogingensis, Sun and Qi,
1991) and A. bombycis (Peterson et al., 2001)
produce B and G type aflatoxins, but more
data are needed to establish their relative im-
portance.

A. parasiticus occurs rather commonly in
peanuts, but is apparently quite rare in other
foods. It is more restricted geographically as
compared to A. flavus. A. parasiticus produces
both B and G aflatoxins (Sargeant et al., 1961),
and virtually all known isolates are toxigenic.
This species also produce kojic acid and asper-
gillic acid, but it is not known whether com-
pounds such as parasiticolide and other extro-
lites act synergistically with the aflatoxins.

Two species closely related to A. parasiticus
also produce B and G aflatoxins: A. toxicarius
(Murakami et al., 1966; Murakami, 1971) and A.
parvisclerotigenus (Saito and Tsuruta, 1993;
Frisvad et al., 2005a). A. flavus var. columnaris
was reported to produce only aflatoxin B2 (van
Walbeek et al., 1968). The culture ex-type of
this taxon does not produce aflatoxins, and the
taxonomic position of this variety is not fully
elucidated, but it is probably a naturally occur-
ring mutant of A. flavus.

A. pseudotamarii (Ito et al., 2001) is another
effective producer of B and G type aflatoxin for
which importance for mycotoxins occurring in

137

foods is unknown. The closely related species
A. tamarii is not able to produce aflatoxins,
despite several reports claiming this (Goto et
al., 1996; Klich et al., 2000).

A. ochraceoroseus (Frisvad et al., 1999; Klich
et al., 2000; Frisvad et al., 2005a) and A. rambellii
(Frisvad et al., 2005a) are effective producers of
aflatoxin Bi, but they have never been found in
foods.

Emericella astellata (Frisvad et al., 2004a) and
E. venezuelensis (Frisvad and Samson, 2004b)
are also producers of type B aflatoxins, but
they have not only been found in foods yet.

Frisvad et al. (2006a) provide a list of the
most important characteristics of the aflatoxin
producing species.

Incorrect— The list of species that have been
(incorrectly) reported to produce aflatoxins is
long and includes Absidia butleri and Absidia
glauca (Swelim et al., 1994), Alternaria cheiranthi
(Swelim et al., 1994) A. flavo-fuscus, A. glaucus
(Hanssen and Jung, 1966), A. niger (Kulik and
Holaday, 1966), A. oryzae (El-Hag and Morse,
1976; Adebajo, 1992; El-Kady et al., 1994; Atalla
et al, 2003; Drusch and Ragab, 2003), A.
ostianus (Scott et al., 1967), A. sulphureus (Scott
et al., 1970; Barr and Downey, 1975), A. tamarii
(Lalithakumari and Govindaswarmi, 1970; El-
Kady et al., 1994; Goto et al., 1996; 1997; Klich et
al., 2000), A. terreus (Sripathomswat and Thas-
nakorn, 1981), A. terricola (Moubasher et al.,
1977), A. wentii (Schroeder and Verrett, 1969),
A. zonatus (El-Kady et al., 1994), Cephalosporium
curticeps and C. rosea-griseum (Swelim et al.,
1994), Cladosporium cladosporioides and C.
sphaerospermum (Swelim et al., 1994), Cunning-
hamella  echinulata (Swelim et al., 1994),
Emericella nidulans (as A. nidulans) (Hanssen
and Jung, 1973), Emer. rugulosa (as A. rugulo-
sus) (Schroeder and Kelton, 1975), Eurotium
chevalieri, Eur. intermedium, Eur. repens and Eur.
rubrum (Kulik and Holaday, 1966; Leitao et al.,
1989; El-Kady et al., 1994), Mucor circinelloides
(Swelim et al., 1994), M. griseocyanus (Swelim et
al., 1994), M. mucedo (Hanssen, 1969; Hanssen
and Jung, 1973), Penicillium citrinum (Kulik and
Holaday, 1966) "P. citromyces strictum" (Kulik
and Holaday, 1966), P. digitatum (Hanssen and
Jung, 1966), P. frequentans (Kulik and Holaday,
1966), P. expansum or P. glaucum (Hanssen
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Table 2. Producers of mycotoxins

Aflatoxin Aspergillus bombycis, Aspergillus flavus, Aspergillus nomius, Aspergillus ochraceoroseus,
Aspergillus parasiticus, Aspergillus parvisclerotigenus, Aspergillus pseudotamarii,
Aspergillus rambellii, Aspergillus toxicarius, Emericella astellata, Emericella olivicola,
Emericella venezuelensis

Antibiotic Y Fusarium avenaceum, Fusarium chlamydosporum, Fusarium lateritium, Fusarium
tricinctum
Beauvericin Beauveria bassiana, Fusarium acuminatum, Fusarium avenaceum, Fusarium dlaminii,

Fusarium equiseti, Fusarium longipes, Fusarium nygamai, Fusarium oxysporum,
Fusarium poae, Fusarium proliferatum, Fusarium sambucinum, Fusarium
sporotrichioides, Fusarium subglutinans, Fusarium verticillioides, Isaria fumosorosea

Butenolide Fusarium avenaceum, Fusarium crookwellense, Fusarium culmorum, Fusarium
graminearum, Fusarium poae, Fusarium sambucinum, Fusarium sporotrichioides,
Fusarium tricinctum, Fusarium venenatum

Citreoviridin Aspergillus terreus, Eupenicillium cinnamopurpureum, Penicillium citreonigrum,
Penicillium manginii, Penicillium miczynskii, Penicillium smithii
Citrinin Aspergillus terreus chemotype I, Aspergillus carneus, Aspergillus niveus, Blennoria sp.,

Clavariopsis aquatica, Monascus ruber, Penicillium chrzaczszii, Penicillium citrinum,
Penicillium expansum, Penicillium manginii, Penicillium odoratum, Penicillium
radicicola, Penicillium verrucosum, Penicillium westlingii

Culmorin Fusarium crookwellense, Fusarium culmorum, Fusarium graminearum, Fusarium
langsethiae, Fusarium poae, Fusarium sporotrichioides

Cyclochlorotine and Penicillium islandicum

islanditoxin

Cyclopiazonic acid Aspergillus flavus, Aspergillus lentulus, Aspergillus oryzae, Aspergillus parvisclerotigenus,
Aspergillus pseudotamarii, Aspergillus tamarii, Penicillium camemberti, Penicillium
commune, Penicillium dipodomyicola, Penicillium griseofulvum, Penicillium palitans

Enniatins Fusarium acuminatum, Fusarium avenaceum, Fusarium langsethiae, Fusarium lateritium,
Fusarium poae, Fusarium sambucinum, Fusarium sporotrichioides, Halosarpeia sp.,
Verticillium hemipterigenum

Ergot alkaloids Claviceps fusiformis, Claviceps paspali, Claviceps purpurea

Fumigaclavines Aspergillus fumigatus, Aspergillus tamarii (?)

Fumonisins Fusarium anthophilum, Fusarium dlamini, Fusarium napiforme, Fusarium nygama,
Fusarium proliferatum, Fusarium thapsinum, Fusarium verticillioides

Fumonisin-like Alternaria arborescens, Aspergillus cf. fumigatus, Aspergillus niger, Cochliobolus

compounds heterostrophus, Paecilomyces variotii

Fusaproliferin Fusarium globosum, Fusarium guttiforme, Fusarium proliferatum, Fusarium
pseudocircinatum, Fusarium pseudonygamai, Fusarium subglutinans, Fusarium
verticillioides

Janthitrems Eupenicillium shearii, Eupenicillium tularense, P. cf. janthinellum

Lupinopsis toxin Phomopsis leptostromiformis

Moniliformin Fusarium avenaceum, Fusarium napiforme, Fusarium nygamai, Fusarium oxysporum,

Fusarium proliferatum, Fusarium subglutinans, Fusarium tricinctum, Fusarium
thapsinum, Fusarium verticillioides

Mycophenolic acid Byssochlamys nivea, Penicillium bialowiezense, Penicillium brevicompactum, Penicillium
carneum, Penicillium roqueforti, Septoria nodorum

B-nitropropionic acid  Arthrinium aureum, Arthrinium phaerospermum, Arthrinium sacchari, Arthrinium
saccharicola, Arthrinium sereanis, Arthrinium terminalis, Aspergillus flavus, Aspergillus
oryzae, Aspergillus sojae, Penicillium atrovenetum

Ochratoxin A Aspergillus carbonarius, Aspergillus cretensis, Aspergillus flocculosus, Aspergillus
lacticoffeatus, Aspergillus niger, Aspergillus ochraceus, Aspergillus pseudoelegans,
Aspergillus roseoglobulosum, Aspergillus sclerotioniger, Aspergillus sclerotiorum,
Aspergillus steynii, Aspergillus sulphureus, Aspergillus westerdijkiae, Neopetronyces
muricatus, Penicillium nordicum, Penicillium verrucosum, Petromyces albertensis,
Petromyces alliaceus
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Patulin

Penicillic acid

Penitrem A

Phomopsin
Roquefortine C

Rubratoxin

Satratoxins

Secalonic acid D

Sporidesmin

Sterigmatocystin (see
also aflatoxin pro-
ducers)

Tenuazonic acid

Trichothecenes

Verrucosidin
Verruculogen and
fumitremorgins

Viriditoxin
Xanthomegnin

Zearalenone

Aspergillus clavatonanica, Aspergillus clavatus, Aspergillus giganteus, Aspergillus
longivesica, Aspergillus terreus (?), Byssochlamys nivea, Penicillium carneum,
Penicillium clavigerum, Penicillium concentricum, Penicillium coprobium, Penicillium
dipodomyicola, Penicillium expansum, Penicillium formosanum, Penicillium gladioli,
Penicillium glandicola, Penicillium griseofulvum, Penicillium marinum, Penicillium
paneum, Penicillium sclerotigenum, Penicillium vulpinum

Aspergillus auricomus, Aspergillus bridgeri, Aspergillus cretensis, Aspergillus flocculosus,
Aspergillus insulicola, Aspergillus melleus, Aspergillus neobridgeri, Aspergillus
ochraceus, Aspergillus ostianus, Aspergillus persii, Aspergillus petrakii, Aspergillus
pseudoelegans, Aspergillus roseoglobulosus, Aspergillus sclerotiorum, Aspergillus
sulphureus, Aspergillus westerdijkiae, Neopetromyces muricatus, Penicillium
aurantiogriseum, Penicillium brasilianum, Penicillium carneum, Penicillium cyclopium,
Penicillium fennelliae, Penicillium freii, Penicillium matriti, Penicillium polonicum,
Penicillium radicicola, Penicillium tulipae, Penicillium viridicatum

Penicillium clavigerum, Penicillium crustosum, Penicillium glandicola, Penicillium
janczewskii, Penicillium melanoconidium, Penicillium tulipae

Phomopsis leptostromiformis, PR toxin, Penicillium chrysogenum, Penicillium roqueforti

Penicillium albocoremium, Penicillium atramentosum, Penicillium allii, Penicillium
carneum, Penicillium chrysogenum, Penicillium concentricum, Penicillium confertum,
Penicillium coprobium, Penicillium coprophilum, Penicillium crustosum, Penicillium
expansum, Penicillium flavigenum, Penicillium glandicola, Penicillium griseofulvum,
Penicillium hirsutum, Penicillium hordei, Penicillium marinum, Penicillium
melanoconidium, Penicillium paneum, Penicillium persicinum, Penicillium radicicola,
Penicillium roqueforti, Penicillium sclerotigenum, Penicillium tulipae, Penicillium
venetum, Penicillium vulpinum

Penicillium crateriforme

Stachybotrys chartarum, Stachybotrys chlorohalonata

Aspergillus aculeatus, Claviceps purpurea, Penicillium oxalicum, Phoma terrestris

Pithomyces chartarum, Pithomyces maydicus

Aspergillus multicolor, Aspergillus ochraceoroseus, Aspergillus rambellii, Aspergillus
versicolor, Bipolaris sorokiniana (?), Chaetomium thielavioideum, Chaetomium spp.,
Emericella nidulans, Emericella spp., Humicola fuscoatra, Monocillium nordinii

Alternaria citri, Alternaria japonica, Alternaria kikuchiana, Alternaria longipes, Alternaria
mali, Alternaria oryzae, Alternaria solani, Alternaria tenuissima, Phoma sorghina

Fusarium crookwellense, Fusarium culmorum, Fusarium equiseti, Fusarium graminearum,
Fusarium langsethiae, Fusarium poae, Fusarium pseudograminearum, Fusarium
sambucinum, Fusarium sporotrichioides, Fusarium venenatum

Penicillium aurantiogriseum, Penicillium melanoconidium, Penicillium polonicum

Aspergillus caespitosus, Aspergillus fumigatus, Neosartorya fischeri, Penicillium
brasilianum, Penicillium graminicola, Penicillium mononematosum

Aspergillus viridinutans, Paecilomyces variotii, Penicillium mononematosum

Aspergillus auricomus, Aspergillus bridgeri, Aspergillus elegans, Aspergillus flocculosus,
Aspergillus insulicola, Aspergillus melleus, Aspergillus neobridgeri, Aspergillus
ochraceus, Aspergillus ostianus, Aspergillus persii, Aspergillus petrakii, Aspergillus
roseoglobulosus, Aspergillus sclerotiorum, Aspergillus steynii, Aspergillus sulphureus,
Aspergillus westerdijkiae, Microsporon cookei, Neopetromyces muricatus, Penicillium
cyclopium, Penicillium freii, Penicillium janthinellum, Penicillium mariaecrucis,
Penicillium melanoconidium, Penicillium tricolor, Penicillium viridicatum, Trichophyton
megninii, Trichophyton mentagrophytes, Trichophyton rubrum, Trichophyton violaceum

Fusarium crookwellense, Fusarium culmorum, Fusarium equiseti, Fusarium graminearum

and Jung, 1973), P. notatum (Swelim et al.,
1994), P. oxalicum (Swelim et al., 1994), P.
puberulum (Hodges et al., 1964), P. roqueforti
(Swelim et al., 1994), P. variabile (Kulik and
Holaday, 1966), Rhizopus sp. (Kulik and Hola-

day, 1966; van Walbeek et al., 1968), Rhizopus
nigricans (Swelim et al., 1994), Scopulariopsis
brevicaulis (Swelim et al., 1994), Syncephalastrum
racemosum (Swelim et al., 1994) and the bacte-
rium Streptomyces sp. (Mishra and Murthy,
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1968). The early reports on aflatoxin produc-
tion were rejected by Langone and van
Vunakis (1976), Rehm (1972), Bosenberg and
Becker, (1972), Frank (1972), Mislivec et al.,
(1968), Parrish et al. (1966); Wilson et al., 1968,
Hesseltine et al., (1966), Scott (1965) and Rabie
and Terblanche (1967). The first report that A.
oryzae was able to produce aflatoxin was pub-
lished by El-Hag and Morse (1976). However,
the culture of A. oryzae they used was shown to
be contaminated by an aflatoxin producing A.
parasiticus (Fennell, 1976). Despite the fact that
this problem was solved, others reported that
A. oryzae produces aflatoxin. Floccose strains of
A. flavus and A. nomius may superficially look
like A. oryzae, so this macromorphological
resemblance may have been the reason for later
erroneous reports of aflatoxin production by
this species. Since A. oryzae is a domesticated
form of A. flavus, the former species will not be
isolated from natural sources, except if they
escape the soy sauce production plants and
similar factories and contaminate the immedi-
ate surroundings. None of these species pro-
duce aflatoxins, and many of these names are
not accepted as valid species in any case.

Antibiotic Y

Originally called lateropyrone (Bushnell et al.,
1984), antibiotic Y has significant antibiotic
properties towards phytopathogenic bacteria,
but apparently low cell toxicity (Golinski et al.,
1986). Producers of antibiotic Y are very com-
mon in agricultural, and antibiotic Y and its
producers have also been found in apples,
cherries and wheat (Andersen and Thrane,
2006).

The main producers are Fusarium avenaceum
and F. tricinctum. The former occurs frequently
in cereal grain, fruits and vegetables, while the
latter is very frequent on cereal grain especially
in temperate climate.

F. lateritium and F. chlamydosporum produce
antibiotic Y, but their importance in fruits in
temperate regions and cereal grains in warmer
climates need to be examined.

Beauvericin
Beauvericin was originally found in insect-
associated fungi such as Beauveria bassiana and
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Isaria fumosorosea, but have also been detected
among several Fusarium species occurring on
food (Logrieco et al., 1998). The species listed as
producers of beauvericin (Table 2) may have to
be revised as many changes have occurred in
Fusarium taxonomy in the last decade. F. sub-
glutinans, F. proliferatum and F. oxysporum are
often found on corn and fruits and are consis-
tent producers of beauvericin.

Several other species of Fusarium have been
reported to produce beauvericin in low
amounts, including F. nygamai, F. dlaminii and
F. verticillioides from cereals and fruits. F. avena-
ceum, F. poae and F. sporotrichioides from cereal
grains, fruits and vegetables are also known to
produce beauvericin in low amounts (Morrison
et al., 2002; Thrane et al., 2004). Furthermore, F.
sambucinum and some strains of F. acuminatum,
F. equiseti and F. longipes from agricultural
products have been reported as weak produc-
ers of beauvericin (Logrieco et al., 1998).

Butenolide

Butenolide, or more correctly 4-acetamido-2-
buten-4-olide, has been associated with cattle
diseases (Yates ef al., 1969; Marasas et al., 1984).
There are no reports of butenolide occurring in
foods, but it is still considered a toxin of poten-
tial importance due to the reported synergistic
effect with enniatin B (Hershenhorn et al,
1992).

The cereal associated Fusaria, F. sporotri-
chioides, F. graminearum and F. culmorum are
considered the most important producers of 4-
Other potential
producers of 4-acetamido-2-buten-4-olide are
F. avenaceum, F. poae and F. tricinctum which are
frequently found in cereal grains together with
F. crookwellense, F. sambucinum and F. vene-
natum. Most of these Fusaria can be found in
potatoes and related vegetables.

acetamido-2-buten-4-olide.

Citreoviridin

The toxicology of citreoviridin is not well elu-
cidated, but it has been claimed to be involved
in acute cardiac beriberi (Ueno, 1974). It has
occasionally been associated with yellow rice
disease in cases where P. citreonigrum (formerly
called P. citreoviride) was the dominant yellow
pigment producing fungus.
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Eupenicillium  ochrosalmoneum has been
found in cereals in the United States and in
Slovakia (Labuda and Tancinova, 2003) and is
an efficient producer of citreoviridin.

P. smithii, P. miczynskii and P. manginii
(Frisvad and Filtenborg, 1990) and Aspergillus
terreus (Bauer and Gedek, 1979; Franck and
Gehrken, 1980) has most often been recovered
from soil and only rarely from foods.

Incorrect — P. pulvillorum (Nagel et al., 1972)
reported to produce citreoviridin was actually
a P. manginii (Pitt, 1979). Both P. charlesii (Cole
et al., 1981) and P. fellutanum (Locci et al., 1965),
reported to produce citreoviridin were shown
to be P. citreonigrum (Frisvad, 1989).

Citrinin

Citrinin is a potent nephrotoxin, occurring in
different cereal crops, peanuts and meat prod-
ucts (Reddy and Berndt, 1991). Producers of
citrinin are widespread and common in foods.
The major source of citrinin in cereals is P.
verrucosum (Frisvad et al., 2004b; 2005b) while
isolates of P. expansum isolated from poma-
ceous fruits often produce citrinin (Harwig et
al., 1973; Andersen et al., 2004). Citrinin pro-
ducing P. radicicola has been found in onions,
carrots and potatoes (Overy and Frisvad, 2003).
P. citrinum is a fungus of worldwide distribu-
tion, and all isolates produce citrinin (Hether-
ington and Raistrick, 1931; Frisvad and Filten-
borg, 1990).

The fungus used for producing red rice,
Monascus ruber has been reported to produce
citrinin (Blanc et al., 1995).

Several other fungi are able to produce
citrinin, but these species are uncommon in
foods. These include A. terreus (Sankawa et al.,
1983), A. carneus (Chien et al., 1977), a Blennoria
species and Clavariopsis aquatica (Broadbent,
1966), P. chrzaczszii (Pollock, 1947), P. manginii
(Frisvad and Filtenborg, 1990), P. odoratum
(Nakajima and Nozawa, 1979) and P. westlingii
(Frisvad and Filtenborg, 1990).

Incorrect — Citrinin production by A. oryzae or
P. camemberti (Bennett and Klich, 2003) was
based on misinformation in another review of
Manabe (2001). Citrinin production by A. can-
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didus was mentioned by Timonin and Rouatt
(1944), but was rejected by Raper and Fennell
(1965). Many other species have been claimed
to produce citrinin, including A. ochraceus
(Mantle and McHugh, 1993), A. wentii (Abu-
Seidah, 2003) and Eurotium pseudoglaucum (EIl-
Kady et al.,, 1994), but either producer or my-
cotoxins or both may have been misidentified
in those cases.

Culmorin

Culmorin has a synergistic effect with de-
oxynivalenol towards caterpillars, but a low
toxicity on its own (Pedersen and Miller, 1999;
Dowd et al., 1989). Culmorins in addition to
deoxynivalenol and
have been detected in cereals (Ghebremeskel
and Langseth, 2000).

The cereal borne F. culmorum, F. graminea-
rum, F. poae and F. langsethiae are the producers
of culmorin, but F. crookwellense and F. sporotri-
chioides have also be listed as producers
(Thrane et al., 2004).

acetyl-deoxynivalenol

Cyclochlorotine

Cyclochlorotine and islanditoxin are chlorine
containing cyclic peptides from Penicillium
islandicum that have been associated with yel-
lowed rice toxicosis in connection with the
yellow anthraquinones luteoskyrin and rugu-
losin, also produced by P. islandicum (Enomoto
and Ueno, 1974). These cyclic peptides have
not been found in any other species yet, but
may be important in boiled rice that is kept too
long without being refrigerated.

Cyclopiazonic acid
Cyclopiazonic acid (Holzapfel, 1968; Antony et
al., 2003) is a potent organ damaging calcium
chelating mycotoxin that produces focal necro-
sis in most vertebrate inner organs. It was
originally believed that aflatoxins were respon-
sible for all the toxic effects of Aspergillus flavus
contaminated peanuts to turkeys in turkey X
disease, but it has later been shown that cyclo-
piazonic acid had a severe effect on the mus-
cles and bones of the turkeys (Dorner et al.,
1983; Jand et al., 2005).

Aspergillus  flavus and the domesticated
form A. oryzae often produce large amounts of
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cyclopiazonic acid. A. flavus is common on oil
seeds, nuts, peanuts and cereals, but may also
produce aflatoxin on dried fruits (Huang et al.,
1994; Pitt and Hocking, 1997).

P. commune and its domesticated P. camem-
berti, and the closely related species P. palitans
are common on cheese and meat products and
may produce cyclopiazonic acid in these prod-
ucts (Hermansen ef al., 1984; Pitt et al., 1986;
Polonelli ef al., 1987; Frisvad et al., 2004c).

P. griseofulvum is also a major producer of
cyclopiazonic acid, and may occur in long
stored cereals and cereal products, such as
pasta (Pitt and Hocking, 1997).

Other producers of cyclopiazonic acid in
Aspergillus include A. parvisclerotigenus, A.
pseudotamarii and A. tamarii, but the role of
these fungi concerning CPA production is not
clear. P. dipodomyicola, another good producer
of CPA, has until now only been found rarely
in foods.

Incorrect — Cyclopiazonic acid was originally
isolated from and named after P. cyclopium
CSIR 1082, but this fungus was re-identified as
P. griseofulvum (Hermansen et al., 1984; Frisvad,
1989). Despite this, most reviews still cite P.
cyclopium or P. aurantiogriseum as producers of
CPA (Scott, 1994; Bhatnagar, 2002; Bennett and
Klich, 2003). Another example of an error being
often cited is the claimed production of cyclo-
piazonic acid by Aspergillus versicolor (Oh-
momo et al., 1973; cited by Bhatnagar ef al.,
2002) even though Domsch et al. (1980) and
Frisvad (1989) had stated that the isolate de-
scribed by Ohmomo ef al. (1973) was correctly
identified as A. oryzae, a known producer of
cyclopiazonic acid (Orth, 1977). P. hirsutum, P.
viridicatum, P. chrysogenum, P. nalgiovense, A.
nidulans and A. wentii have also wrongly been
claimed to produce cyclopiazonic acid (El-
Banna et al., 1987; Cole et al., 2003; Abu-Seidah,
2003).

Enniatins

Enniatins are a group of more than 15 related
cyclic peptides which have antibiotic and iono-
phoric activities (Kamyar et al., 2004). Both
enniatins and the related beauvericins have
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been detected in agricultural products (Jestoi et
al., 2004).

F. avenaceum and F. sambucinum are the
most important enniatin producers in cereals
and other agricultural plants used for food
(Morrison et al., 2002).

Other maybe less important producers of
enniatins are the cereal-borne F. langsethiae, F.
poae and F. sporotrichioides and the fruit-borne
F. lateritium and F. acuminatum isolated from
herbs. Other fungi than Fusarium producing
enniatins are listed in Table 2. These have not
been isolated from foods.

Ergot alkaloids
Ergot alkaloids are common in sclerotia of
Claviceps, rather often occurring in whole rye,
used for rye-bread production. These sclerotia
are often removed before milling of the rye.
Claviceps purpurea, C. fusiformis and C. pas-
pali are the major sources of ergot alkaloids
(Blum, 1995). C. purpurea produces ergopep-
tides, C. paspali produces lysergic acid amides
and C. fusiformis produces clavine type alka-
loids, but all species produce chanoclavine I,
agroclavine and elymoclavine. Several Penicil-
lia and Aspergilli can produce clavine type
alkaloids also, including agroclavine, but the
role of clavines in mycotoxicology is not well
known.

Fumigaclavines

Fumigaclavines are toxic clavine-like alkaloids
produced by A. fumigatus (Cole et al., 1977) and
A. tamarii (Janardhanan et al., 1984). Fumiga-
clavine production by A. tamarii has not been
confirmed, but the common occurrence of A.
fumigatus indicates that this may be an impor-
tant mycotoxin in some cases.

Fumonisins
The fumonisins were discovered after being
ignored or in the late 1980s there has been a lot
of attention to these highly carcinogenic com-
pounds. Several reviews on the chemistry,
toxicology and mycology have been published
(Marasas et al., 2001; Weidenborner, 2001).

F. wverticillioides (formerly known as F.
moniliforme (Seifert et al., 2003) and F. prolifera-
tum are important sources of fumonisins in
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corn. These species and fumonisins in crops
have been reported from all over the world in
numerous papers and book chapters.

Other fumonisin producing species are
Fusarium nygamai, F. napiforme, F. thapsinum, F.
anthophilum and F. dlaminii from millet, sor-
ghum and rice.

Fusaproliferin

Fusaproliferin is a recent discovered mycotoxin
which shows teratogenic and pathological
effects in cell assays (Bryden ef al., 2001).
Fusaproliferin has been detected in natural
samples together with beauvericin and fu-
monisin (Munkvold et al., 1998).

F. proliferatum and F. subglutinans are major
sources in cereals, especially corn. These fungi
and fusaproliferin have been detected in
Europe, North America and South Africa (Wu
et al., 2003). Few strains of F. globosum, F. qutti-
forme, F. pseudocircinatum, F. pseudonygamai and
F. wverticillioides have been found to produce
fusaproliferin.

Janthitrems and shearinins

Janthitrems are very toxic tremorgenic toxins
produced by Eupenicillium tularense, E. shearii
and P. cf. janthinellum, normally do not grow to
a significant extent in foods. On the other hand
P. tularense has recently been demonstrated to
produce janthitrems in tomatoes (Andersen
and Frisvad, 2004), so maybe these mycotoxins
may occur sporadically.

Lupinopsis toxin is produced by Phomopsis
leptostromiformis and is a hepatotoxin (Marasas
et al., 1984).

Moniliformin
Moniliformin is cytotoxic, inhibits protein
synthesis and enzymes, causes chromosome
damages and induces heart failure in mammals
and poultry (Bryden et al., 2001). Moniliformin
has been found worldwide in cereal samples.
In corn, F. proliferatum and F. subglutinans
are the main producers of moniliformin, where
as F. avenaceum and F. tricinctum are the key
sources in cereals grown in temperate climate.
In sorghum, millet and rice F. napiforme, F.
nygamai, F. verticillioides and F. thapsinum may
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be responsible for moniliformin production.
Some strains of F. oxysporum produce a signifi-
cant amount of moniliformin under laboratory
condition; however, there is no detailed infor-
mation on a possible production in vegetables
and fruits. An overview of other minor sources
has been published (Schiitt et al., 1998).

Mycophenolic acid

Despite having a low acute toxicity, mycophe-
nolic acid may be a very important indirect
mycotoxin as it is highly immunosuppressive,
thereby paving the way for bacterial and fun-
gal infections (Bentley, 2000). Mycophenolic
acid occurs quite frequently in foods (Lafont et
al., 1979, Lopez-Diaz et al., 1996; Overy and
Frisvad, 2005). It is not acutely toxic, but my-
cophenolic acid has been reported to be
strongly immunosuppressive and is therefore
used in organ transplantation to avoid rejection
(Bentley, 2000). It is not unlikely that myco-
phenolic acid could lower the immune system
if ingested often and thereby pave the way for
bacterial infections.

P. brevicompactum and P. bialowiezense are
ubiquitous species and may produce myco-
phenolic acid in, for example, ginger (Overy
and Frisvad, 2005). Two other major species
producing mycophenolic acid are P. roqueforti
and P. carneum. Both species can grow in a
lactic acid bacterium environment and other
acidic substrates with a certain amount of car-
bondioxide. The same appears to be the case
for a fifth important producer Byssochlamys
nivea (Puel et al., 2005). Mycophenolic acid has
been found to occur naturally in blue cheeses
(Lafont et al., 1979).

The soil-borne species P. fagi also produces
mycophenolic acid (Frisvad and Filtenborg,
1990, as P. raciborskii) and Septoria nodorum
(Devys et al., 1980) is another source that is
probably not important as a food contaminant.

Incorrect — P. viridicatum was once regarded as
a mycophenolic acid producer (Burton, 1949),
but this has never been reconfirmed.

B-nitropropionic acid (BNP)
[B-nitropropionic acid has been reported to be
involved in sugar cane poisoning of children,
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but may potentially also cause other intoxica-
tions, as producers are widespread (Ming et al.,
1995; Burdock et al., 2001). Furthermore BNP
has been found in miso and shoyu and ka-
tsuobushi and it can be produced by A. oryzae
(Nakamura and Shimoda, 1954) when artifi-
cially inoculated on cheese, peanuts, etc. Unfor-
tunately this has not been tested for A. flavus,
because the production of BNP by A. oryzae on
peanuts indicates that A. flavus may be able to
produce this mycotoxin in combination with
aflatoxin B1, cyclopiazonic acid and kojic acid.
The possible synergistic effect of these my-
cotoxins on mammals is unknown.

BNP producing species from sugar cane
were found to be Arthrinium phaerospermum
and Art. sacchari. Art. terminalis, Art. sacchari-
cola, Art. aureum and Art. sereanis can also pro-
duce BNP (Burdock et al., 2001).

A. flavus (Bush et al., 1951) may turn out to
be an important producer of this mycotoxin in
foods, but there are no surveys that include
analytical determination of BNP alongside
cyclopiazonic acid and aflatoxin Bi.

A. oryzae and A. sojae can produce BNP in
miso and shoyu. It is probably more important
that their wildtype forms, A. flavus and A.
parasiticus, respectively, may produce BNP in
foods. More research is needed in this area.

P. atrovenetum is another authenticated
producer of BNP, but this fungus is only found
in soil (Raistrick and Stossl, 1958).

Incorrect — P. cyclopium, P. chrysogenum, A.
wentii, Eurotium spp., and A. candidus have
been reported as producers of BNP (Brookes et
al., 1963; Burrows and Turner, 1966; Burdock et
al., 2001), but these identifications are doubtful.
The report that A. candidus produced f3-
nitropropionic (Kinoshita et al., 1968) was
based on a white spored mutant of A. flavus
(Frisvad, 1989).

Ochratoxin A (OTA)

Ochratoxin A is a nephrotoxin affecting all
tested animal species, though effects in man
have been difficult to establish unequivocally.
It is listed as a probable human carcinogen
(Class 2B) (JECFA, 2001). Links between OTA
and Balkan Endemic Nephropathy have long
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been sought, but not established (JECFA, 2001).
The toxicology of ochratoxin A has recently
been reviewed (Ringot et al., 2006).

Major producers of ochratoxin A are found
among Aspergillus sections Flavi, Circumdati
and Nigri and in Penicillium series Verrucosa
(Frisvad and Samson, 2000; Frisvad et al.,
2004b; Samson et al.,, 2004b; Frisvad et al.,
2004c). A. ochraceus (van der Merwe et al., 1965),
occurs in stored cereals (Pitt and Hocking,
1997) and coffee (Taniwaki et al., 2003). A.
ochraceus has been shown to consist of two
species (Varga et al., 2000a,b; Frisvad et al.,
2004b), and the second and new species, A.
westerdijkiae, produces large amounts of ochra-
toxin A consistently. The producer of ochra-
toxin A first discovered, NRRL 3174, has been
designated as the type culture of A. westerdi-
jkiae (Frisvad et al., 2004b). This is interesting as
A. westerdijkiae is both a more efficient and
consistent producer of ochratoxin than A.
ochraceus, and is maybe more prevalent in
coffee than A. ochraceus. The ex type culture of
A. ochraceus CBS 108.08 only produce trace
amounts of ochratoxin A.

A. carbonarius (Horie, 1995) is a major OTA
producer. It is occurring in grapes and grape
products, including grape juice, wines and
dried vine fruits (International Agency for
Research on Cancer (IARC), 2002) and occa-
sionally occurs on coffee beans (Abarca et al.,
2004).

Petromyces alliaceus (Lai et al., 1970), now
placed in Aspergillus section Flavi, produces
large amounts of ochratoxin A in pure culture,
and OTA produced by this fungus has been
found in figs in California (Bayman et al., 2002).

A. steynii, from the Aspergillus section Cir-
cumdati, is also a very efficient producer of
OTA, and has been found in green coffee
beans, mouldy soy beans and rice (Frisvad et
al., 2004b). As with A. westerdijkiae, A. steynii
may have been identified as A. ochraceus ear-
lier, so the relative abundance of these three
species is difficult to evaluate at present.

A. niger (Abarca et al., 1994) is an extremely
common species, but only few strains appear to
be producers of OTA, so this species may be of
much less importance than A. carbonarius in
grapes, wine and green coffee beans. It can be
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of major importance, however, as for example
an isolate of A. niger NRRL 337, referred to as
the "food fungus," produce large amounts of
OTA in pure culture. This fungus is used for
fermentation of potato peel waste, etc. and
used for animal feed (Schuster et al., 2002).

P. verrucosum (Frisvad, 1985b; Pitt, 1987) is
the major producer of ochratoxin A in stored
cereals (Lund and Frisvad, 2003).

P. nordicum (Larsen et al., 2001) is the main
OTA producer found in meat products such as
salami and ham. Both OTA producing Penicil-
lium species have been found on cheese also,
but have only been reported to be of high oc-
currence on Swiss hard cheeses (as P. casei,
Staub, 1911). The ex type culture of P. casei is a
P. verrucosum (Larsen et al., 2001).

Several other Aspergilli can produce ochra-
toxin A in large amounts, but they appear to be
relatively rare. In Aspergillus section Circumdati
(formerly the Aspergillus ochraceus group), the
following species can produce ochratoxin A:
Aspergillus cretensis, A. flocculosus, A. pseudoele-
gans, A. roseoglobulosus, A. sclerotiorum, A. sul-
phureus and Neopetromyces muricatus (Frisvad et
al., 2004b). According to Ciegler (1972) and
Hesseltine et al. (1972), A. melleus, A. ostianus,
A. persii and A. petrakii may produce trace
amounts of OTA, but this has not been con-
firmed since those papers. Strains of these
species reported to produce large amounts of
OTA were reidentified by Frisvad et al. (2004b).
In Aspergillus section Flavi, Petromyces alberten-
sis produces ochratoxin A. In Aspergillus sec-
tion Nigri, A. lacticoffeatus and A. sclerotioniger
produce ochratoxin A (Samson ef al., 2004b).

Incorrect — A very large number of species
have been claimed to produce ochratoxin A
and are in need of revision. Some of these mis-
identified isolates will be mentioned here. Of
the Penicillium species, P. viridicatum was the
name cited for many years as the major ochra-
toxin A producer, but it was shown by Frisvad
and Filtenborg (1983), Frisvad (1985a) and Pitt
(1987) that P. verrucosum was the correct name
for this fungus, the only species that produces
ochratoxin A in cereals in Europe. The closely
related P. nordicum, which occurs on dried
meat in Europe, was mentioned as producing

145

ochratoxin A by Frisvad and Filtenborg (1983)
and Land and Hult (1987), but not accepted as
a separate species until the publication of Lar-
sen et al. (2001). P. verrucosum has been cor-
rectly cited as the main Penicillium species
producing ochratoxin A for a number of years
now, but in a series of recent reviews and pa-
pers P. viridicatum and P. verruculosum (no
doubt mistaken for P. verrucosum) have been
mentioned again (Mantle and McHugh, 1993;
Bhatnagar et al, 2002; Czerwiecki et al,
2002a,b). In the latter two papers P. chry-
sogenum, P. cyclopium, P. griseofulvum, P. soli-
tum, Aspergillus flavus, A. versicolor and Eu-
rotium glaucum were listed assigned ochratoxin
A producers.

The strain of P. solitum reported by Mantle
and McHugh (1993) to produce ochratoxin A
was assigned more recently to P. polonicum, but
either species produces ochratoxin A (Lund
and Frisvad, 1994; 2003). These isolates were
contaminated by P. verrucosum.

The reports by Czerwiecki et al. (2002 a,b)
have to be rejected as the fungi have been dis-
carded, so it will never be possible to check the
results.

The following species were listed as ochra-
toxin A producers by Varga et al. (2001): Asper-
gillus auricomus, A. fumigatus, A. glaucus, A.
melleus, A. ostianus, A. petrakii, A. repens, A.
sydowii, A. terreus, A. ustus, A. versicolor, A.
wentii, Penicillium aurantiogriseum, P. canescens,
P. chrysogenum, P. commune, P. corylophilum, P.
cyaneum, P. expansum, P. fuscum, P. hirayamae,
P. implicatum, P. janczewskii, P. melinii, P. mic-
zynskii, P. montanense, P. purpurescens, P. pur-
purogenum, P. raistrickii, P. sclerotiorum, P.
spinulosum, P. simplicissimum, P. variabile and P.
verruculosum. These species have been re-
examined and until now there are no signs of
ochratoxin A production in those species.

In the Handbook of Fungal Secondary Metabo-
lites (Cole and Schweikert, 2003a,b; Cole et al.,
2003), only two of the species cited as produc-
ing ochratoxin A are correct: A. ochraceus and
A. sulphureus. The others mentioned are not.

Patulin
Patulin is generally very toxic for both pro-
karyotes and eukaryotes, but the toxicity for
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humans has not been conclusively demon-
strated. Several countries in European and the
United States now have set limits on the level
of patulin in apple juice.

P. expansum is by far the most important
source of patulin. This species also produces
the toxic compounds chaetoglobosin A and C,
communesins, roquefortine C and often also
citrinin (Andersen et al., 2004).

Byssochlamys nivea may be present in pas-
teurized fruit juices and may produce patulin
and mycophenolic acid (Puel et al., 2005).

P. griseofulvum is a very efficient producer
of high levels of patulin in pure culture, and it
may potentially produce patulin in cereals,
pasta and similar products.

P. carneum may potentially produce patulin
in beer, wine, meat products and rye bread as
it has been found in those substrates (Frisvad
and Samson, 2004b), but there are not any
reports yet on patulin production by this par-
ticular species in those foods. P. carneum also
produces mycophenolic acid, roquefortine C
and penitrem A (Frisvad ef al., 2004c).

P. paneum occurs in rye bread (Frisvad and
Samson, 2004b), but again actual production of
patulin in this product has not been reported
yet.

P. sclerotigenum is common in yams and has
the ability to produce patulin in laboratory
cultures.

P. dipodomyicola is an efficient producer of
patulin and has been found in rice in Australia
and in chicked feed mixture in Slovakia, but it
may be of sporadic occurrence.

The coprophilous fungi P. concentricum, P.
clavigerum, P. coprobium, P. formosanum, P.
glandicola, P. vulpinum, A. clavatus, A. longivesica
and A. giganteus are very efficient producers of
patulin in the laboratory, but it is only A. clava-
tus that may play any role in human health, as
it may be present in beer malt (Lopez-Diaz and
Flannigan, 1997). A. terreus, P. novae-zeelandiae,
P. marinum, P. melinii and other soil-borne
fungi may produce patulin in pure culture, but
are less likely to occur in any foods.

Incorrect — A number of species in different
genera, notably Penicillium, Aspergillus and
Byssochlamys, produce patulin. Among the
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most efficient producers of patulin are A. clava-
tus, A. giganteus, A. terreus, Byssochlamys nivea,
P. carneum, P. dipodomyicola, P. expansum, P.
griseofulvum, P. marinum, P. paneum and several
dung associated Penicillia (Frisvad, 1989; Fris-
vad et al., 2004b). It is not, however, produced
by species in all of the 42 genera listed by
Steiman et al. (1989) and Okeke et al. (1993).
These papers include erroneous statements
that Alternaria alternata, Fusarium culmorum,
Mucor hiemalis, Trichothecium roseum and many
others produce patulin. The production of
patulin by Alternaria alternata was later re-
ported by Laidou et al. (2001), and mentioned
in a review by Drusch and Ragab (2003). How-
ever patulin was not found in hundreds of
analyses of Alternaria extracts (Montemurro
and Visconti, 1992), or in extracts from more
than 200 Alternaria cultures tested by us at the
Technical University of Denmark (B. Andersen,
personal communication).

Penicillic acid
Penicillic acid (Alsberg and Black, 1913) and
dehydropenicillic acid (Obana et al., 1995) are
also small toxic polyketides, but their major
role in mycotoxicology may be in their possible
synergistic toxic effect with ochratoxin A (Lin-
denfelser et al., 1973; Stoev et al., 2001) and
possible additive or synergistic effect with the
naphthiumiuoquinones  hepatotoxins  xan-
thomegnin, viomellein and vioxanthin.
Penicillic acid is likely to co-occur with
ochratoxin A, xanthomegnin, viomellein and
vioxanthin in members of the Aspergillus
ochraceus group (Aspergillus section Circumdati)
and members of Penicillium series Viridicata
which often co-occur with P. verrucosum. The
former Aspergillus group species often occur in
coffee and the latter Penicillia are common in
cereals. The major sources of penicillic acid are
P. aurantiogriseum, P. cyclopium (Birkinshaw et
al., 1936), P. melanoconidium and P. polonicum
(Lund and Frisvad, 1994; Frisvad and Samson,
2004b) and all members of Aspergillus section
Circumdati (Frisvad and Samson, 2000). Fur-
thermore it is produced by P. tulipse and P.
radicicola, which are occasionally found on
onions, carrots and potatoes (Overy and Fris-
vad, 2003).
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Penicillic acid has been found in P. carneum
(Frisvad and Samson, 2004b), and it is also
produced by several soil-borne Penicillia in-
cluding P. brasilianum (Frisvad and Filtenborg,
1990) and P. fennelliae (van Eijk, 1969).

Incorrect — Production reported by P. roqueforti
(Karow et al., 1944, as P. suavolens; Moubasher
et al., 1978; Olivigni and Bullerman, 1978) is
now considered to be due to the similar species
P. carneum (Boysen et al., 1996). Also penicillic
acid production by P. commune (Ciegler and
Kurtzman, 1972), P. chrysogenum (Leistner and
Pitt, 1977) and several other species of Penicil-
lium could not be confirmed.

Penitrem A

Penitrem A is a mycotoxic indol-terpene with
tremorgenic properties. It has first of all been
implicated in mycotoxicoses of animals
(Rundberget and Wilkins, 2002), but has also
been suspected to be implicated in tremors in
humans (Cole et al., 1983).

P. crustosum is the most important producer
of penitrem A (Pitt, 1979). This species is of
worldwide distribution and often found in
foods (El-Banna et al., 1988). This mycotoxin is
produced by all isolates of P. crustosum exam-
ined (Sonjak et al., 2005). P. melanoconidium is
common in cereals (Frisvad and Samson,
2004b), but it is not known whether this species
can produce penitrem A in infected cereals.

P. glandicola, P. clavigerum, and P. janc-
zewskii are further producers of penitrem A
(Frisvad and Samson, 2004b; Frisvad and
Filtenborg, 1990), but they have not been re-
covered from foods more than sporadically.
Other species which do produce penitrem A
include P. carneum and P. tulipae (Frisvad et al.,
2004b).

Incorrect — Many species have been claimed to
produce penitrem A, but most were misidenti-
fications of P. crustosum (Pitt, 1979; Frisvad,
1989). Names given to isolates that were in fact
P. crustosum include P. cyclopium, P. verrucosum
var. cyclopium, P. verrucosum var. melanochlo-
rum, P. viridicatum, P. commune, P. lanosum, P.
lanosocoeruleum, P. granulatum, P. griseum, P.
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martensii, P. palitans and P. piceum (Frisvad,
1989).

Phomopsin
Phomopsin and other metabolites have been
reported from Phoma and Phomopsis and these
may also be important mycotoxins (Bhatnagar
et al., 2002).

PR toxin

PR toxin is a mycotoxin that is acutely toxic
and has DNA and protein damaging properties
(Moule et al., 1980; Arnold et al., 1987). Even
though it is unstable in cheese (Teuber and
Engel, 1983), it may be produced in silage and
other substrates.

Major sources. P. roqueforti is the major
source of PR toxin. It has been reported also
from P. chrysogenum (Frisvad and Samson,
2004b).

Roquefortine C
The status of roquefortine C as a mycotoxin has
been questioned, but it is a very widespread
fungal secondary metabolite, and produced by
a large number of species. The acute toxicity of
roquefortine C is not very high (Cole and Cox,
1981), but it has been reported as a neurotoxin.

P. albocoremium, P. atramentosum, P. allii, P.
carneum, P. chrysogenum, P. crustosum, P. expan-
sum, P. griseofulvum, P. hirsutum, P. hordei, P.
melanoconidium, P. paneum, P. radicicola, P.
roqueforti, P. sclerotigenum, P. tulipae and P.
venetum are all producers that have been found
in foods, but the natural occurrence of roque-
fortine C has only been reported rarely.

P. concentricum, P. confertum, P. coprobium,
P. coprophilum, P. flavigenum, P. glandicola, P.
marinum, P. persicinum and P. vulpinum are not
likely to occur in foods.

Rubratoxin

Rubratoxin is a potent hepatotoxin (Engelhardt
and Carlton, 1991) and is of particular interest
as it has been implicated in severe liver dam-
age in three Canadian boys, who drank rhu-
barb wine contaminated with P. crateriforme.
One of the boys needed to have the liver trans-
planted (Richer et al., 1997).
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Major producers. P. crateriforme is the only
known major producer of rubratoxin A and B
(Frisvad, 1989).

Incorrect — Rubratoxins are hepatoxic my-
cotoxins known to be produced only by the
rare species P. crateriforme (Frisvad, 1989). Ru-
bratoxins are not produced by P. rubrum, P.
purpurogenum or Aspergillus ochraceus as re-
ported by Moss et al. (1968), Natori et al. (1970)
and Abu-Seidah (2003).

Satratoxins
Stachybotrys spp. are first of all of importance
for indoor climate, but stachybotrytoxicosis
was one of the first horse mycotoxicosis to be
reported on (Rodricks and Eppley, 1974).
Stachybotrys chartarum and S. chlorohalonata
are the two important fungi producing cyclic
trichothecenes (satratoxins) and toxic atranones
(Andersen et al., 2003; Jarvis, 2003).

Secalonic acid D

The toxicological data on secalonic acid D and
F are somewhat unclear (Ehrlich et al., 1982;
Reddy and Reddy, 1991), so the significance of
this metabolite in human and animal health is
somewhat uncertain.

Claviceps purpurea, P. oxalicum, Phoma ter-
restris and A. aculeatus produce large amounts
of secalonic acid D and F in pure culture. Seca-
lonic acid D has been found to occur in grain
dust in the United States (Reddy and Reddy,
1991).

Sporidesmin is produced by Pithomyces charta-
rum and causes facial eczema in sheep (Ather-
ton et al., 1974). Pithomyces chartarum and P.
maydicus have reported to produce sporides-
min and related compounds.

Sterigmatocystin

Sterigmatocystin is a possible carcinogen, but
may be important as is can be produced in
rather large amounts on cheese and occasion-
ally in cereals.

The major source of sterigmatocystin in
foods is A. versicolor. This fungus is common on
cheese, but may also occur on other substrates
(Pitt and Hocking, 1997).
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A large number of species are able to pro-
duce sterigmatocystin, including Chaetomium
spp., Emericella spp., Monocillium nordinii and
Humicola fuscoatra (Joshi et al., 2002). These
species are probably not likely to contaminate
foods.

Although sterigmatocystin is a precursor of
aflatoxins (Frisvad, 1989), only A. ochraceoroseus
(Frisvad et al., 1999; Klich et al., 2000), and some
Emericella species accumulate both sterigmato-
cystin and aflatoxin (Frisvad et al., 2004a; Fris-
vad and Samson, 2004a). Members of Aspergil-
lus section Flavi, which includes the major
aflatoxin producers, efficiently convert sterig-
matocystin into 3-methoxysterigmato-cystin
and then into aflatoxins (Frisvad et al., 1999).

Incorrect — A large number of Aspergillus spe-
cies have been reported to produce sterigmato-
cystin incorrectly except for those cited above.
Production of sterigmatocystin by Penicillium
species has not been reported, apart from an
obscure reference to P. luteum in Dean (1963).
However, Wilson et al. (2002) claimed that P.
camemberti, P. commune and P. griseofulvum
produce sterigmatocystin. Perhaps they have
mistaken sterigmatocystin for cyclopiazonic
acid. Three Eurotium species have been claimed
to produce sterigmatocystin (Schroeder and
Kelton, 1975), but this was only based on un-
confirmed thin layer chromatography assays.
Unfortunately the strains used were not placed
in a culture collection.

Tenuazonic acid

Tenuazonic acid is regarded as the most toxic
of the secondary metabolites from Alternaria
(Blaney, 1991), but it is also produced by a
Phoma species.

Phoma sorghina appears to be the most im-
portant producer as it has been associated with
onyalai, a haematological disease (Steyn and
Rabie, 1976). Species in the Alternaria tenuissima
species group often produce tenuazonic acid,
but it has not been found in A. alternata sensu
stricto. A. citri, A. japonica, A. gaisen, A. longipes,
A. mali, A. oryzae, and A. solani have also been
reported to produce tenuazonic acid (Sivane-
san, 1991).
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Trichothecenes

More than 200 trichothecenes have been identi-
fied and the non-macrocyclic ones are among
the most important mycotoxins. Trichothecenes
are haematotoxic and immunosuppressive; in
animals vomiting, feed refusal and diarrhoea
are typical symptoms. Skin oedema in humans
has also been observed. A report from a Euro-
pean Union working group on trichothecenes
in food has been published (Schothorst and
van Egmond, 2004).

Deoxynivalenol (DON) and acetylated deriva-
tives BADON, 15ADON)

These are by far the most important trichothe-
cenes. Numerous reports on worldwide occur-
rence have been published and several interna-
tional symposia and workshops have had
DON in focus (Larsen et al., 2004).

F. graminearum and F. culmorum are consis-
tent producers of DON, especially in cereals.
Within both species strains have been sub-
grouped into DON/ADON and NIV/FX pro-
ducers (see below) based on the major metabo-
lites in their trichothecene profile, but interme-
diates have also been found (Nielsen and
Thrane, 2001). Recently, F. graminearum has
been divided into nine phylogenetic species
(O'Donnell et al., 2004); however, in the present
context this species concept will not be used as
a correlation to existing mycotoxicological
literature is impossible at this stage.

Production of DON by F. pseudograminea-
rum has been reported, but this species is re-
stricted to warmer climate and less frequent
detected.

Nivalenol (NIV) and Fusarenon X (FX,
4ANIV)

These occur in the same commodities as DON
and are in many cases covered by the same
surveys due to the high degree of familiarity.
NIV are often detected in much lower concen-
trations than DON, but are considered to be
more toxic.

F. graminearum is a well-known producer
of NIV and FX in cereals. In temperate climate
F. poae, which is a consistent producer of NIV
(Thrane et al., 2004), maybe responsible for NIV
in cereals.
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NIV producing F. culmorum strains are less
frequent than DON producers, but other NIV
producers such as F. equiseti and F. crookwel-
lense are also present in some cereal samples
and in vegetables. In potatoes NIV producing
F. wvenenatum strains have been detected
(Nielsen and Thrane, 2001).

Incorrect — Trichothecenes were especially
troublesome after the introduction of capillary
gas chromatography coupled to mass spec-
trometry (MS). In the last decade the introduc-
tion of liquid chromatography combined with
atmospheric ionization MS provided more
reliable detection methods for these mycotox-
ins. Because immunochemical methods have
also been improved in the latter years they
now can be considered valid. However TLC
and HPLC (unless combined with immunoaf-
finity cleanup) based methods must be consid-
ered totally invalid, especially as many authors
have “forgotten” or neglected crucial but very
time consuming cleanup steps.

Marasas et al. (1984) showed that F. nivale,
which gave nivalenol its name, does not pro-
duce trichothecenes. However, the original
isolate was a F. kyushuense, while the correct
name for the species is Microdochium nivale.
This name was still incorrectly mentioned as a
trichothecene producer in a recent review
(Bhatnagar et al., 2002). It has even been
claimed recently that Aspergillus species (A.
oryzae, A. terreus, A. parasiticus and A. versicolor)
produce nivalenol, deoxynivalenol and T-2
toxin (Atalla et al., 2003). A. parasiticus was
claimed to produce very high amounts of de-
oxynivalenol and T-2 toxin after growth on
wheat held at 80% relative humidity for 1 to 2
months. These data are totally implausible and
have to be rejected as false.

T-2 toxin
T-2 toxin is one of the most toxic trichothe-
cenes, whereas the derivative HT-2 toxin is less
toxic. Due to structural similarity these toxins
are often included in the same analytical
method.

F. sporotrichioides and F. langsethiae, fre-
quently isolated from cereals, are consistent
producers of T-2 and HT-2 (Thrane et al., 2004).
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Only few T-2 and HT-2 producing strains of F.
poae and F. sambucinum have been found
(Nielsen and Thrane, 2001; Thrane et al., 2004).

Diacetoxyscirpenol (DAS) and monoacety-
lated derivatives (MAS)

These are a fourth group of important tricho-
thecenes in food.

Major sources. F. venenatum is a high-yield
producer of DAS and is frequently isolated
from cereals and potatoes (Nielsen and Thrane,
2001). In addition F. poae is also a good pro-
ducer of DAS.

Minor sources. F. equiseti does produce DAS
and MAS in high amounts, but this species is
infrequently isolated from cereals and vegeta-
bles. F. sporotrichioides and F. langsethiae do also
produce DAS and MAS; however, much less
than T-2 toxin (Thrane et al., 2004). F. sam-
bucinum have also been reported as DAS and
MAS producers and may be related to DAS
occurrence in potatoes (Ellner, 2002).

Verrucosidin

Verrucosidin is one of the mycotoxins from
members of Penicillium series Viridicata that
have claimed to cause mycotoxicosis in animals
(Burka et al., 1983). P. polonicum, P. aurantiogri-
seum and P. melanoconidium are the major
known sources of verrucosidin (Frisvad and
Samson et al., 2004a).

Verruculogen and fumitremorgins

Verruculogen is an extremely toxic tremorgenic
mycotoxin, but it may not be very common in
foods. Neosartorya fischeri may be present in
heat-treated foods, but N. glabra and allied
species are much more common in foods, and
the latter species do not produce verruculogen.

Major sources. A. fumigatus and Neosartorya
fischeri are the major sources that may be of
some significance in feedstuffs and heat-treated
foods. These species produce many other toxic
compounds including gliotoxin, fumigaclavins,
and tryptoquivalins (Cole ef al., 1977; Cole and
Cox, 1981; Panaccione and Coyle, 2005).

Minor sources. A. caespitosus, P. mononemato-
sum and P. brasilianum are efficient producers
of verruculogen and fumitremorgins, but are
very rare in foods and feeds.
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Viriditoxin

Viriditoxin is a toxic compound of unknown
relevance in mycotoxicology. It is produced by
Paecilomyces variotii, A. viridinutans and P.
mononematosum (Frisvad et al., 2004c).

Xanthomegnin, viomellein and vioxanthin
These toxins have been reported to cause ex-
perimental mycotoxicosis in pigs and they
apparently are more toxic to the liver than to
kidneys in mammals (Zimmerman et al., 1979).
They have been found to be naturally occur-
ring in cereals (Hald et al., 1983; Scudamore ef
al., 1986).

P. cyclopium, P. freii, P. melanoconidium, P.
tricolor and P. viridicatum are common in cere-
als and A. ochraceus, A. westerdijkiae and possi-
bly A. steynii are common in green coffee beans
and are occasionally found in grapes and on
rice.

P. janthinellum, P. mariaecrucis are soil-
borne forms producing these hepatotoxins
(Frisvad and Filtenborg, 1990), and Trichophy-
ton, Microsporum and Epidermophyton spp. are
good producers of xanthomegnin, viomellein
and vioxanthin, but they are fungi causing
superficial skin mycosis of mammals and never
occur in foods.

Incorrect — These naphthoquinones are not
produced by P. crustosum as else reported by
Hald et al. (1983), by P. oxalicum as reported by
Lee and Skau (1981) or by A. nidulans, A. flavus,
A. oryzae or A. terreus as reported by Abu-
Seidah (2003).

Zearalenone
Zearalenone has for many years been related to
hyperoestrogenism in swine and possible ef-
fects in humans has also been reported. Deriva-
tives of zearalenone have been used as growth
promoters in livestock; however, this is now
banned in the Europian Union (Launay ef al.,
2004). Zearalenone and its derivatives have
been reviewed recently (Hagler Jr et al., 2001).
F. graminearum and F. culmorum are the
most pronounced producers of zearalenone
and several derivatives hereof. They occur
frequently in cereals all over the world. Re-
cently, F. graminearum has been divided into
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nine phylogenetic species (O'Donnell et al.,
2004); however, in the present context this
species concept will not be used as a correla-
tion to existing mycotoxicological literature as
this is impossible at this stage.

Under laboratory conditions Fusarium equi-
seti does produce a number of zearalenone
derivatives in high amounts, but little is known
about the production under natural conditions.
F. crookwellense does also produce zearalenone.
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Filamentous fungi as cell factories for metabolite

production

Wian A. de Jongh and Jens Nielsen

Center for Microbial Biotechnology BioCentrum-DTU Seltofts Plads 221, DK-2800 Kgs. Lyngby, Denmark.

INTRODUCTION

Filamentous fungi are extensively used as cell
factories for different biotechnological prod-
ucts such as enzymes, pharmaceuticals, as well
as primary and secondary metabolites. The two
most eminent biotechnological processes are
citrate production by Aspergillus niger and
penicillin production by P. chrysogenum, which
will be the focus of this chapter. In terms of
industrial production, these two metabolite
hyperproducers represent billions of U.S.$ in
annual revenues.

Hyperproduction can be defined as the
ability of an organism to obtain very high
yields, in some cases close to stoichiometric
conversion of carbon into the product of inter-
est in a relatively short period of time (gener-
ally a few days). Such intensive production can
only be obtained with a few selected isolates of
filamentous fungal species under specific nu-
trient and morphological conditions.

The original natural isolates would be con-
sidered poor producers by modern standards.
Intensive efforts have been applied to the im-
provement of these original isolates, using
mostly classical random mutation strain im-
provement techniques, and more recently ge-
netic and metabolic engineering techniques.
Concurrent to the advances in fungal genome
manipulation techniques, great strides forward
in the development of comprehensive metabo-
lite detection, large scale mRNA transcript
quantification and other so-called “omic” tech-
niques have been made. The application of
these techniques to strain improvement is

already starting to revolutionize the way in
which we improve and develop current or
novel processes. In this chapter we discuss
these developments, but we start with a dis-
cussion on the historical development of citrate
and penicillin production, two examples where
hyperproducing filamentous fungi have been
developed.

HISTORY

From a historic perspective, citrate production
by A. niger, fumarate production by Rhizopus
oryzae, and penicillin production by Penicillium
chrysogenum have great importance as the first
true examples of industrial scale biotechnologi-
cal processes. These fungal fermentation proc-
esses have led the way towards further indus-
trial applications of biotechnology. Particularly
the development of citrate and penicillin pro-
duction processes resulted in mutual advan-
tages, and led to rapid progress in the field of
biotechnology as a whole. In the course of
developing these processes many similar prob-
lems arose, and hence many of the techniques
developed for one process could rapidly be
transferred to the other process (see Figure 1
for a timeline overview of key historical devel-
opments), e.g., large-scale fermentation tech-
nology.

Citrate was first discovered by Scheele in
1784 and was produced mainly from lemons
during the nineteenth century. In 1880 it was
attempted to produce citrate from glycerol, but
this was not economically competitive.
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(1784)

Scheele discovers citrate

Wehmer discovers citrate producing

mold: Citromyces / Penicillium ]

Curie identifies high citrate producing
A. niger. 1917

DE JONGH & NIELSEN

Chas. Pfizer & Co. Inc. starts large Penicillin discovered by Flemming

scale production

Successful submerged cultivation of

fungi demonstrated.

Process using cheaper best mollases(1940)

developed

Milles laboratories very successfully

uses starch hydrolysate process

Citrate production changes from
surface to submerged cultivation

n-alkane-based yeast process

developed
(1972)

Florey and Chain show therapeutic

action of penicillin in mice.

Work on submerged penicillin
production starts at NRRL (USA)

Highly successful human clinical trials in

USA

Flemming, Florey and Chain awarded

Nobel Prize

(1956) Prof. Sheehan chemically synthesizes
penicillin

Chain purifies 6-APA to its crystaline

form, opening the way to semisynthetic
penicillins.

Panlabs starts strain improvement
program

Figure 1. Timeline of key historical developments for citrate and penicillin production.

As early as 1893 there was the first hint at
using a biotechnological process when Weh-
mer discovered a mold that produced citrate
(Mattey, 1992). He called it Citromyces, which
later became better known as Penicillium. In
1917 Curie found an A. niger capable of pro-
ducing high concentrations of citrate in a sugar
medium. This discovery quickly led the U.S.
company, Chas. Pfizer & Co. Inc., to start pro-
ducing citrate on a large scale using surface
cultures. The process was soon improved by
using beet molasses instead of sugar, thereby
making the process more economically viable.

The fortuitous discovery of penicillin by
Alexander Fleming in September 1928 opens a
new chapter in the early history of fungal hy-
perproducers. In 1938, Howard Florey and
Ernest Chain made a systematic survey of
antibacterial substances known to be produced
by microorganisms. They started with penicil-
lin and published their results in The Lancet
(Chain et al., 1940), where they showed meth-

ods for production of penicillin and its thera-
peutic action in mice. The initial success of this
study quickly led to a human trial being at-
tempted. Their second paper described de-
tailed methods for large scale production of
penicillin (Abraham et al., 1941), but the sever-
ity of World War II, made it very difficult to
produce large quantities of penicillin in the
United Kingdom.

Researchers Howard Florey and Norman
G. Heatley therefore went to the United States.
Here they were directed to the Northern Re-
gional Research Laboratory (NRRL) where the
chief of the fermentation division suggested
using submerged cultivation. Corn steep liquor
was used as a carbon source, which led to more
penicillin G being produced, while in the U. K.
mostly penicillin F was produced. Florey also
tried to interest several large U. S. pharmaceu-
tical companies in producing penicillin. At that
time the companies generally thought that it
would only be a matter of time before chemical
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synthesis could be applied to produce penicil-
lin, and they were therefore reluctant to invest
in production scales larger than pilot scale for
submerged cultures (Nielsen, 1995). The ex-
tremely successful clinical trials that were con-
ducted in 1943, led the U. S. War Production
Board to encourage pharmaceutical companies
to increase supply, and to invest in the fermen-
tation route, and this eventually resulted in
large-scale production of penicillin by fermen-
tation. It was only in 1956 that John Sheehan, a
professor at MIT, succeeded in establishing a
chemical synthesis route towards penicillin.
The chemical synthesis turned out to be very
inefficient and expensive and never presented
a real challenge to fermentation.

In connection with design of large-scale
penicillin production there were several prob-
lems to be solved to achieve successful sub-
merged cultivation. These included: sterile
design, dirt- and oil- free equipment design,
large-scale agitators and sterile aeration capa-
bilities (Shuler and Kargi, 1992). Similar prob-
lems were encountered for citrate production,
but in the case of citrate production sterile air
was less of a problem, as the very low pH at
which citrate fermentations are conducted
makes contamination much less likely than for
penicillin fermentations. Successful submerged
penicillin  production was rapidly achieved,
which is generally attributed to the transfer of
know-how from the submerged fumarate pro-
duction process using R. oryzae. The R. oryzae
process was the first submerged fermentation
process using filamentous fungi and was there-
fore used as a model for scale-up and fermen-
tation techniques for the penicillin production
process (Roehr and Kubicek, 1996). Hurdles in
submerged cultivation were overcome by a
multidisciplinary team, which included biolo-
gists and chemical engineers, and can be seen
as the birth of biochemical engineering as a
discipline.

Shortly after, 40,000 L fermenters were
implemented, followed by Pfizer completing a
plant containing 14 x 7,000 gallons fermenters
in just 6 months. Thus, the intense interest
created in penicillin during World War II soon
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paid off and by the end of the war, the U.S.
capability for patient treatment was 100,000 a
year (Hobby, 1985). For their contributions
Fleming, Florey and Chain received the Nobel
Prize in Medicine in 1945 “for the discovery of
penicillin and its curative effects in various
infectious diseases.”

Rapid progress was made in the optimisa-
tion of fermentation parameters during the
following years leading to large increases in
yields and productivities for both citrate and
penicillin.

Along with the increases in capacity for
penicillin production, new antibiotics were
being developed. K. Kato of Japan in 1953
found that 6-APA, the nucleus of penicillin,
was produced during fermentation and this
component was purified to its crystalline form
by Chain in his Italian laboratory in 1958, lead-
ing the way towards the production of semi-
synthetic penicillins (Abraham, 1983).

These advances in fermentation technology
soon started to be applied to the production of
citrate, and from 1950 the process changed over
time from surface to submerged cultures. In
1965 various yeast-based citrate production
processes were introduced. These processes
used n-alkanes, since hydrocarbons were cheap
at the time, but most have now changed to
regular carbon sources (Barbesgaard et al.,
1992). Furthermore, today A. niger is the main
cell factory used for citrate production.

Thanks to PENICILLIN

..He Will Come Home !
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Table 1. Products of interest and the fungi that produce them (Adapted from Ruijter, Kubicek, and Visser, 2002;
Demain and Elander, 1999, with additional information from Roehr, Kubicek, and Kominek, 1992; Schuster et al.,

2002; Mattey, 1992; Elander, 2003).

Organism Metabolite
Aspergillus niger Citrate
Gluconate

Aspergillus terreus Itaconic acid

Rhizopus oryzae Fumarate
Penicillium

chrysogenum

Penicillin /
6-APA

ad-7-ADCA

Application

O  Food and beverage industries

O  Acidifier, pH adjustment, flavour enhancer,
reduces sweetness, antioxidant, preservative

O  Pharmaceutical industry and cosmetics

O pH adjustment, anticoagulant, antioxidant, fast
dissolution of active agent, preservative in stored
blood, iron citrate as a source of iron

O  Others

O  Cleaning of metal surfaces, oil well treatment,
retards concrete setting, hardening of adhesives,
plastics industry, washing agents, household
cleaners, removal of sulfur dioxide from waste
gases, leather tanning, electroplating

Food additive, therapeutic metal salts, dissolving of
calcium deposits such as milkstone in dairy industry,
metal cleaning
Plastics and paper industries
Food additive, synthetic polymers
O  Penicillin G and V, which are either used di-
rectly or to produce the penicillin precursor
6-APA
O  Semi-synthetic penicillins
O  Broad spectrum penicillins: ampicillin,
amoxycillin
O  Isoxazolyl penicillins: oxacillin, cloxacillin,
flucloxacillin
O  Expanded spectrum ureido penicillins:
azlocillin, mezlocillin, piperacillin
O  Prolong pharmocokinetically improved peni-
cillins: pivampicillin, bacampicillin
O  Antipseudomonal penicillins: ticarcillin, in-
danyl piperacillin, ticarcillin and carbenicil-
lin
O  Penicillin-resistant penicillins: methicillin
and dicloxacillin
O  Others : epicillin, nafcillin and cyclacillin

Used to produce the cephalosporin precursor 7-ADCA
through enzymatic cleavage

Process improvements using classical strain
improvement approaches to obtain higher
producing strains soon started and this was the
main approach to this aim up to the 1980s.
Here it is of particular importance to mention
the project undertaken by the American com-
pany Panlabs Inc., which led to large increases
in penicillin yields and productivities between
1972 and the early 1980s (see example in the

classical strain improvement section). DNA-
mediated transformation started in the mid-
1980s and quickly led to new disciplines such
as genetic engineering and, later, metabolic
engineering.

Citrate and penicillin production tech-
niques are still being improved today, and it is
a measure of the historical, as well as current,
importance of these products that they still
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generate such interest. Figure 3 shows the
increase in the world consumption of penicillin
and citrate, as well as the distribution of citrate
producers throughout the world and the effect
of gross national product on penicillin con-
sumption. Table 2 provides some additional
economic data on the products.

Table 2. Citrate and Penicillin production statistics

Citrate Penicillin*

A. niger’  P. chrysogenum
World market 360 5000
[million $]
Cost [U.S.$/kg] 0,4 <8
Titer [g/L] >110" 40-50
Yield [%] >80 10-12

' Comparatively small percentage of citrate produced

"m

by other organisms." For the year 2000 "' Mattey,
1992,* Elander, 2003.

The fast increase in citrate consumption
along with its current and expanding global
production capacity has placed citrate as one of
the largest bulk commodity products produced
by biotechnology worldwide. The sharp in-
creasing trend for penicillin consumption is
almost guaranteed to continue for the foresee-
able future. This can especially be deduced
from Figure 3 (D), which shows that annual per
capita consumption of penicillin is closely
linked to the gross national product (GNP).
Coupled with the rapid increase in the GNP in
India and China there will obviously be a fur-
ther increase in the worldwide consumption of
penicillin. It is interesting to note that the an-
nual per capita intake of penicillin is close to
being at Western levels even for relatively low
GNP, which is explained by the fact that even
60 years after its introduction, penicillin is still
one of the most cost-effective drugs.

PRODUCER STRAINS

Several producer strains are currently em-
ployed in industrial processes: citric acid and
gluconic acid production by A. niger, penicillin
by P. chrysogenum, itaconic acid production by
A. terreus, malate and fumarate production by
Rhizopus oryzae, as well as numerous enzyme
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production processes. Table 2 gives a list of
products of interest and the organisms that
produce them, and Figure 4 depicts micro-
scopic images of these fungi.

Platform organisms

Even though there are several fungal producer
strains used at the moment by industry for
organic acid and antibiotic production, only A.
niger and P. chrysogenum can be characterized
as platform organisms for metabolite produc-
tion. A platform organism is an industrial or-
ganism that is extensively used to produce
several commodity products. The main advan-
tages of these organisms are that they are well
understood and have been used by industry
for an extended period of time. This allows
rapid transfer of new products from the re-
search and development stage to production.
Table 3 lists the advantages and disadvantages
of three industrially used producer strains.

Health and safety

Both A. niger and P. chrysogenum are par-
ticularly suitable for food or drug production,
as they have been certified as generally re-
garded as safe (GRAS) by the Food and Drug
Administration (U.S.A) and the World Health
Organisation. Many specific A. niger produc-
tion processes have been certified as GRAS,
among these are several enzymes: o-amylase,
cellulase, amyloglucosidase, catalase, glucose
oxidase, lipase and pectinase. Bulk chemicals
produced by A. niger have also attained this
status, such as citrate and gluconate. In the case
of P. chrysogenum, production of penicillin and
ad-7ADCA have also been recognised as
GRAS.

As is the case for other fungi, it is important
to avoid too much contact with the spore dust,
but A. niger (Schuster et al., 2002) and P. chry-
sogenum are not considered particularly dan-
gerous. A. niger has only been found to cause
human infection in people with a compromised
immune system, and while Ochratoxin A is
produced by A. niger in rare cases (Schuster et
al., 2002), it has not been cited as a problem for
any of the current biotechnological applica-
tions.
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production capacity by country for 1996 (Connor, 1998), and (D) penicillin usage vs. gross national product for

1992.

The safety and ease of use of these platform
organisms has led to their extensive application
in industry and has made them the focus of
intense study and process improvement pro-
jects.

Classical strain improvement

Classical strain improvement have been used
since the early 1950s to increase yield, titer,
productivity or general ease of use of Aspergil-
lus niger and Penicillium chrysogenum, and has
been responsible for virtually all the published
superproducers to date. Mutagens such as
short wavelength radiation (UV), X- and y-ray
ionizing radiation and chemical agents (base
analogs: 5-chlorouracil, hydroxylamine; alky-
agents: N-methyl-N’-nitro N-
nitrosoguanidine; intercalating agents, etc.)
have been extensively used. The most popular
agent of these, because of its very high mutant
to survivor ratio and multiplicity of mutations,

lating

has been nitrosoguanidine (Parekh et al., 2000).
Most mutations occur at very low frequency
(10°-101%/ generation, Parekh et al., 2000) and
mostly with negative impact on the characteris-
tic of interest. The challenge is to isolate the
true beneficial mutants, and therefore, well-
designed screening and directed mutagenesis
techniques are of vital importance.

Random mutation and selection
These were initially used because the lack of
any detailed biochemical knowledge of the
organisms prevented a more direct approach.
This empirical method can be described as “hit
and miss,” requiring a brute force approach. A
classical case would involve the screening of
more than 100,000 mutants to obtain a positive
result (Lein, 1986).

By applying rational selection techniques a
tenfold improvement in hit rate can be
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Figure 4. Microscopic images of the sporulating structures of Rhizopus oryzae, Aspergillus terreus, Aspergillus niger
and Penicillium chrysogenum (from left to right). Pictures kindly provided by Dana Savicka of the Institute of
Chemical Technology Prague, and Michel Cavalla.

Table 3. The advantages and disadvantages of producer strains used by industry

Organism

Advantages

Disadvantages

Aspergillus niger

Aspergillus terreus

Penicillium
chrysogenum

High acid tolerance (>200 g/L citrate)
High productivities possible (rp> 1.4
g/L/h)

Can utilize complex substrates (bio-
mass)

Extensively applied in industry

GRAS organism

4 x coverage of genome publicly
available, public sequencing project to
9 x coverage.

Used to produce itaconic acids at high
titers and productivities (15,000 tons/a)
Itaconic process is considered GRAS
In process of being sequenced for a
public assessable database

High titers of B-lactams possible (>50
8/L)

High productivities

Superproducers can be used as plat-
forms for new products (ad-7-ADCA)

Extensively applied in industry

GRAS organism

Does not naturally produce other
useful organic acids (other than
citrate and gluconate) at high titers

Can be consumer problems with
GM strains

Less industrially utilized than A.
niger

Seen as an emerging antigen for
causing aspergillosis, and resistant
to amphotericin B, a crucial treat-
ment for fungal infections
(Steinbach et al., 2004)

Not yet sequenced

Only used for secondary metabo-
lite production

achieved (Vournakis and Elander, 1983), which specific

indicator

(P-di-methylaminoben-

results in a direct efficiency increase for strain
improvement programs. Rational selection
techniques involve screening, not for the prod-
uct of interest, but for a biochemical character-
istic associated with it. Such techniques in-
volve, for example, direct colony selection after
a bioassay overlay for better penicillin produc-
ers (Vournakis and Elander, 1983), or citrate

zaldehyde) assays for citrate hyperproducers
(Mattey, 1992).

Resistance to metals

Selection of mutants resistant to metallic ions
was a particularly innovative solution for anti-
biotic producing strains. Certain toxic heavy-
metals complex with B-lactam antibiotics, and



170 DE JONGH & NIELSEN

EXAMPLE

The efforts by the U.S. company Panlabs Inc. to increase penicillin production is one of the best
examples available in the literature on a classical strain improvement project. It combined several
rounds of mutation (using dimethyl sulfate, ethyl methanesulfonate and UV-irradiation) and selec-
tion, and two different starting strains (P1 and P2, obtained from Toyo Jozo Co. for Penicillin V
production and Nippon Kayaku Co. for penicillin G production, respectively), to create mutants
with vastly higher penicillin production capabilities. Nitrosoguadine was mentioned earlier as the
most popular mutagen used, however, it was purposefully not used in the Panlabs penicillin pro-
ject. It was thought at the time that the high rate of mutagenesis would cause multiple mutations
per mutant, which would lead to crippled strains after several rounds of mutagenesis. Two meth-
odologies were employed in the mutant selection process: random selection of mutants was used
for the P2 strains, while rational selection techniques were applied to the P1 strains. The rational
selection techniques were designed around breaking down the biosynthetic control mechanisms or
increased antibiotic secretion to prevent feedback inhibition on its own biosynthetic pathway (e.g.,
2-aminoadipic acid, sodium sulfide, lysine, valine hydroxamate, etc.). Protoplast fusion was also
employed later in the program, but only in the period after 1977.

Initial experiments were carried out in shake flask and large-scale fermenters, but as it was
found that the shake flask experiments adequately predicted behaviour in large-scale fermentations,
shake flasks were used for the remainder of the strain improvement process (see Figure 5). [(Lein,
1986), (Demain and Elander, 1999)].
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Figure 5. The development of penicillin titers with an indication of Panlabs’ contribution to penicillin production
improvement through classical strain improvement in the 1970s. Strain lineages P1 ¢ and P2 ® are marked.

antibiotic production therefore detoxifies the
medium. It was therefore possible to screen for
faster growing colonies to find the best penicil-
lin producers. This technique can also be used
iteratively, with increased metal concentrations
leading to increased production in a step-wise
manner (Penalva et al., 1998). Metallic ions are

also of great importance to citrate production.
It has long been known that the presence of
even trace amounts of Mn?* (more than 1 ppb,
Mattey, 1992) will drastically decrease citrate
production in submerged cultivation. Mn?* has
been reported to have multiple effects on A.
niger physiology, e.g., morphology changes
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from pellet to filamentous, increased protein
turnover, impaired DNA synthesis and altered
composition of plasma membrane and cell
walls (Karaffa and Kubicek, 2003). Tradition-
ally, the feedstock has been de-ionised using
ion-exchange pre-treatment, which adds to the
labour and costs involved in using substrates
such as molasses. Classical selection techniques
have therefore been used to select for mutants
less sensitive to Mn?* [(Lesniak et al., 2002);
(Schreferl et al., 1986); (Gupta and Chandra,
2002)].

Extension of substrate range

Obtaining mutants with the ability to grow or
produce on new substrates can lead to reduced
substrate costs and thereby better process eco-
nomics. Ikram-ul-Haq et al. (2001) used chemi-
cal and UV-radiation to create mutants with
enhanced abilities of citrate production on
black strap molasses. The best mutant pro-
duced 86.1 g/L citrate in 168 h, compared to
31.1 g/L by the wild-type; it also had a faster
specific growth rate. Starch and dextrose syr-
ups have also been successfully used for citrate
production (80% yield) by trace metal resistant
mutants, without the necessity for ion-
exchange pre-treatment (Lesniak ef al., 2002).
Ikram-Ul Hagq et al. (2003) selected similar mu-
tants, which had enhanced productivity for
direct citrate production from raw starch. Sev-
eral studies (Leangon et al., 1999) also looked at
growth and citrate production characteristics of
mutants on solid media. Some A. niger strains
have also been adapted to grow on gluconic
acid, an unwanted side product, which can
decrease process productivities (Mattey, 1992).

Decreased by-product formation

Selecting mutants deficient in the responsible
enzymes can be used to decrease unwanted by-
product formation. This has the added advan-
tage of increasing process productivity, while
hopefully increasing yields. Unwanted glucon-
ate and oxalate productions were prevented in
this way by selecting for mutants deficient in
glucose oxidase or oxaloacetate hydrolase,
respectively (Ruijter ef al., 1999). A double
mutant obtained by Ruijter et al.,, (1999) also
had the unexpected characteristic of being able
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to produce citrate at high pH, and in the pres-
ence Mn?. Side product formation also plays a
role in penicillin production, where part of the
precursors  (phenylacetic and
phenoxyacetic acids) fed during penicillin
fermentations are metabolized to undesirable
side products, such as 2-or 4-
hydroxyphenylacetate, and are then incorpo-
rated into penicillin. Classical mutagenesis
techniques where therefore employed to pre-

side-chain

vent these expensive side-chain precursors
from being wasted (Penalva et al., 1998).

Toxic precursors, toxic end products or meta-
bolic antagonists

The use of toxic precursors, toxic end products
or metabolic antagonists has been extensively
employed to select for higher citrate or penicil-
lin producers, e.g., S-2-aminoethyl-L-cysteine
has been used to select for lysine feed-back
insensitive strains of P. chrysogenum for -
lactam antibiotic production (Vournakis and
Elander, 1983). Selection for greater glycolytic
capacity, and subsequent faster growth rate
and higher citrate production rate, was
achieved using 2-deoxyglucose-resistance
(Kirimura et al., 1992). Methanol was known to
impair protein synthesis in A. niger with the
side-effect of increased citrate production Se-
lection for cycloheximide sensitive strains of A.
niger has yielded strains with impaired protein
synthesis (Rugsaseel et al., 1996). These strains
accumulated similar amounts of citrate, with-
out the addition of methanol, compared to the
wild type with methanol added to the produc-
tion media. Use of mutants that are resistant to
analogues of metabolic intermediates, which
over-produce these intermediates, have been
applied to the selection of penicillin producer
strains by using analogues of natural amino
acid precursors of penicillin biosynthesis
(Penalva et al., 1998; Vournakis and Elander,
1983; Lein, 1986).

Other strategies

Selecting a penicillin-producing mutant with
pellet morphology instead of the wild type
filamentous morphology, obtained better mass
transfer rates and subsequent better penicillin
productivities (Penalva et al., 1998). Similar
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studies have been done for A. niger, as pellet
morphology is of particular importance for
citrate production. Repeated rounds of muta-
tion can adversily affect many cell functions.
The successful selection for better sporulation
and germination efficiencies as markers for cell
damage has been achieved and led to higher
production (Penalva ef al.,, 1998). Better pro-
ducers have also been isolated through selec-
tion for reversion of auxotrophs of biosynthetic
intermediates (Vournakis and Elander, 1983).

METABOLIC ENGINEERING

“The combination of analytical methods to quantify
fluxes and their control with molecular biological
techniques to implement suggested genetic modifi-
cations is the essence of metabolic engineering.”
Stephanopoulos, G. N., Aristidou A. A., Niel-
sen J., (1998)

Metabolic
Engineering

New
Products

/ Process \
Improvement

for in
Classical Platform
Products Organisms
Citrate Succinate

\ Penicillin ‘ \ ad-7-ADCA ‘

Figure 6. The two main branches of metabolic engi-
neering.

Metabolic engineering can be divided into
two main branches: improvement of current
processes and new product development (See
Figure 6). These can be seen as the next logical
biotechnological step following on classical
strain improvement and genetic engineering.
Genetic engineering, which can be defined as
the transformation of a cell by foreign DNA,
supplied the necessary tools for the directed
genetic changes, which is a central theme of
metabolic engineering (Figure 7).
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Figure 7. Process improvement through metabolic

engineering is an iterative approach, where, using all
available information, several rounds of directed
strain improvements, and in-depth experimental
analysis, leads to a strain with preconceived physio-
logical attributes. The importance of classically im-
proved strain lineages becomes apparent when this
approach is applied to penicillin and citrate produc-
tion. The information obtained from the in-depth
study of these strain lineages can be directly applied
to better design strategies for directed strain im-
provement.

Improving our fundamental understanding of
hyperproducers

The application of metabolic engineering to
improve penicillin production, as well as cit-
rate production, is a real challenge as the cur-
rent applied industrial strains are the result of
more than 50 years of classical strain improve-
ment programs. However, metabolic engineer-
ing has been very successfully applied to elu-
cidate the mechanisms behind the improve-
ments achieved through classical means. Here,
especially the study of the SmithKline Beecham
Penicillium-strain improvement series has been
illuminating (Penalva et al., 1998). This and
similar studies provided both the genetic ra-
tionale behind the improvements (Christensen
et al., 1995; Newbert et al., 1997), as well as
biochemical understanding of the interplay
between the individual pathway intermediates
and production (Theilgaard et al., 2001).

It was consistently found that increased
productivity equalled increased biosynthetic
cluster copy number (proportionally increased
production can be seen up to a copy number of
four (Thykaer and Nielsen, 2003)), while lower
producing revertants displayed decreased copy
numbers (Christensen et al., 1995). However, it
has been shown that not all increases in pro-
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ductivity can be linked to copy number alone,
but concerted efforts to find specific point
mutants in the promoter areas of the high pro-
ducing strains were unsuccessful (Newbert et
al., 1997). Possibly transcription factors might
play an important role here, and some of these
have been identified in A. nidulans (Brakhage,
1997; Litzka ef al., 1999). The work of Kiel et al.
(2005) offers another possible explanation for
increased penicillin production in the absence
of an increased number of tandem repeats.
They have shown that increasing the mi-
crobody numbers in the cell directly leads to
increased penicillin production, without any
increase in penicillin biosynthetic pathway
enzyme activities.

The availability of sequences of individual
pathway genes allowed detailed studies on the
effects of individual genes in the tandem re-
peats observed in the classically improved
strains. Subsequent studies have revealed the
importance of balanced expression or over-
expression of the penicillin biosynthetic genes
(Theilgaard et al., 2001) and partly explained
why classically improved hyperproducers
practically always have the entire gene cluster
in multiple copies. Unbalanced expression of
the individual genes led to accumulation of
toxic intermediates of the pathway, slowing the
maximum specific growth rate and lowering
penicillin production. Only when the entire
biosynthetic gene cluster was introduced in
multiple copies did the penicillin production
increase (Theilgaard et al., 2001).

Towards a systems approach

Unfortunately, researchers on citrate produc-
tion have not always been as successful in
translating knowledge gained from classically
improved strains through metabolic engineer-
ing. In most cases these studies demonstrate
one of the fundamental difficulties in metabolic
engineering, namely the need for extensive and
detailed information about the process, path-
way or metabolic branch point one wishes to
manipulate. Promper et al. (1993) investigated
the role of complex I (NADH:ubiquinone oxi-
doreductase) in citrate accumulation. The
study was undertaken following the observa-
tion that the mutant citrate-producing B60
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strain lost complex I at the onset of citrate ac-
cumulation (Wallrath et al., 1991). The NADH
binding subunit of complex I was therefore
deleted in strain nuo51, which then disrupts
the assembly of a functional complex I, and
compared to the strain B60 and the parent. As
expected the intracellular citrate concentration
increase over that of the parent strain (up to
twenty-fold), but unexpectedly the total citrate
produced was much reduced. The reason for
this could not be proven, although the authors
speculated that it was probably the lack of a
citrate transporter, possibly mitochondrial,
which led to strain nuo51 growing much
slower than either the parent or B60, and that
this lack also accounted for the low citrate
production.

Another example was the improvement of
the flux towards citrate production by over-
expressing pyruvate kinase and phophofructo-
kinase (Ruijter et al., 1997). The rationale for
this approach was mainly based on previous
work, which suggested that hexokinase and
phosphofructokinase may be important steps
in flux control (Schreferl-Kunar et al., 1989). It
has also been found that high-producing
strains, selected for their ability to grow faster
in high sucrose concentrations with increased
citrate yields, had twofold higher activities of
these two enzymes (Schreferl-Kunar et al.,
1989). These conditions of high sucrose concen-
tration have also been found to increase intra-
cellular fructose 2,6-bisphosphate concentra-
tion (Kubi-cek-Pranz et al., 1990), which is in
turn a potent activator of phosphofructokinase.
Although the approach was well thought out,
and the necessary tools were available, an
unexpected compensatory mechanism negated
the genetic modifications. Over-expression of
citrate synthase also had no effect on citrate
production, most likely because the native
citrate synthase had excess capacity (Ruijter et
al., 2000).

Modelling in metabolic engineering

The above mentioned study on improving
citrate production through over-expression of
key genes in the pathway clearly points to the
fact that the use of directed genetic changes can
be problematic, without systems knowledge. A
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major step towards applying a systems ap-
proach in metabolic engineering is arising in
the form of using genome-scale microbial
models (Patil et al., 2004). Two major classes of
models are of current interest: kinetic models
and stoichiometric models.

Both of these modelling approaches offer
directly applicable advantages for metabolic
engineers. Kinetic models represent a dynamic
view of the cellular metabolism, but its applica-
tion is severely constrained. The main reason
for this is the lack of enzymatic kinetic data,
which are cumbersome to obtain, and the dis-
crepancy between in vivo and in vitro enzyme
activities. These problems have limited the use
of kinetic models for large metabolic networks,
but, interesting results have been obtained after
extensive study of specific and relevant path-
ways, such as those for citrate (Guebel and
Torres Darias, 2001; Torres et al., 1996; Varez-
Vasquez et al., 2000) and penicillin synthesis
(Conejeros and Vassiliadis, 2000).
Vasquez et al. (2000) predicted a five-to-tenfold
increase in citrate production rate through the
over-expression of 13 genes or more. This is
currently outside the possible practical range of
genetic modifications and a reworking of this
problem, using a macroscopic approach and
different physiological parameters (Guebel and
Torres Darias, 2001) suggested a less extensive
manipulation of the strain. It was predicted
that with over-expression of the glucose carrier
alone, a significantly increased citrate produc-

Varez-
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strated that glucose import during citrate pro-
duction is a passive transport process, and
therefore over-expression of the glucose carrier
is likely to have little effect, unless a heterolo-
gous active transporter is expressed. Torres et
al. (1996) used biological systems theory cou-
pled with constrained linear optimization, to
show that at least 7 glycolytic enzymes needed
to be over-expressed to achieve a significant
increase in flux towards citrate. This could help
explain why the single and double over-
expressions of glycolytic genes (Ruijter et al.,
2000; Ruijter et al., 1997) tried so far has had no
(or little) effect.

Stoichiometric models describe the bio-
chemical reactions in the cell as a set of alge-
braic equations, and can be used to simulate
steady-state intracellular fluxes (Henriksen et
al., 1996; Patil et al., 2004) (see Figure 8). The
main advantages of stoichiometric models
compared with kinetic models are: no kinetic
information is needed, comprehensive models
of cellular biochemistry are possible, and these
models can be used to test pathway insertions
or deletions, in silico, with relatively little effort
(David et al., 2003; Forster et al., 2003). This last
feature of stoichiometric models is particularly
useful for metabolic engineering, as it allows a
systems approach for planning directed genetic
changes. A recent stoichiometric model of the
central carbon metabolism by David et al,
(2003) is the most comprehensive effort to date
for A. niger and includes more than 230 reac-

tion rate could be achieved. Unfortunately, tions.
Papagianni and Mattey (2004) have demon-
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Figure 8. Example of the mathematical formula representing the stoichiometric model of a simple branched

pathway.
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The power of large-scale stoichiometric
models have been illustrated through the work
of Forster [(Forster et al., 2002); (Forster et al.,
2003)] in S. cerevisiae, where it was shown to be
possible to predict intracellular fluxes with
high accuracy for anaerobic conditions, and
predict extreme pathways and maximum theo-
retical yields for aerobic conditions.

Carbon-13 labeling

Combining stoichiometric models with C-
labeling enables quantitative knowledge of the
intracellular fluxes (Christensen et al., 2001;
Christensen and Nielsen, 2000; Christensen
and Nielsen, 1999), and can also lead to the
elucidation of previously unknown pathways
(Christensen and Nielsen, 2000). This tool plays
an important role in elucidating the major
physiological differences between high and
low citrate producers, and has already been
applied to this end in penicillin production
(Christensen et al., 2000). It has also extended
the understanding of catabolism of co-
substrates (glucose and phenoxyacetic acid
(Christensen and Nielsen, 2002), and glucose
and adipate (Thykaer et al., 2002)) during peni-
cillin production, and the effects of glucose
concentration on glycolytic metabolism under
citrate producing conditions (Peksel et al.,
2002).

Examples of strain improvement through
metabolic engineering

The high level of secrecy surrounding indus-
trial producer strains means that we can only
focus on the work done by academia (see Table
4). To date, there have been only a few success
stories for the application of metabolic engi-
neering to citrate production in A. niger. The
public resistance to GM products probably has
a dampening effect on the application of meta-
bolic engineering for citrate production.

The only direct improvement in citrate
productivity was achieved through the in-
creased rate of citrate accumulation in the early
stages of fermentation on sucrose. Knowing
that A. niger hexokinase is inhibited by treha-
lose-6-phosphate in vitro Panneman et al. (1998)
later showed that it was a particularly strong
inhibition) and reports that hexokinase is a flux
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controlling step (Panneman et al, 1998),
Arisan-Atac et al., (1996) decided to study the
in vivo relevance of this inhibition. Several A.
niger strains were constructed, containing ei-
ther an amplification or disruption of treha-
lose-6-phosphate  synthase A (T6PSA)-
encoding gene (ggsA). It was found that, al-
though equal final
achieved, the disruptant strain accumulated
citrate faster than the wild type strain, while
the amplified strain led to slower accumula-
tion. It therefore appears that decreased treha-
lose-6-phosphate leads to higher hexokinase
activity, bearing out the in vitro results in vivo.

An excellent example of a novel metabolic
engineering approach for increased penicillin
production was achieved through the over-
expression of a single gene, Pc-Pex11. Pc-
Pex11lp is a peroxin involved in microbody
abundance, which have been found to increase
microbody abundance upon over-expression
in, among others: yeast, Trypanosoma brucei and
mammals (Kiel ef al., 2005). The rationale be-
hind this strategy was the observation that
some high-penicillin producing strains often
had significantly increased microbody num-
bers, and it was thought that the increase in
overall microbody surface area could lead to
increased yields. Another fact that was taken
into consideration was the importance of sub-
cellular localization of the penicillin biosyn-
thetic pathway enzymes (Miiller et al., 1992),
which highlighted the apparent importance of
microbodies in general for penicillin produc-
tion. Over-expression of Pc-Pex11 led to a 2.7-
fold increase in penicillin production in a low
producing strain (Wis54-1255) of P. chry-
sogenum (0.32 vs. 0.12 g/L after 96 h of shake
flask fermentation), but significantly, it also
doubled the production in DS04825 (2.03 g/L
vs. 0.98 g/L after 96 h of shake flask fermenta-
tion), a P. chrysogenum strain which already
had increased production when compared to
Wis54-1255.

Decreased by-product formation is an im-
portant target for yield, titer and productivity
improvements through metabolic engineering.
Unlike the classical strain improvement ap-
proach, where mutation was employed as an
imprecise tool for by-product reduction, meta-

concentrations were
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bolic engineering techniques allow for preci-
sion excision of offending genes and subse-
quent detailed analysis of the resulting strain.
A good example of this is the cloning and dele-
tion of the oxaloacetate hydrolyase (OAH)
gene in A. niger by Pedersen (Pedersen et al.,
2000a,b). The deletion of OAH resulted in the
elimination of the by-product, oxalate, which
causes problems during the downstream puri-
fication of proteins. It was also shown through
a carbon labelling study that such a deletion
can be done without pleiotropic consequences
(Pedersen et al., 2000a).

The importance of morphology during
citrate fermentations, and the negative influ-
ence of Mn?" on the desired pelleted morphol-
ogy, has been stressed earlier. Dai ef al. (2004)
used suppression subtractive hybridization to
identify key genes involved in the negative
effects of Mn?>" on pellet morphology in A.
niger. Anti-sense expression of one of these
genes (Brsa-25, a possible amino acid trans-
porter) was then employed to allow pelleted
growth in the presence of high Mn?* concentra-
tions.

Metabolic engineering offers the promise of
extending the product range of the most fre-
quently used platform organisms. The best
example to date is the production of ad-7-
ADCA by a penicillin-hyperproducing P. chry-
sogenum. The expandase gene (also known as
deacetoxycephalosporin C synthase) from
Streptomyces clavuligerus was inserted into this
industrially used P. chrysogenum strain to ex-
pand the B-lactam ring (Crawford et al., 1995).
Adding adipic acid as side-chain precursor
then allows ad-7-ADCA to be produced. This
strain improvement led to the predominant
production of ad-7ADCA in fed-batch fermen-
tation. 7-ADCA, a cephalosporin with great
market potential, can then be produced by
enzymatic cleavage of the adipoyl side-chain
from ad-7ADCA. The use of the platform or-
ganism P. chrysogenum allowed for the rapid
transfer of the research to industrial applica-
tion as many years of strain improvement for
penicillin production could be exploited, and
the process is currently being employed indus-
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trially by DSM (van de Sandt and de Vroom,
2000).

The power of large scale stoichiometric
models have been illustrated through the work
of Forster (Forster et al., 2002; Forster et al.,
2003)in S. cerevisiae, where it was shown to be
possible to predict intracellular fluxes with
high accuracy for anaerobic conditions, and
predict extreme pathways and maximum theo-
retical yields for aerobic conditions. The devel-
opments in genomics provide knowledge and
techniques that can lead to better understand-
ing of how cell factories operate. Beside ge-
nome sequencing, which by itself is potentially
extremely valuable for metabolic engineering
as the identification of genes and gene target-
ing is greatly facilitated, genomics encompass
transcriptomics, proteomics, metabolomics, etc.
Using the information gathered in these fields,
and integrating it with mathematical models
(Akesson et al., 2004), it may generally lead to
an improved systems approach to strain de-
sign.

Transcriptome

Aspergillus nidulans was the first filamentous
fungus to have its genome sequenced. It was
chosen because of its use as a model organism
for genetics in filamentous fungi, and the long
history of work in A. nidulans meant that all the
tools necessary to take advantage of the ge-
nome sequence were readily available. The
successful sequencing of A. niger was an-
nounced in a press release by DSM in 2001 and
Affymetrix arrays have been created (see Table
5). A 4 x coverage of the genome sequence,
provided by Integrated Genomics (Genencor),
has been publicly released in 2005, and a new
public sequencing project, using the Integrated
Genomics sequence as starting point, has been
initiated in 2005 by the Department of Energy
in the USA to improve the coverage to 9 x
(http://www jgi.doe.gov/sequencing/DOEmicr
obes2005.html). A. terreus is in the process of
(http://www.ebi.ac.uk/
genomes/wgs. html) and P. chrysogenum is
currently listed as a candidate for sequencing
by the Fungal Genome Initiative, to date no set
time table has been put forward. At the

being  sequenced
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Table 4. Examples of successful process enhancements through metabolic engineering

Reference Species

Arisan-Atac et al., 1996 Aspergillus niger
Theilgaard et al., 2001 Penicillium
chrysogenum

Kiel et al., 2005 P. chrysogenum

Pedersen et al., 1999 A. niger

Dai et al., 2004 A. niger

Crawford et al., 1995 P. chrysogenum

Productivity improvement

Decreased by-product formation

Lower sensitivity to trace Mn?

Extension of product range

Strategy Result

Citrate
Increased in high
conc. sucrose

Trehalose-6-phosphatase
synthase A deletion

Complete penicillin biosyn- Penicillin
thetic cluster over-expression. = 176% increase
Overexpression of Pc-Pex11, Penicillin

leading to massive prolifera- 100% increase

tion of microbody numbers.

Targeted deletion of oxaloace- = Oxalate by-product

tate hydrolyase gene. eliminated
Target identification by sup- Morphology and
pression subtractive hybridi- | Citrate

sation, followed by antisense Less sensitive to
expression of Brsa-25. Mn2

Insertion of bacterial expan- Ad-7-ADCA

dase gene, and adding adipic
acid to the medium.

industrial production

moment about 2,500 ESTs (Expressed Sequence
Tags) are publicly available for A. niger
(Hofmann et al., 2003), and a quick search on
the  NCBI (http://www.ncbi.
nlm.nih.gov/entrez/) gives in the region of 200
and 100 partially or fully sequenced and anno-
tated genes for A. niger and P. chrysogenum,
respectively.

Although no global transcription analysis

website

publications are available for A. niger or P.
chrysogenum or other industrially important
fungi, the possibilities for strain improvement
through this approach have already been am-
ply demonstrated. For example, a limited sized
array was used to analyse A. oryzae growth on
solid media and in liquid culture; from this
array it was possible to identify several genes
involved in morphology (Hofmann et al., 2003).
Another possible result of great value would
be the identification of global signal transduc-
tion pathways and global regulators, which
have been achieved in such diverse organisms
as E. coli (Ma et al., 2004a; Ma et al., 2004b), S.
cerevisae (Bro et al., 2004) and A. nidulans
(Brakhage, 1997; Litzka et al., 1999b).

Table 5. Genome characteristics for Aspergillus niger
and A. nidulans (adapted from Archer ef al., 2004)

A. niger A. nidulans
Genome size 35.9 30.1
[Mb]
Predicted 14097 9967
Genes
Genes with 5306 4512
Pfam hits
Proteome

Proteomics has not yet been applied to any
great extent to the elucidation or improvement
of superproducers. The field will soon become
more pertinent when the genomes of more
superproducers are sequenced and annotated.
Until then it is relevant at this stage to mention
that proteomics has been applied to the deter-
mination of all cephalosporin protein targets in
E. coli and the determination of proteins in-
volved in reducing methicillin-resistance
(Cordwell et al., 2002), which could lead to
eventual advances through metabolic engineer-
ing in antibiotic development.
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Metabolome

“It has become clear that even a complete under-
standing of the state of the genes, messages, and
proteins in a living system does not reveal its phe-
notype. Therefore, researchers have started to study
the metabolome (or the metabolic complement of
functional genomics).” (Villas-Boas et al., 2004)

In order to define the metabolic state of an
organism, increasing emphasis is being laid on
the central role of mass spectrometry. An ex-
tensive review on this field and its application
to phenotypical analysis is presented by Villas-
Boas et al. (2004). Techniques, such as gas
chromatography coupled with mass spec-
trometry have been used to determine the
phenotype of otherwise null-mutants in yeast,
by identifying most of the relevant metabolites
in the central carbon metabolism (Villas-Boas et
al., 2005). Askenazi et al. (2003) used HPLC and
electrospray MS to perform secondary metabo-
lite profiling of the high and low producers of
A. terreus, and was able to identify lovastatin
and related monacolins, as well as a variety of
(+)-geodin related compounds. This analysis
coupled to gene expression data enabled the
identification of novel components of the (+)-
geodin biosynthetic pathway. A study on the
applications of metabolite profiling of fungi by
Smedsgaard and Nielsen (2005) demonstrated
how direct infusion MS and HPLC with diode
array detection could be used to identify novel
compounds. It was also shown to be possible to
differentiate between closely related fungal
species and gain a deeper understanding of the
phenotypic behaviour of fungal and yeast
strains. Detailed phenotypical analysis plays a
central role in most modern strain improve-
ment programs, and advances in the field of
metabolite profiling is therefore of great inter-
est.

FUTURE PERSPECTIVES

As more fungal species are sequenced, and our
abilities in proteomics and metabolomics are
perfected, it will become possible to extend the
product range of our platform organism be-
yond what has been done so far, and also im-
prove on existing industrial processes.
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For instance, the industrial penicillin pro-
duction process still has the potential for sig-
nificant yield improvements. The high relative
cost of the substrate, glucose, makes yield
improvements particularly attractive in penicil-
lin production. Currently reported yields are in
the range of 0.04-0.06 moles penicillin/mole
glucose, while theoretically yields of up to 8-10
times higher are possible (depending on if the
model employed for calculation includes the
transsulfuration or
pathway for L-cysteine formation with subse-
quent 6-oxopiperide-2-carboxylic acid produc-
tion) (Nielsen, 1995). Obtaining improvements
so close to the maximum theoretical yield is,
however, unlikely in a real process as penicillin
biosynthesis is indirectly coupled to other
reactions in the cell (e.g., ATP dissipation dur-
ing precursor metabolite production). Im-
provements in the range of four-to fivefold are
considered possible (Nielsen, 1995), and there-
fore provide a strong economical driving force
for continued investment in strain and process

direct sulfhydrylation

improvements.

The penicillin yield stands in stark contrast
to citrate production process, which already
has a yield of more than 80% (see Table 1).
Here the future aim is therefore predominantly
to improve process productivity. Productivities
of 0.7 g/L/h-1 g/L/h have been reported (Mat-
tey, 1992; Roehr et al., 1992), and we presented
an example where increased productivity was
achieved for citrate production through the
deletion of trehalose-6-phosphatase synthase A
(Arisan-Atac et al., 1996). Mathematical kinetic
modelling predicts possible productivity in-
creases in the range of 45% (if glucose transport
into the cell can be doubled (Guebel and Tor-
res-Darias, 2001) to over 500% (depending on
the over-expression of 13 key enzymes and
increases in enzyme concentrations (Torres et
al., 2000)). It is not currently practically possible
to test these predictions by over-expressing so
many enzymes in a balanced fashion, and
many of the enzymes have not yet been identi-
fied, but in the future we can expect attempts
to be made as technologies for controlled ex-
pression of genes improves.

The future importance of product range
extension was also demonstrated by the trans-



FUNGI AS CELL FACTORIES

fer of the expandase gene into a hyperproduc-
ing P. chrysogenum strain, and the resulting
high titer industrial production of ad-7ADCA.
There are, however, still several pitfalls that
need to be overcome before such a successful
product transfer, or successful productivity
increases, can be routinely repeated. For one,
more complete mathematical models of the
relevant hyperproducers need to be developed,
which should be greatly facilitated by the pub-
lic release of the A. niger genomic sequence. It
will also be important to improve the integra-
tion of data from several “omic” techniques
with large-scale microbial models, as this
should in the future provide tools for a stron-
ger systems approach to strain design.

An indication of the prominent role combi-
natory approaches will play in future success-
ful strain improvement programs can be seen
in the work of Askenazi et al. (2003). A combi-
nation of secondary metabolite profiling and
transcriptional analysis techniques, coupled to
statistical analysis allowed the development of
a metabolic engineering strategy to obtain
higher lovastatin production in A. ferreus. Here
the analysis of engineered lovastatin-
producing strains, which produce greater or
lesser amounts of lovastatin, enabled the iden-
tification of metabolite related genes. Particu-
larly lovastatin-associated genes were identi-
fied, which were then used to develop a re-
porter-based strategy around the promoter
sequences of these genes. This allowed for the
rapid identification of higher producing mu-
tants using the promoter from the lovastatin
biosynthetic gene lovF fused to the bacterial
phleomycin resistance gene (ble). Similar ap-
proaches could yield information on transcrip-
tion factors and global regulators, which would
be invaluable in finding genetic targets for
productivity and titer improvement of hyper-
producers.

The value of classical strain improvement
methods will still remain, especially as some
processes cannot currently use genetically
modified organisms, but it is clear that modern
methods and techniques will play an ever-
greater role in the development and improve-
ment of current and novel processes in the
future.
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INTRODUCTION

Fungi play a crucial role in nature by
degrading organic material. They secrete a
wide variety and large amount of enzymes that
cleave complex substrates into small products
that can be taken up by the cell. The
filamentous mode of growth of mycelial fungi
contributes to the efficacy of degradation. By
growing at their tips, hyphae can penetrate the
substrate. Moreover, the hypha exposes a large
surface that contacts the substrate, which may
thereby facilitate uptake of nutrients. Yeast-like
fungi do not effectively penetrate organic
material. Their mode of growth only allows
superficial colonization.

The capacity of fungi to secrete proteins is
used by the industry to produce large amounts
of homologous and heterologous proteins.
Fungal enzymes are applied in the food and
feed industry as well as in other industrial
sectors, such as the paper and pulp industry.
Fungi are also interesting hosts for producing
therapeutic proteins of animal or human
origin, especially since the first steps of
glycosylation of proteins in fungi and animals
(Gerngross,  2004).
engineering of the yeast Pichia pastoris is now
one step away from completion to produce
proteins with a glycosylation pattern identical
to that found in humans (Hamilton et al., 2003;
Bobrowicz et al., 2004).

are similar Genetic

In this review we will focus on the produc-
tion of fungal enzymes that are used in the
food and feed industry. The different fungal
hosts that are used and the strategies to
improve protein production are discussed.

FUNGAL ENZYMES USED BY THE FOOD
AND FEED INDUSTRY

Many fungal enzymes are being used in the
food and feed industry (Table 1) and this
number is continuously increasing. Plant
material is the major source for the food and
feed sector. It mainly consists of the cell wall
polysaccharides cellulose, hemicellulose and
pectin  (McNeill et al, 1984). In addition,
protein levels are relatively high. Therefore,
application of plant polysaccharide degrading
enzymes and proteases is most important and
widespread. The
processing of the plant material depend on the
nature of the plant source and the desired
effect. In most industrial applications enzyme
mixtures rather than pure enzymes are used.
These mixtures are cheaper than purified
enzymes because they require less downstream
processing (de Vries and Visser, 2001; de Vries,
2003). Moreover, the desired effect (e.g.,
clarification of fruit juice) can often only be
obtained by the combined action of a number
of enzymes (Grassin and Fauquembergue,
1996).

enzymes needed for
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Table 1. Fungal enzymes used in food and feed applications. More details can be found in the
Handbook of Food Enzymology (Whitaker et al., 2003).

Enzyme Source Application(s) References
a-Amylase Aspergillus niger, A. oryzae, = Preparation of starch syrup and Wong and Robert-
Rhizopus oryzae dextrose; preparation of alcohol son, 2003
and beer.
Arabinofuranosi- A. niger, A. aculeatus Preparation and clarification of de Vries and Visser,
dase/ endoarabi- fruit juices. 2003
nase
Catalase A. niger Preservation of colour, texture, Diehl et al., 1936
flavour, taste and aroma of frozen
foods.
Cellulase A. niger, Trichoderma reesei, = Brewing and baking; wine and Johnston, 2003;

Feruloyl esterase

Galactanase

Glucoamylase

Glucose oxidase

Laccase

B-Galactosidase/
Lactase

Lipase

Mannanase

Pectic esterase

Phytase

T. viride, A. aculeatus

A. niger, A. tubingensis,
Neocallimastix, Penicillium
funiculosum, A. oryzae

A. mniger, A. aculeatus, A.
tubingensis

A. niger, A. oryzae, R. oryzae,
R. niveus, R. delemar

A. niger

Pycnoporus cinnabarinus, P.
versicolor

A. miger, S. cerevisiae,
Candida pseudotropicalis, K.
lactis

A. niger, A. oryzae, hizomu-
cor miehei, C. rugosa, C.
lipolytica, R. delemar, R.
oryzae, R. niveus, P. roque-
forti,P. camemberti, Mucor
javanicus

A. niger, A. aculeatus, T.
reesei, T. harzianum

A. niger

A. niger, A. oryzae, A.
melleus, R. niveus, R. oryzae

juice production; isolation of
starch and other polysaccharides;
improvement of digestibility of
feed.

Release of ferulic acid for vanillin
production.

Extraction of fruit juices.

Saccharification of steamed rice and
potato; preparation of glucose
syrup.

Removal of residual glucose or
oxygen to increase shelf life; fla-
vour and colour stability; reduc-
tion of alcohol percentage in
wine, production of H202..

Biosensor for determination of
polyphenols/catechols in tea; re-
moval of phenols in apple juice
and wine.

Hydrolysis of lactose.

Lipid hydrolysis; manufacture of
cheese, cheese flavours and other
dairy products; modification of
lipids; development of flavours in
processed food.

Improving animal feed; treatment
of extracted coffee beans; reduc-
ing the viscosity of pineapple
juice.

Fruit juice extraction and clarifica-
tion; preparation of specific
pectins.

Degradation of phytate in animal
feed; starch processing.

Tenkanen et al.,
2003

Williamson, 1998

de Vries and Visser,
2003
Reilly, 2003

Frederick et al., 1990;
Kapat et al., 2001;
Ohlmeyer et al.,
1957; Pickering,
1998; Vermulapalli
etal., 1998;
Malherbe et al.,
2003

Ghindilis et al., 1992;
Piacquadio et al.,
1997; Brenna and
Bianchi, 1994

Mahoney, 2003

Wong, 2003

Stalbrand, 2003

Benen et al., 2003

Misset, 2003
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Polygalacturonase A. niger, K. lactis, S. cerevi-

siae

Proteolytic enzymes = P. chrysogenum, A. niger, M.
pusillus, Rhizomucor miehei,
S. cerevisiae, Kluyveromyces

lactis

Xylanolytic
enzymes

A. niger, T. longibrachiatum,
Disporotrichum dimor-
phosporum, T. reesei

Extraction and clarification of fruit
juices; production of pulpy nec-
tars; production of pectin prepa-
rations.

Softening of doughs; improvement
of texture, elasticity and volume
of bread; brewing; production of
miso and tofu; flavour develop-
ment in cheese; improving di-
gestibility of animal feeds; prepa-
ration of soy bean milk; prepara-
tion of dehydrated soups; clarifi-
cation of wine.

Release of xylose for conversion
into ethanol; production of xylo-

oligosaccharides (food-additives);

improvement of digestibility of
feed; preparation of baking prod-
ucts; clarification of fruit juices.
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Benen and Visser,
2003

Whitaker, 2003

Biely, 2003

FUNGAL HOSTS FOR PROTEIN PRODUC-
TION

Hosts used in industry
Both filamentous fungi and yeasts are used in
industry to produce enzymes.

In general, filamentous fungi secrete more
protein than yeasts. Production levels of the
former can be as high as 30 gr 1!, while yeasts
produce usually tenfold less. On the other
hand, growth of yeasts in fermentors is easier
and results in a less viscous medium.

Most of the enzymes produced in yeast
have been expressed in Saccharomyces. This
choice was largely based on the fact that this
yeast has a long history in the brewing and
baking industry and is thus considered a
GRAS (generally regarded as safe) organism.
Moreover, molecular biology, genetics and
physiology of Saccharomyces are well estab-
lished. In fact, S. cerevisae can be considered the
best studied eukaryote. However, other yeasts
like P. pastoris, Yarrowia lipolytica and Kluy-
veromyces lactis give higher production yields
than S. cerevisae and therefore have attracted
interest from the industry. Nowadays, a num-
ber of these so-called non-conventional yeasts
can be genetically modified, and grown in
large scale fermentors (Buckholz and Gleeson,
1991).

Several filamentous fungi are used in the
industry including Rhizomucor (e.g., R. miehei),
Rhizopus (e.g., R. oryzae and R. niveus), Aspergil-
lus (e.g., A. niger and A. oryzae) and Trichoderma
reesei (Pariza and Johnson, 2001). The latter
two are used most widely. It should be noted
that some strains of these organisms are
known to produce mycotoxins. For instance,
some A. niger isolates produce ochratoxin A
(Blumenthal, 2004). The Environmental Protec-
tion Agency (1997a; 1997b) concluded that
mycotoxin production in A. niger and A. oryzae
can be avoided by controlling the fermentation
conditions. Their fermentation products are
therefore regarded as safe.

Novel hosts for protein production

It is unlikely that one single host is equipped
to efficiently produce all enzymes of industrial
interest. Therefore, new hosts should be intro-
duced to increase the number of proteins that
can be produced at an industrial scale. When
developing a new host for production of (food)
enzymes several requirements have to be met.
Firstly, the fungal species should be amenable
to genetic engineering. Secondly, the strain
should be tested for the production of any
toxicologically significant amount of my-
cotoxin such as aflatoxin B1, ochratoxin A,
sterigmatocystin, T-2 toxin (a trichothecene to-
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xin) or zearalenone (Blumenthal, 2004). Finally,
fermentation technology should be developed
and media optimized. Clearly, this is a very
costly process and therefore new production
platforms (hosts) are only sporadically intro-
duced.

Fusarium graminearum A 3/5 (reclassified as
F. venenatum) is the Quorn® mycoprotein fun-
gus. This strain is an interesting host for pro-
tein production. Unlike many other species of
Fusarium it produces no detectable amounts of
mycotoxin and is therefore safe as a food
source (Trinci, 1992). Moreover, its growth in
fermentors has been well characterized (Trinci,
1992) and it can be genetically engineered
(Royer et al., 1995). Finally, the low back-
ground levels of proteases and other secreted
proteins are advantageous for production of
relatively pure enzymes. The production of an
active tryptic protease of Fusarium oxysporum
was only low when expressed in A. oryzae,
possibly due to the absence of (a) protease(s)
required for processing of the enzyme. How-
ever, the tryptic protease was successfully
produced in F. graminearum A 3/5 (Royer et al.,
1995). Also a fungal lipase, a cellulase and a
carboxypeptidase were produced in this strain
(Royer et al., 1995; Blinkovsky et al., 1999).

So far only zygomycetes and ascomycetes
are used by the industry. However, homo-
basidiomycetes offer great potential for pro-
duction of industrial proteins as well. They
secrete enzymes in their culture media with
activities or amounts unsurpassed in other
fungi. For instance, homobasidiomycetes pro-
duce various metalloenzymes such as laccase,
and lignin and manganese peroxidase. Until
now, expression of basidiomycete metalloen-
zymes in ascomycete production systems such
as Aspergillus and T. reesei have met limited
success (see Conesa et al., 2001a). Therefore, it
is an interesting option to develop basidiomy-
cetes as hosts for large-scale protein produc-
tion. Schizophyllum commune and Pycnoporus
cinnabarinus have been studied as candidate
basidiomycete production systems. They are
amenable to genetic engineering (Schuren and
Wessels, 1994; Scholtmeijer et al., 2001; Alves et
al., 2004). Moreover, the GPD and SC3 promot-
ers of S. commune (Wessels et al., 1987; Schuren
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and Wessels, 1994; Alves et al., 2004) and the
lac1 laccase promoter of P. cinnabarinus (Alves
et al., 2004) can be used for high-level gene
expression. Gram levels of laccase per liter
were produced in P. cinnabarinus using the
GPD or the lacl promoter. These production
levels are at least tenfold higher than other
fungal production systems. It is not yet known
whether S. commune has the capacity to pro-
duce these levels of protein. However, it has
been reported that wild-type strains secrete up
to 60 mg L' of SC3 hydrophobin (Wosten et al.,
1999).

Strategies to improve protein production

Efficient production of a secreted protein re-
quires high mRNA levels of the encoding gene
as well as machinery to translate the mRNA
and to fold and secrete the protein. The secre-
tion pathway of proteins is complex and in-
volves several cellular compartments. In S.
cerevisae more than 300 genes are known to
function in the secretory process. Ultrastruc-
tural data suggest that the processes in fila-
mentous fungi and in yeast are essentially the
same (Punt et al., 1994; Archer and Peberdy,
1997; Gouka et al., 1997). Secretion of proteins
involves several processes. The mRNA is
translated and the resulting protein translo-
cated across the endoplasmic reticulum (ER).
This is accompanied by the removal of the
signal peptide from the newly synthesized
protein. The protein is folded in the ER lumen,
which involves the combined action of chaper-
ones (e.g., binding protein (BiP) and cal-
reticulin/calnexin/UDP-Glc transferase com-
plex) and foldases (e.g., protein disulphide
isomerase (PDI) and peptidyl prolyl cis-trans
isomerases). The chaperones and foldases also
prevent transport of uncorrectly folded pro-
teins to the Golgi. Incorrectly folded proteins
are recognized and are degraded by proteases
in the cytoplasm. As in other eukaryotes, this
process probably involves ubiquitin labeling of
the protein (Coux et al.,, 1996) and transport
from the ER lumen to the cytoplasm (Wiertz et
al., 1996). Correctly folded proteins are trans-
ported from the ER to the Golgi equivalent (a
recognizable Golgi apparatus is absent in most
fungi), followed by transport to the plas-
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mamembrane via vesicles. It is believed that
the exocyst, consisting of a complex of 8 pro-
teins, tethers secretory vesicles to the plasma
membrane in preparation for membrane fu-
sion (Guo ef al., 2000), with subsequent release
of the proteins into the cell wall. The proteins
may then be carried to the outside of the wall
by the flow of wall constituents at the growing
hyphal apex (Wessels, 1993) and released into
the medium. The complexity of the system
enabling the journey of secreted proteins
through the secretory pathway is illustrated by
recent data indicating that the exocyst and the
translocon in the ER communicate (reviewed
in Guo and Novick, 2004). This communication
would maintain the balance between protein
synthesis and secretion. For instance, expres-
sion of several ribosomal proteins is severely
reduced when secretion is malfunctioning
(Mizuta and Warner, 1994).

Increasing chymosin production in A. niger

The glucoamylase (glaA) promoter was used to
express the bovine chymosin cDNA in A. niger.
The signal sequence of glucoamylase or that of
chymosin was used to direct the protein to the
secretion pathway. The low production levels
of about 15 mg L' were shown not to be caused
by mRNA levels (Ward, 1989a,b) but by ineffi-
cient secretion and probable degradation
(Ward et al., 1990). Secretion of chymosin was
increased tenfold by fusing the chymosin
cDNA to the last codon of glaA of A. niger
(Ward et al., 1990). In this case the chymosin
was cleaved autocatalytically from the fusion
protein. By introducing the glucoamylase-
chymosin fusion into an A. niger strain in
which an aspartyl protease gene had been
deleted (Berka et al., 1990) production levels
were increased to 250 mg L1 (Dunn-Coleman et
al, 1991). This strain was subjected to
mutagenesis and mutants were selected by a
robotic screening procedure (Dunn-Coleman et
al., 1991). In this way mutants were obtained
secreting more than 1 gr L1 of chymosin.

In a number of cases protein production
has been strongly improved (for example see
the text box). However, increasing production
yields is a slow process for most proteins. It is
impossible to predict the bottleneck(s) in pro-
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duction but limitations may occur at the tran-
scriptional and/or the (post)-translational level.
Several strategies have been developed to
overcome these limitations including: (1) the
introduction of multiple copies of the gene
encoding the secreted protein or its regula-
tor(s), (2) targeting of constructs into positions
in the genome that have a high transcriptional
activity, (3) the use of strong promoters and
efficient secretion signals, (4) optimization of
codon usage, (5) introduction of introns in
cDNA sequences, (6) gene fusion strategies in
which the gene of interest is fused at the 3' end
of a gene encoding a well-secreted homolo-
gous protein, (7)
glycosylation sites, (8) increasing expression of
genes of the unfolded protein response (UPR),
(9) use of protease-deficient host strains, and
(10) optimization of production medium and
development of new fermentation technolo-
gies. These strategies will be discussed in the
next sections (see also Figure 1).

introduction of N-

Optimization of heterologous protein pro-
duction at the transcriptional level
The most straightforward approach to enhance
the transcriptional level of a gene is to increase
its copy number. In S. cerevisae these copies can
be maintained on self-replicating vectors.
However, in case of most other fungi these
copies have to integrate into the genome.
Analysis of A. niger multicopy transformants
showed a gene dosage dependent expression
of glucoamylase up to about 20 copies (Ver-
does et al., 1993). Studies with the glucoamy-
lase promoter fused to a reporter gene sug-
gested that transcription in multi-copy trans-
formants was limited due to titration of regula-
tory proteins (Verdoes et al., 1994a). Limiting
availability of regulatory proteins was also
suggested to hamper expression of an endo-
chitinase from a cbhl promoter in T. reesei
(Margolles-Clark et al., 1996). This was based
on the observation that endogenous expression
of cbhl was reduced when 10 copies of the
cbh1::endochitinase construct were introduced.
Other data suggested that the presence of
three copies of the cbhl promoter would al-
ready titrate regulatory proteins or transcrip-
tion factors (Karhunen et al., 1993). This kind of
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Figure 1: Protein production in fungi has been improved using a variety of strategies. Transcription of the gene
encoding the secreted protein has been increased by introducing multiple copies in the host (1). A similar ap-
proach was followed for regulatory genes. Targetting of transgenes to highly active transcriptional regions and
use of strong promoters have also been used to improve transcription. Premature termination of transcripts (2)
has been overcome by removing polyadenylation signals within coding sequences, while stability of mRNA
could be increased in some cases by introducing introns in cDNA sequences (3). Translation has been increased
by optimising codon usage (4). Fusing the protein of interest to a well-secreted protein improved translocation
across the ER membrane (5) as well as folding in the ER lumen (6). Folding was also facilitated in some cases by
introduction of N-glycosylation sites, or by over-expressing the unfolded protein response pathway or its com-
ponents such as foldases or chaperones. Improving protein production by targeting transport from ER to Golgi
or from Golgi to the plasma membrane has not yet been reported. However, reduced activity of proteases in the

medium has been reported to improve production levels of secreted proteins (7).

promoter competition has also been reported
for the GAL system in S. cerevisae. In this case it
was overcome by over-expression of the tran-
scriptional activator GAL4 (Schulz et al., 1987).

Although introduction of multiple copies
should result in over-expression of a gene, in
some cases expression is reduced or even ab-
sent. Upon introduction of more than one copy
of the SC3 gene in a wild-type strain of S. com-
mune, both the endogenous and introduced
SC3 genes were silenced.

Silencing was shown to act at the transcrip-
tional level accompanied by methylation of the
DNA (Schuurs et al., 1997). Similarly, SC3 was
silenced in P. cinnabarinus although in this case
more copies had to be introduced to induce the
phenomenon (AMCR Alves and HAB Wosten,
unpublished). Silencing of genes due to the
introduction of multiple copies has also been
described in other fungi. The best studied ex-

amples are repeat-induced point mutation
(RIP) in Neurospora crassa, methylation induced
premeiotically (MIP) in Ascobolus immerses (see
Irelan and Selker, 1996), and quelling in N.
crassa (Romano and Macino, 1992). In MIP,
DNA is silenced by a process of homology-
based methylation. In case of RIP both the
introduced and the endogenous gene are mu-
tated, which is often accompanied by methyla-
tion of the DNA. Both RIP and MIP occur dur-
ing the sexual stage of the fungus. In contrast,
quelling, which is also known as RNA interfer-
ence (RNAIi), occurs in the vegetative myce-
lium. Little is known about gene silencing in
industrial fungi. RIP has been reported in A.
nidulans and A. fumigatus (see Galagan and
Selker, 2004) and it cannot be excluded that
homology-based gene silencing also occurs in
Aspergilli that are used in the industry.
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The site of integration affects expression of
the introduced gene (Ward et al., 1990; Verdoes
et al., 1993; 1994b). The effect of random inte-
gration can be overcome by targeting the ex-
pression vector to loci of known high transcrip-
tional activity, like those of the glaA and cbhl
genes in A. niger and T. reesei, respectively.
Harkki et al. (1991) reported that in the best
performing transformants the expression con-
structs for endoglucanase I (EGI) were inte-
grated into the cbhl locus.

Limitation of heterologous protein produc-
tion at the transcriptional level can also be
caused by incorrect processing of pre-mRNA
and/or a low mRNA stability. A truncated
transcript was observed when wild-type o-
galactosidase (aglA) of Cyamopsis tetragonoloba
(guar, a beanlike plant) was expressed in A.
niger (Gouka et al.,, 1996). The truncated tran-
script was also observed in A. nidulans but not
in Hansenula polymorpha (Fellinger et al., 1991),
S. cerevisiae (Verbakel, 1991) and K. lactis
(Bergkamp et al., 1992). A full-length aglA tran-
script was produced in A. niger by replacing an
AT-rich sequence in the aglA gene with a more
GC-rich sequence (aglAsym) (Gouka et al., 1996).
Incorrect processing of heterologous genes
resulting in truncated mRNAs also occurs in P.
pastoris (Scorer et al., 1993) and S. commune
(Schuren and Wessels, 1998). Production of full
length mRNAs of the hygromycin B resistance
gene in the latter fungus was restored by in-
creasing the GC content in an AT rich region
(Scholtmeijer et al., 2001). The results suggest
that AT-rich sequences in the coding region of
heterologous genes result in premature
polyadenylation of the mRNA. The mecha-
nisms for recognizing polyadenylation signals
(or AU-rich stretches in transcripts) are unclear
and may vary between organisms and genes to
be expressed. Therefore, the occurrence of
premature termination cannot be predicted but
should be considered when expression of the
target gene is absent.

The absence of introns in or near the coding
sequence of a gene was shown to cause mRNA
instability in S. commune (Lugones et al., 1999;
Scholtmeijer et al., 2001). Intron dependent
mRNA accumulation was also observed in the
ascomycete Podospora anserina (Dequard-Cha-
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blat and Rotig, 1997) and the basidiomycete
Phanerochaete chrysosporium (Ma et al., 2001).
For all examined genes, accumulation was low,
if present at all, when a cDNA was expressed.
However, accumulation increased dramatically
upon introduction of gDNA or cDNA contain-
ing natural or artificial intron(s). The phe-
nomenon of intron-dependent mRNA accumu-
lation may be more widespread, but seems not
of general occurence. In the industrial relevant
fungi A. niger and T. reesei, at least some
cDNAs are efficiently expressed (Roberts et al.,
1989; Aifa et al., 1999; Conesa et al., 2001a; Rose
and van Zyl, 2002).

Optimization of heterologous protein produc-
tion at the (post)-translational level

Fusion of the gene of interest behind a highly
expressed homologous gene can resolve limita-
tions at early stages in the secretion pathway.
Using glucoamylase of A. niger or cellobiohy-
drolase (CBHI) of T. reesei as a carrier increased
levels of secreted protein 5-1000 fold to 5-250
mg L1 (Ward et al., 1990; Contreras et al., 1991;
Roberts et al., 1992; Broekhuijsen et al., 1993;
Jeenes et al., 1993; Nyyssonen and Kerédnen,
1995; Ward et al., 1995). The carrier improves
translocation of the protein into the ER and
allows proper folding, thereby protecting the
heterologous protein from degradation. In
most cases the fusion protein is cleaved at a
later stage in the secretory pathway. Cleavage
can occur by autocatalytic processing of the
heterologous protein (Ward et al., 1990), by an
unknown protease (Roberts et al., 1992; Baron
et al., 1992; Nyyssonen et al., 1993; Nyyssonen
and Keranen, 1995) or by a KEX2-like protease
for which a recognition site is introduced in the
fusion protein (Contreras et al., 1991; Broekhui-
jsen et al., 1993; Ward et al., 1995).

Introduction of an N-glycosylation site in
the protein of interest has been used as an
alternative to improve folding of the protein in
the ER (Sagt et al., 2000). A hydrophobic cuti-
nase aggregated in the ER of S. cerevisae in
association with BiP (Sagt ef al., 1998). It was
reasoned that this was due to an N-terminal
hydrophobic stretch that was prone to aggrega-
tion after being translocated in the lumen of the
ER. By introduction of an N-glycosylation site
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preceding this hydrophobic stretch secretion
was improved tenfold (Sagt et al., 2000).

The examples described above show that
folding may be improved by genetic engineer-
ing of the protein of interest. However, upon
over-expression of native or engineered pro-
teins, foldases and chaperones may become
limiting to ensure correct folding. When un-
folded proteins accumulate in the ER, a signal
transduction pathway is activated which is
called the unfolded protein response (UPR).
The UPR controls expression of a variety of
genes including genes encoding ER-located
chaperones and foldases such as BiP and PDI
(Kaufman, 1999; Patil and Walter, 2001). These
chaperones and foldases have been over-
expressed individually to improve production
of secreted proteins. In some cases this im-
proved protein production (Robinson et al.,
1994; Harmsen et al., 1996; Punt et al., 1998). As
an alternative to over-expression of individual
chaperones or foldases, the UPR response was
constitutively induced (Valkonen et al., 2003).
By over-expressing the UPR induced form of
the transcription factor hacA in A. niger, pro-
duction of mature bovine chymosin as well as a
fungal laccase was improved. In the former
case, improvement was up to sevenfold while
in the latter case a 2.8-fold increase was ob-
served. However, over-expression of the irel
gene did not increase production of a fungal
laccase in T. reesei (Valkonen et al., 2004). This
gene encodes the most upstream element of the
UPR, which functions in sensing the folding
status of proteins in the ER.

Proteins that have been successfully syn-
thesized can be degraded proteolytically
(Gouka et al., 1996; Suzuki et al., 1989; Wing-
field and Dickinson, 1993). In S. cerevisiae, the
use of strains deficient in vacuolar proteases
has led to increased levels of heterologous
proteins (Suzuki et al., 1989; Wingfield and
Dickinson, 1993). Extracellular proteases can
also affect production of proteins. These en-
zymes are responsible for the degradation of
many heterologous proteins in Aspergillus
(Berka et al., 1990; Archer et al., 1992; Broekhui-
jsen et al., 1993), S. commune (van Wetter, 2000)
and P. cinnabarinus (Alves et al., 2004). Fungal
strains deficient in extracellular proteases have
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been isolated by random mutagenesis (Mattern
et al., 1992; van den Hombergh et al., 1995,
1997) or molecular genetic approaches (Berka,
et al., 1990; van den Hombergh et al., 1997). The
use of these protease-deficient strains has re-
sulted in improvement of production levels
(Berka ef al., 1991; Roberts et al., 1992; Broekhui-
jsen et al., 1993). Recently, an Aspergillus species
(A. vadensis) has been described that is closely
related to A. niger (de Vries et al., 2005). This
species is an interesting host for protein pro-
duction since it hardly produces extracellular
proteases and does not acidify the culture me-
dium (de Vries ef al., 2004). In addition, unlike
many of the reported proteolytic Aspergillus
mutants, growth of A. vadensis is not reduced
when grown on solid or liquid media.

Another way to improve production of
heterologous proteins is medium development
(Smith and Wood, 1991) and controlled, large-
scale fermentation (reviewed by Greasham,
1991; Dunn-Coleman, 1992). For a number of
fungal proteins (e.g., glucoamylase) the fer-
mentation conditions have been optimized.
The use of heterologous expression signals, like
those of the glucoamylase gene, might allow
high level production of proteins under al-
ready optimized culture conditions, as was
shown for phytase (van Gorcom et al., 1990)
and aspartic protease (Ward and Kodama,
1991).

Fungi have evolved to grow on moist solid
substrates. Since solid state fermentation re-
sembles the natural habitat of fungi it is not
surprising that under these conditions more
proteins are secreted than in submerged fer-
mentation technology. Catabolite repression is
less pronounced in solid state fermentations
(Nandakumar et al., 1999; Solis-Pereira et al.,
1993). As a consequence, fungi grow better and
enzymes are more efficiently produced
(Favela-Torres et al., 1998; Viniegra-Gonzales et
al, 2003). An additional advantage of solid
state fermentation is a reduced protease activ-
ity (Solis-Pereira et al., 1993; Maldonado and
Strasser de Saad, 1998), lower water demand,
higher end-concentration of products, and
lower demands on sterility (see Holker et al.,
2004). Despite the fact that enzyme production
in solid state fermentation is estimated to be
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much cheaper (Tengerdy, 1996), it is not used
on a large scale. This is due to engineering
problems. During cultivation in up-scaled solid
state fermentations gradients in temperature,
pH, pOz, moisture, and substrate concentration
are being built up. Due to the low water activ-
ity, these gradients are difficult to control
(Holker et al., 2004). When these problems
would be solved technologically solid state
fermentation would be a very good alternative
for submerged fermentation.

CONCLUSIONS AND FUTURE PERSPEC-
TIVES

A large number of fungal proteins are used in
the food and feed industry. Fungi are potent
production platforms for these proteins. A
small increase in yield results in a large finan-
cial benefit. Therefore, it is attractive to im-
prove production processes. This can be done
by improving existing platforms, by introduc-
ing new hosts, or by developing new fermenta-
tion technologies. In the past production was
improved by random mutagenesis. This strat-
egy has proven very successful. With the ad-
vent of molecular biology strategies became
more rational. Multiple copies of individual
genes were introduced or were not combined
with the use of strong promoters. Alterna-
tively, regulators or proteins involved in the
secretion process were over-expressed. A new
strategy is to increase expression of the whole
secretion system or parts thereof (e.g., the un-
folded protein response). With the availability
of the genome sequence of a number of fungal
production platforms, it is now worthwhile to
assess which genes have been affected during
mutagenesis programs in the past. Expression
of these genes could be further improved or
additional mutations introduced. Studying the
secretion pathway will also give new targets
for strain improvement.
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Part 5

FUNGAL SPOILAGE: ECOLOGY, GROWTH AND
DETECTION

A substantial amount of food in our daily life does not end in our stomach,
but finds a way to the litter box, while it is spoiled by differentspecies of
fungi. A remarkable observation is that fungi are more or less specific for
certain food products and that thesnumber of dominant fungal species
associated with a certain type of food is surprisingly. low. Frisvad,
Andersen and Samson provide an update of the knowledge on this
ecological aspect of spoilage in Chapter 11 and discuss the specific funga
(‘thes mycological flora”) ‘and their association with food. Once fungi
develop on food from, for example, germinating spores they colonise the
food product. Rahardjo and Rinzema describe in Chapter 12 the growth of
fungi in food-like media. They highlight the important role of gradients
that are present in a food matrix and describe the different fluxes that can
evolve during spoilage. In all this, the aerial mycelium plays a surprising
role.

Is it possible to detect the presence of fungi in food far before they
appear? In other words is it possible to detect very low amounts of fungi in
the food matrix. Up till now, plating out of food samples is still an
important facet of detection of food fungi. Geisen highlights in Chapter 13
the state of the art of detection by means of molecular tools. He addresses
the question of the lower limit of detection of fungi in the food matrix and
describes many different techniques that also report on the possible
metabolic state of the fungus in such an environment. Fungi also produce
specific volatiles in such a way that a device called “electronic nose”
literally “smells” the spoilage in an accurate way. Karlshgj, Nielsen and
Larsen describe the different modes of detection of volatiles in Chapter 14
and highlight the different patterns of volatiles fungi produce.

The last 2 chapters of this part describe spoilage fungi in action in
two types of food products. In Chapter 15 Leong addresses the topic of



grape infection by fungi, which may be reflected on the level of a
mycotoxin in wine, namely ochratoxin A. This chapter deals with many
different aspects of fungal spoilage ranging from post-harvest preblems to
mycotoxin detection, all related to the production chain from early grape
formation to the bottle of wine on your table: In Chapter 16 Stark covers
the fungi associated with cheese and sausages, which in a way display a
mixture of wanted and unwanted fungi.
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Association of moulds to foods

Jens C. Frisvad!, Birgitte Andersen' and Robert A. Samson?
ICenter for Microbial Biotechnology, Biocentrum-DTU, Technical University of Denmark, DK-2800 Kgs.
Lyngby, Denmark; 2CBS Fungal Biodiversity Centre, Utrecht, The Netherlands.

INTRODUCTION

The traditional division of filamentous fungi
has been between the food spoiling fungi,
which were considered opportunistic fungi
with no substrate preferences and animal or
plant pathogenic fungi with tight associations
to their hosts. Most food spoiling fungi have
been regarded as saprophytic organisms thriv-
ing on any substrate they could encounter and
they can indeed be isolated on many different
laboratory media. They can grow and differen-
tiate on minimal media containing only nitrate
and sucrose as nitrogen and carbon source, as
well as on complex media based on cereal,
vegetable, fruit and meat, such as peptones,
corn steep liquor, malt and yeast extract.
(Raper and Thom, 1949; Smith, 1960; Samson et
al., 2004c). However, as early as 1949 Wester-
dijk suggested that certain Penicillia were
associated to certain food substrates, such as P.
italicun and P. digitatum to citrus fruits and P.
expansum to pomaceous and stone fruits. These
associations were regarded as the exceptions
rather than the rule for filamentous fungi.
Several authorities (Thom, 1930; Raper and
Thom, 1949; Pitt, 1979; Ramirez, 1982) were of
the opinion that the many Penicillium species
they treated were saprophytic generalists
rather than species associated to specific natu-
ral habitats or processed foods and feedstuff.
Difficult taxonomy and lack of data may have
obscured the less obvious associations between
Penicillium species and habitats or food prod-
ucts (Frisvad, 1988; Frisvad and Filtenborg,
1988). Furthermore, using inadequate tech-
niques and methods would often make it im-
possible to distinguish between simple surface

contamination of a food product and true
infection resulting from the fungal-substrate
association. Fungi isolated from surface disin-
fected products are with some probability
thriving on the product and therefore associ-
ated with it, whereas fungi growing from non-
surface-disinfected products could be acciden-
tal contaminations from other materials, stor-
age facilities or the air (King et al., 1986; Fris-
vad and Samson, 1991; Samson et al.,, 1992;
Filtenborg et al., 1996; Hocking et al., 2006).
This applies not only to Penicillium, but also to
all other major food spoiling genera, such as
Aspergillus, Alternaria and Fusarium.

The associated mycobiota of a food product
can be defined as all the fungal species that are
able to infect and actively grow on the product
under harvest, storage or processing condi-
tions. In connection with food mycology and
safety, the fact that each fungal species found
in a food product produces a species specific
profile of extrolites is of particular importance.
An extrolite can be a volatile or non-volatile
secondary metabolite, an organic acid, an
extracellular enzyme or other outwards di-
rected biochemical compounds (Frisvad et al.,
1998, 2004; Frisvad and Samson, 2004; Larsen
et al., 2005). For example, only three of the
approximately 90 food spoiling Penicillium
species are able to produce penicillin (Samson
et al., 2004c). Among the extrolites, mycotoxins
and other bioactive compounds, such as ochra-
toxin or patulin, are of direct health concern.
The production of mycotoxins is highest and
most diverse under optimal conditions in a
laboratory and mycotoxins are only produced
in the food products during storage or process-
ing when conditions change to the advantage
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of the fungi. Therefore, knowledge of produc-
tion of mycotoxins and other extrolites by
individual fungal species under controlled
conditions in the laboratory is important in
order to relate production to specific food
products. Furthermore, extrolites that once
were regarded as non-toxic or at best of little
importance in known mycotoxicoses have now
shown to be highly toxic if they are inhaled
rather than ingested. For example, breviana-
mide A, mycophenolic acid and roquefortine C
have been shown to be cytotoxic and inflam-
matory in mouse lungs (Rand et al., 2005). This
could be of consequence for employees in food
factories, which may inhale mycotoxins via
fungal spored in the air. Another reason for
determining the mycobiota is that secondary
metabolites which are now considered non-
toxic may later turn out to be mycotoxins, and
retrospective analysis may then help explain
certain mycotoxicosis, where no known my-
cotoxins could be found. A third reason for
examining foods for the mycobiota is that
some mycotoxins may act synergistically.
Knowing the mycobiota on a particular food
product, and thereby which mycotoxins are
theoretically possible to encounter in the
product, can give an indication on which my-
cotoxins the product should analyze for. How-
ever, a negative result for a mycotoxin analysis
in a food product may give a false sense of
security, as it is now known that mycotoxins
produced in a crop plant may be masked by
glucosylation or by reaction with B-D-glucans
by the crop plant (Berthiller et al., 2005; Yian-
nikouris et al., 2006). These masked mycotoxins
are a good reason for finding the mycobiota of
foods before a mycotoxin analysis, to ensure
that all mycotoxins and their derivatives are
recovered in an analysis.

This chapter gives an overview of the asso-
ciated mycobiota of different raw materials
and food products together with the mycotox-
ins and other bioactive compounds to consider
in a chemical food product analysis. A detailed
encyclopaedic list on the occurrence of my-
cotoxins in different foods, spices and other
edible substrata has been given by Weiden-
borner (2001a), but this list is only backed up
by a few references.

FRISVAD ET AL.

GROWTH FACTORS

The main factors that determine fungal growth
on a food product are water activity (aw), pH,
temperature, oxygen and other microorgan-
isms. Filamentous fungi tolerate low pH and
low aw better than prokaryotes and are there-
fore seen more often spoiling acidic foods with
low aw, because they have less prokaryotic
competitors at these conditions (Scott, 1957;
Corry, 1987). At neutral pH and high aw the
prokaryotes have the advantage and filamen-
tous fungi are most often out-competed by
bacteria. In a few cases the filamentous fungi
may be able to compete with bacteria due to
their production of antibiotic extrolites, but in
other cases filamentous fungi may co-exist
with lactic acid bacteria and acidophilic yeasts.

Often species will occur in a succession. In
dry stored foods, species such as Aspergillus
penicillioides, Asp. restrictus and Eurotium ech-
inulatum, E. herbariorum, E. rubrum, E. chevalieri,
E. amstelodami and Wallemia spp. may pave the
way for the more toxigenic species of Aspergil-
lus and Penicillium. In other foods the field
mycobiota, mostly species of Alternaria, Stem-
phylium, Ulocladium, Drechslera, and Fusarium
may initially grow and after some drying toxi-
genic Penicillium and Aspergillus species will
take over.

At low temperature the fungi have the
advantage over the bacteria and many fungi
are adapted to spoil refrigerated foods. A se-
ries of terverticillate Penicillia are able to grow
well at 5, 10 and 15°C and several of these
species have a temperature optimum between
15 and 20°C (Pitt, 1979; Frisvad and Samson,
2004). Few of these species are able to grow
well at 37°C, even though species such as Peni-
cillium chrysogenum and P. aethiopicum may
grow at this temperature (Frisvad and Samson,
2004). Most Aspergilli and many Penicillium
species from subgenus Furcatum are able to
grow at 37°C, and these species are common in
subtropical and tropical climates (Pitt, 1979;
Pitt and Hocking, 1997). Cladosporium and
Fusarium species are generally able to grow
well at low temperatures, but some of these
and most Alternaria species also grow well at
high temperatures (Pitt and Hocking, 1997).
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Temperature, aw and pH have been shown to
interact strongly and each fungal species has
its own set of optimal growth factors (Ander-
sen and Frisvad, 2002).

The presence of other microorganisms can
also restrict growth and mycotoxin formation.
The absence of moulds on fresh meat is ex-
plained by the rapid growth of bacteria. Some
moulds can also hinder the development for
other moulds. For example, Asp. flavus may
form only a little amount of aflatoxin in the
presence of other moulds (Ashworth et al,
1965). The pH and composition of the sub-
strate have minor influence on the actual
growth of species that are discussed in this
chapter, but these factors can greatly influence
the formation of specific mycotoxins (Kinder-
lerer and Hatton, 1990). The formation of afla-
toxins, for example, is highly stimulated by the
presence of certain amino acids, fatty acids and
the element zinc (Venkitasubramanian, 1977).
Being tolerant to lactic acid these fungi may
also be resistant to acidic preservatives such as
acetic, propionic, benzoic, and sorbic acid.
However, these factors are not the only deter-
minants for the mycobiota of acidic foods. For
example Penicillium roqueforti and P. paneum
are common on silage (containing lactic acid
bacteria), while P. roqueforti and P. carneum are
common on rye bread (containing preserva-
tives) (Boysen et al.,, 1996; Lund et al., 1996;
Sumarah et al., 2006; Nielsen et al., 2006). Maize
silage may contain mycotoxins from the spe-
cies thriving under lactic acid bacterium gen-
erated silage conditions, such as patulin, my-
cophenolic acid, citrinin, roquefortine C and
marcfortins produced by Byssochlamys nivea,
Monascus ruber, Paecilomyces variotii, Penicillium
roqueforti and P. paneum, but silage may also
contain mycotoxins produced on the maize
plants before they were processed, including
aflatoxins, fumonisins, deoxynivalenol and
zearalenone produced by Aspergillus flavus,
Fusarium verticillioides, F. proliferatum and other
fungi (El-Shanawany et al., 2005; Garon et al.,
2006). Even though silage is only used as feed-
stuff, this example shows that the same kind of
plant material may have two completely dif-
ferent mycobiotas from different stages in the
process. Concerning plant products, the myco-
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biota is strongly dependent on the stage of
processing. Raw material has a typical field
mycobiota, stored plant material will have a
different storage mycobiota, dried plant mate-
rials will have a third mycobiota composition
and finally heat processed plant products may
contain heat-resistant fungi only (Pitt and
Hocking, 1997; Filtenborg et al., 2004).

Oxygen is usually necessary for the growth
of fungi, but certain species can also grow
under anaerobic conditions with the formation
of ethanol and organic acids. Oxygen also
influences production of mycotoxins. The
production of patulin and penicillic acid de-
crease sharply at low oxygen concentrations,
while fungal growth is not noticeably influ-
enced (Northolt, 1979). The production of
aflatoxins is greatly restricted at an oxygen
concentration of less than 1% (Landers et al.,
1967).

Finally, the factor time must be mentioned.
The time necessary for the germination of
spores or conidia increases to weeks under
unfavourable conditions, while that under
favourable conditions can be approximately
one day (Northolt, 1979). In establishing safe
limits of aw and temperature for storage of
foodstulffs, it is necessary to consider that the
absence of fungal growth after one month does
not always mean that a product can be stored
safely for a much longer time.

FIELD AND STORAGE CONDITIONS

Raw material, semi-manufactured and finished
food products can be contaminated with
spores and mycelium fragments from the envi-
ronment. Contamination can occur at different
stages of production: during growth, ripening
and harvest of the crops in the field, during
processing in the factory and during storage of
the final products. The presence of large num-
bers of fungal propagule in products that are
not visibly mouldy can either point to a gen-
eral contamination of the environment or to
the processing of mouldy raw material. During
processing, the fungi may be inactivated and
may loose viability.
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Fungal growth only occurs under favour-
able conditions. The conditions for each spe-
cies vary and adaptability determines which
species will dominate. The precise cause why a
particular species dominates in a product is
often not known, but is certainly correlated
with the species, characteristics and the prop-
erties of the product. The predominance of one
species can be due to heavy contamination
from ecological niches where the mould has
developed. The frequent occurrence of Penicil-
lium expansum on apples is probably due to
growth of the mould on rotten matter in or-
chards (Borner, 1963), from where it infects the
apples. Salads are made from ingredients that
are sometimes kept for long periods under
refrigeration, favouring the dominance of the
psychrotolerant species of Cladosporium and
Penicillium. The occurrence of Eurotium herbari-
orum on grains can be explained by its xero-
philic characteristics. Also many types of bak-
ery products have a low water activity
(Northolt et al., 1980b), thus explaining the
predominance of the xerophilic species E.
herbariorum.

During ripening of cheese in storage, the
moisture level and water activity decrease,
which influence the composition of the myco-
biota: Penicillium commune remains, while P.
brevicompactum is replaced by Asp. versicolor
and the xerophilic E. herbariorum.

ASSOCIATED MYCOBIOTA ON RAW MA-
TERIALS AND PROCESSED FOODS

The components of the food product are not
only determining the mycotoxin formation,
but also the range of species, which are able to
grow and thus spoil the individual food types.
Normally less than ten and often one to three
species are responsible for a particular spoilage
(Frisvad and Filtenborg, 1988, 1993). As far as
fungi in foods are concerned, the discovery of
unique food/fungi associations is fairly new
(Frisvad and Filtenborg, 1988), and is due to
the development of new mycological methods
and taxonomy of food-borne moulds espe-
cially the genera Penicillium, Aspergillus and
Fusarium and to a certain extent Alternaria. The
former dominating role of morphology in
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mould identification has been aided by the
combined use of extrolite profiles (Frisvad and
Filtenborg, 1983, 1990), isozyme profiles,
physiological (Frisvad, 1981) and ecological
characteristics, DNA patterns and morphology
(Samson and Pitt, 1990; Frisvad and Samson,
2004).

This significant development in methodol-
ogy and taxonomy of food-borne moulds
within the past 20 years means that the major
part of the publications on the mycobiota of
foods up till now should be "translated" ac-
cording to those changes. Some fungi from
culture collections have been re-examined and
their new identity has been published
(Marasas ef al., 1984; Frisvad, 1989), but much
of the earlier work needs to be repeated be-
cause most isolates have not been kept. This
problem has been taken into consideration
here, so reference is mainly given to publica-
tions from the last decade, which is in agree-
ment with the new concepts agreed by the
international working groups. Examples will
be given to illustrate the confusion and dis-
agreement, which arise when former methods
and taxonomy are being used to determine
which species are responsible for the spoilage
of each type of foods. Some species such as A.
niger, A. ochraceus and Alt. alternata have often
been reported as sensu lato, so they may repre-
sent other related species in some cases (Sam-
son et al., 2004c; Simmons, 1999b; Andersen et
al., 2002).

When describing the associated mycobiota
of foods, it is important to differentiate be-
tween species which are infesting the food and
species which are actually able to infect the
food due to growth. Only the last species be-
long to the associated mycobiota. Fungal
propagules (conidia, ascospores, mycelial
fragments) may be present for several reasons,
either as part of the "normal" airspora of out-
door or indoor air, or as part of the "normal"
mycobiota (formerly mycoflora), which is not
necessarily damaging the food, rather the
opposite. An example of the latter situation is
the occurrence of several yeast species and
Rhizopus oligosporus in tempe (Nout, 2004) and
the use of yeasts and fungal starter cultures for
meat and cheese (Spotti et al., 1994). Growth of
such species may prevent growth of serious
fungal spoilers and mycotoxin producers, by
interaction.
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Table 1. Most common associated fungal species

Crop

Beans and peas

Cereal

Cheese
Coffee

Fruit

Meat
Nuts

Qil crop

Vegetables

Product

Black beans, cowpeas
Maize

Rice

Rye bread

Sorghum

Wheat bread

Wheat, rye, barley, oat

Hard cheese
Coffee - monsoon
Coffee - traditional

Citrus
Dried fruits
Fruit juice

Grapes

Pomaceous and stone

Sausages

Almonds, hazelnuts,
pistachio, walnuts
Olives

Peanuts

Sunflower

Ginger

Onion and garlic
Pepper - bell
Pepper - black
Potatoes

Tomatoes

Yams

Yam chips

Fungal species

Alternaria  alternata, Aspergillus flavus, Asp. ochraceus,
parasiticus, Fusarium proliferatum, Penicillium citrinum

Asp. flavus, Asp. niger, Asp. ochraceus, F. graminearum, F. prolifera-
tum, F. verticillioides, P. citrinum

Asp. flavus, Asp. niger, P. citrinum

Asp.

Eurotium repens, Eur. rubrum, P. carneum, P. paneum, P. roqueforti
Alt. alternata, Asp. flavus, F. verticillioides, F. semitectum, P. citrinum
Asp. flavus, Eur. repens, Eur. rubrum

Alt. tenuissima and infectoria sp.-grps., Asp. flavus, Asp. parasiticus,
F. avenaceum, F. culmorum, F. graminearum, P. aurantiogriseum, P.
cyclopium, P. freii, P. melanoconidium, P. polonicum, P. verrucosum

Asp. versicolor, P. commune, P. discolor, P. nalgiovense, P. solitum

Asp. candidus, Asp. niger, Asp. tamarii
Asp. carbonarius, Asp. steynii, Asp. westerdijkiae, P. citrinum

Alt. tangelonis, Alt. tenuissima sp.-grp., Alt. turkisafria, P. digitatum,
P. italicum

Asp. carbonarius, Asp. flavus, Asp. niger, Asp. ochraceus, Xeromyces
bisporus, Wallemia sebi

Byssochlamys mnivea, B. spectabilis (= Paecilomyces
Eupenicillium spp., Neosartorya spp,. Talaromyces spp.

Asp. carbonarius, Asp. niger, Asp. tubingensis, P. expansum

variotii),

Alt. arborescens sp.-grp., Alt. tenuissima sp.-grp., F. lateritium, P.
crustosum, P. expansum, P. solitum
P. nalgiovense, P. nordicum, P. olsonii, P. chrysogenum, Eurotium spp.

Alt. arborescens sp.-grp., Asp. flavus, Asp. niger, Asp. tamari, F.
acuminatum, F. avenaceum, F. semitectum, P. crustosum, P. discolor
Alt. alternata, Asp. versicolor, P. citrinum, P. expansum

Asp. flavus, Asp. niger

Alt. alternata, Asp. flavus, Asp. niger, Asp. parasiticus, F. verticilloides,
F. semitectum
P. brevicompactum

P. allii, P. glabrum, Petromyces alliaceus

Alt. alternata

Asp. flavus, Asp. parasiticus, Asp. tamarii

Alt. alternata, Alt. solani, F. coeruleum., F. sambucinum

Alt. alternata, Alt. subtropica, Alt. tenuissima sp.-grp., P. expansum,
P. olsonii, P. tularense, Stemphylium eturmiunum, St. solani
Botryosphaeria rhodina, F. verticillioides, P. sclerotigenum

Asp. flavus, Asp. niger

Crop plants themselves may be damaged
by numerous plant pathogenic fungi, like
smuts (Tilletia spp. and Ustilago spp.), powdery
and downy mildew (Sphaerotheca spp., Mi-
crosphaera spp., Peronospora spp. and others),

but this Chapter will focus on the crop part
that is used for food or feed.

Accurate identification of fungal species
from foods is important, but not always easy.
In many cases only rather outdated keys are
available, at least for large genera as Alternaria,
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Fusarium, Penicillium and Aspergillus. Keys for
the most common fungi in foods are available
in Samson et al. (2004c), Pitt and Hocking
(1997) and elsewhere, but keys based on poly-
phasic approaches to taxonomy will probably
be more common in the future. Keys based
only on morphology, such as those in Raper
and Fennell (1965) may lead to incorrect identi-
fications. For example Raper and Fennell (1965)
provided two alternative keys for the Aspergil-
lus niger group (Aspergillus section Nigri). The
data provided by Samson ef al. (2004a) may
help in accurate identification of this group, as
both morphological, extrolite and molecular
data are available for identification. Data pro-
vided in a polyphasic approach to the Aspergil-
lus ochraceus group (Aspergillus section Circum-
dati) (Frisvad et al., 2004b) may be helpful for
identification of these Aspergilli.

For example it is possible that the most
important toxigenic species growing in green
coffee beans is Aspergillus westerdijkiae rather
than Asp. ochraceus. This may be of some im-
portance because the former species is a much
more consistent and efficient producer of
ochratoxin A than the latter species (Frisvad et
al., 2004b). Different types of data and keys are
provided for the terverticillate Penicillia in
Frisvad and Samson (2004), including the pos-
sibility to identify the species based on (-
tubulin sequences (Samson et al., 2004b). How-
ever, more keys for food-borne fungi, based on
different kinds of features, are needed. For
example in Alternaria a series of papers have
been published on new species (Simmons,
1986, 1990, 1992, 1993, 1994, 1995, 1999a,b;
Simmons and Roberts, 1993), but there is still
no overall key published to these species.

Simple chemical methods may be used for
detecting secondary metabolites, including
mycotoxins, in filamentous fungi. For example
TLC methods have been used based on the
direct analysis of agar plugs taken from com-
mon identification media, such as yeast ex-
tracts sucrose (YES) agar (Filtenborg and Fris-
vad, 1980; Filtenborg et al., 1983). Agar plug
based methods now include HPLC and direct
inlet electrospray mass spectrometry (reviewed
in Nielsen et al., 2004 and Larsen et al., 2005).
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CEREALS AND CEREAL PRODUCTS

Wheat, rye, barley and oat in the field
Fusarium, Alternaria, Cladosporium and Claviceps
are very common on grain crops in the field
and can reduce the grain quality by their
growth due to discolouration (Abdel-Kader et
al., 1979; Luke and Barnett, 1979; Chong and
Sheridan, 1982; Mazen et al., 1984; Pelhate and
Agosin, 1985; Miiller and Schwadorf, 1993; Pitt
et al., 1994; Andersen et al., 1996; Berleth et al.,
1998; Ackermann, 1998; Gonzélez et al., 1998;
Castella et al., 1999a,b; Enikuomehin, 2005;
Medina et al., 2006). Fusarium ear diseases of
cereals (also called head blight or scab) is
caused primarily by Fusarium culmorum and F.
graminearum (Clear et al., 2002a,b; Gonzalez et
al., 1996; Wiese, 1987). Both species can pro-
duce deoxynivalenol (and related trichothe-
cenes), zearalenone and several other biological
active metabolites in the grains (Gareis et al.,
1989). While the Fusaria will be eliminated
during food processing, a significant carry-over
of their mycotoxins will be possible as they are
resistant to cleaning of grains, milling, brew-
ing, baking and other food processes. Fusarium
mycotoxins, including trichothecenes,
zearalenone and fumonisins are common in
cereal products (see for example Medina et al.,
2006 and Schollenberger et al., 2006). Another
important species is F. avenaceum. This species
can produce moniliformin, antibiotic Y, enniat-
ins and fusarin C, whereas earlier reports on
production of trichothecenes and zearalenone
have been insufficiently verified (Thrane,
1989). Reports on natural occurrence of me-
tabolites from growth of F. avenaceum are very
scarce. Fusarium infections take place by air-
borne conidia on the heads or by systemic
infection. So far no highly resistant wheat or
barley cultivars have been developed. For
prevention of Fusarium diseases crop rotation is
advised, as chemical treatment of seeds or
application of fungicides to emerged heads is
either not 100% effective or profitable nor is it
desirable from an environmental point of view.
Alternaria together with Cladosporium can
cause discolouration of the grains (black or
sooty heads) by their abundant presence on the
grain during rainy growth seasons. The most
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common Alternaria found on grain belong to
the Alt. infectoria species-group (Andersen et al.,
1996, Kosiak et al.,, 2004), but neither these
Alternaria species nor any Cladosporium species
are known to be able to produce mycotoxins.
The most common, toxigenic Alternaria spp.
belong to the Alt. tenuissima species-group and
are able to produce alternariol, alternariol
monomethyl ether, altertoxin I and tenuazonic
acid (Andersen et al., 2002). Alternariols and
other Alternaria toxins have been detected
infrequently in grains (Andrews, 1986, Champ
et al.,, 1991, Chetkowski and Visconti, 1992;
Medina et al., 2006).

Ergot, Claviceps purpurea, occurs mainly on
rye, but certain wheat lines have known to
been infected too. The sclerotia, replacing
grains, are the visible damage, but in addition
C. purpurea produces a series of alkaloids toxic
towards humans. These alkaloids have been
detected in rye and wheat (grains and flour)
(Moller et al., 1993; Scott et al., 1992). Crop rota-
tion and good farming practice is the only way
to prevent ergot formation.

Wheat, rye, barley and oat in storage

In temperate and mild subtropical climate the
dominating storage moulds are species of Peni-
cillium and Aspergillus (Gylland et al., 1981,
Ylimaki, 1981; Hill and Lacey, 1984; Acker-
mann, 1988; Kunwar, 1989; Adisa, 1994; Fris-
vad, 1995; Weidenborner and Kunz, 1995; An-
dersen et al., 1996, Hasan, 1999). Data on occur-
rence of these fungi in Canada can be found in
Mills et al., (1995). Data based primarily on
barley, but also samples of rye and wheat
(Scudamore et al., 1993) strongly indicate that a
restricted number of Penicillium species are of
paramount importance in stored cereals. Sev-
enty samples containing ochratoxin A from
spoiled barley in Denmark were colonized by
the Penicillia in the series Viridicata, Verrucosa
and Corymbifera, including P. aurantiogriseum,
P. cyclopium, P. freii, P. melanoconidium, P. polo-
nicum, P. viridicatum, P. verrucosum and P. hor-
dei (Lund and Frisvad, 1994, 2003; Frisvad and
Samson, 2004). The taxonomy of the series
Viridicata, earlier named P. verrucosum var.
cyclopium and var. verrucosum (Samson et al.,
1976; Ramirez, 1982), has been revised by Lund
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and Frisvad (1994) and Frisvad and Samson
(2004).

These data are generally in agreement with
those of Scudamore ef al. (1993) and Mills et al.
(1995), despite the fact that wheat was the
commodity examined in those studies. Several
toxin-producing Aspergilli have been reported
to dominate on cereals, especially Asp. can-
didus, Asp. flavus, Asp. niger, Asp. versicolor, and
Asp. penicillioides and Eurotium spp. at lower
water activities (Lacey et al., 1991; Sauer et al.,
1992). The toxicology of the latter species has
not been thoroughly examined. The most
common extrolite produced by Eurotium spe-
cies is echinulin, which causes feed refusal in
swine (Vesonder ef al., 1988).

Ochratoxin A, citrinin, xanthomegnin,
viomellein and vioxanthin have all been found
in barley, rye, and/or wheat (Hald et al., 1983;
Scudamore et al., 1986, Frisvad, 1995). Several
other possibly toxic secondary metabolites are
produced by species in series Viridicata (Lund
and Frisvad, 1994), such as verrucosidin, peni-
cillic acid, cyclopenin, viridicatol, pseurotins,
viridic acid, brevianamide A, nephrotoxic
glycopeptides, anacine, auranthine, aurantia-
mine, terrestric acid, puberulonic acid, verruco-
fortine, puberuline, roquefortine C, meleagrin,
oxaline, viridamine and aspterric acid (Frisvad
and Lund, 1993), but present day analyses do
not cover these metabolites. As mentioned
above, the Penicillium species most common in
cereals are P. aurantiogriseum, P. cyclopium, P.
freii, P. hordei, P. melanoconidium, P. polonicum
and P. viridicatum. Furthermore the citrinin and
ochratoxin A producing P. verrucosum is very
common in cereals in temperature climates
(Lund and Frisvad, 2003), but much less com-
mon in Spain and other Mediterranean coun-
tries (Medina et al., 2006). The latter authors
found that 30 out of 40 strains of Aspergillus
section Nigri produced ochratoxin (26 of these
were Asp. carbonarius), while only three out of
20 strains of Aspergillus section Circumdati
produced ochratoxin. Thus in warmer climates
Aspergillus section Nigri and Circumdati are
probably more important sources of ochratoxin
A in barley than P. verrucosum. On the other
hand the Aspergilli producing ochratoxin A
produced relatively low amounts. Medina et al.
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(2006) examined Spanish malting barley and
found that all isolates of Fusarium verticillioides
and 15 out of 18 isolates of F. proliferatum pro-
duced fumonisins, 26 out of 90 strains of Alter-
naria produced alternariols, 30 out of 34 strains
of F. graminearum produced trichothecenes and
10 out of 50 isolates of Aspergillus flavus or Asp.
parasiticus produced aflatoxins.

Other mycotoxins from Penicillia growing
in stored cereals in subtropical or tropical cli-
mate could include viridicatumtoxin (P. aethio-
picum), citrinin (P. citrinum), cyclopiazonic acid,
patulin and roquefortine C (P. griseofulvum)
and secalonic acid D (P. oxalicum) (Frisvad and
Filtenborg, 1989), but this has not yet been
examined. The importance of mycotoxins pro-
duced in cereals by Aspergilli, like the aflatox-
ins and cyclopiazonic acid, has been pointed
out by Pier and Richard (1992), but the taxon-
omy of these species seems to be less compli-
cated. Other species in Aspergillus section Flavi
may be more common than originally thought
as Asp. nomius and Asp. parasiticus are occa-
sionally identified as Asp. flavus.

Mixed feeds may be contaminated with all
the mycotoxins listed above, including ochra-
toxin A produced by black and ochre Asper-
gilli (Accensi et al., 2004).

Bread (rye and wheat)

The most important species spoiling rye bread
with no preservatives added are Penicillium
roqueforti, P. paneum, P. carneum, P. corylophi-
Ium, Eurotium repens and E. rubrum (Lund et al.,
1996; Spicher, 1985). Penicillium paneum and P.
carneum are newly described species based on
significant differences in mycotoxin, DNA and
morphological characteristics (Boysen et al.,
1996). Isolates belonging to these species have
earlier been identified as P. roqueforti or P.
roqueforti var. carneum (Frisvad and Filtenborg,
1989). The cultures used for blue-cheese pro-
duction all belongs to P. roqueforti. If preserva-
tives like sorbic acid and propionic acid are
added, the spoilage mycobiota would be com-
pletely dominated by P. roqueforti and the new
species P. paneum and P. carneum (Spicher,
1985; Lund et al., 1996). Species of less impor-
tance to the quality of rye bread are: P. com-
mune, P. solitum, Asp. flavus, Asp. niger, P. de-
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cumbens, Paecilomyces variotii, Monascus ruber
and Mucor spp. Some of these species may
become important for a very short period of
time and some are always there but only caus-
ing few infections.

Only a few mycotoxins have been detected
in rye bread (Reiss, 1972, 1977; Dich et al., 1979;
Scott et al., 1992): Aflatoxins, citrinin, ergot
alkaloids and patulin. Furthermore the inclu-
sion of citrinin on the list may not be relevant,
as the toxin is not produced by the important
spoiling species, but has been detected after
artificial inoculation. As potential mycotoxins
in rye bread, in accordance with the above
mentioned list of important spoiling species,
the following can be mentioned: isofumiga-
clavine A and B, roquefortin C, patulin, peni-
trem A, and penicillic acid, mycotoxins from P.
roqueforti and P. carneum and P. paneum. How-
ever this list is by far exhaustive, since these
species have been found to produce several
secondary metabolites which are toxic in cer-
tain biological test systems. The list of my-
cotoxins should also include the toxins formed
in the cereals used for rye bread, as mentioned
elsewhere in this chapter. This "carry over" is
important as it is well known that mycotoxins
in contrary to the moulds often are not inacti-
vated during the baking process (Charmley
and Prelusky, 1994).

The spoilage is due to species tolerating a
lowered water activity (around 0.95) and by
the presence of organic acids like acetic acid
and propionic acid, which are formed during
the fermentation or have been added as pre-
servatives (Frisvad et al., 1992). The infection
takes place after the baking process, which
obviously kills all fungal propagules and is due
to airborne conidia originating from growth of
the spoiling species on product wastes in a few
specific places in the plant (Lund et al., 1996).

Beer (barley)

The most likely mycotoxin to occur in beer is
ochratoxin A (Payen et al., 1983; El-Dessouki,
1992; Guldborg, 1997; Gareis, 1999; Nakajima et
al.,, 1999; Medina et al., 2005b) because it is
produced by most isolates of P. verrucosum
which is common in barley (Lund and Frisvad,
2003). Trichothecenes and zearalenone (Shim et
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al., 1997; Molto et al., 2000) and fumonisins
have been reported from beer (Torres et al.,
1998). Beer products have not been examined
for other mycotoxins that are produced by
Penicillia associated to barley, and some of the
potential mycotoxins include citrinin, penicillic
acid, verrucosidin and xanthomegnin (Frisvad
and Lund, 1993). Sorghum based beers have
been shown to be contaminated with aflatox-
ins, fumonisins and zearalenone (Nkwe et al.,
2005). Fumonisins have also been found in
Xhosa maize beer (Shephard et al., 2005). As-
pergillus clavatus may be a major problem in
certain situations in malting houses (Flannigan,
1986). This species produces several mycotox-
ins, including patulin and cytochalasin E (Cole
and Cox, 1981).

Maize

The mycobiota associated with maize com-
prises Fusarium, Alternaria, Penicillium and
Aspergillus species (Pelhate, 1979, 1981; Mas-
trodisalgado and Carvalho, 1980; McLean and
Berjak, 1987; Gbodi et al., 1986; Siradhana et al.,
1978, Baird ef al., 1995; Broggi et al., 2002). Wei-
denborner (2001a) gives an overview of the
mycotoxins found in maize. The most impor-
tant toxigenic species in maize are the fu-
monisin producers, F. verticillioides and F. pro-
liferatum (Ono et al., 1999, 2002, 2006; Wilson et
al., 2006; Abbas et al., 2006; Samapundo et al.,
2005; Farnochi et al., 2005; Scaff and Scussell,
2004; Ghiasian et al., 2004; Gonzalez et al., 1995,
2002; Almeida et al., 2002a,b; De Farias et al.,
2000; Orsi et al., 2000; Castella et al., 1999a,b;
Julian et al., 1995; Castro et al., 1995; Adisa,
1994), the trichothecene producers, F. graminea-
rum and other spp. (El-Maghraby et al., 1995);
the aflatoxin producing Asp. flavus (Razzaghi-
Abyaneh et al., 2006; Arrus et al., 2005; Da Silva
et al., 2004; Machinski et al., 2001; Aziz and
Shahin, 1997; Adebajo et al., 1994; Adebajo and
Idowu, 1994; Asevedo et al.,, 1994; Sinha and
Sinha, 1992, Doupnik, 1972), the ochratoxin
producers Asp. niger and Asp. ochraceus (Jur-
jevi¢ et al., 1999; Magnoli et al., 2006), the ci-
trinin producer P. citrinum (Broggi et al., 2002)
and P. oxalicum, which produce secalonic acid
D (Steyn, 1970; Ehrlich and Lee, 1984; Ehrlich et
al., 1985). Penicillium funiculosum has also been
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found in maize (Broggi et al., 2002), but no
mycotoxins are known from this species. Of all
these mycotoxins, the aflatoxins and fumonis-
ins appear to be the most important. Fusarium
moniliforme (now F. verticillioides) and probably
fumonisins may be implicated in esophagal
cancer in Transkei (Rheeder et al, 1992;
Marasas ef al., 1981).

Rice

The mycobiota of freshly harvested rice grain
from Italy have shown to be infected with
Alternaria alternata and Fusarium equiseti (Fisher
and Petrini, 1992). Stored rice from Argentina
and Paraguay is dominated by Penicillium
citrinum, P. islandicum, Aspergillus niger, Asp.
flavus and F. semitectum (Tonon et al., 1997).
Penicillium citrinum, Asp. candidus, F. prolifera-
tum and P. verrucosum have been isolated from
different rice samples (Pitt et al., 1994; Park et
al., 2005a,b,c). Penicillium islandicum producing
luteoskyrin has been isolated from Japanese
rice, together with Alternaria spp., Eurotium
spp., and the potentially toxigenic Asp. versi-
color and Asp. ochraceus (Sakai et al., 2005). Afla-
toxins have been found in parboiled rice, with
Asp. parasiticus and Asp. flavus being the most
important producers (Lau and Sheridan, 1975;
El-Almeida et al., 1991; Reshma and Ahmad,
1998) and trichothecenes, zearalenone and
sterigmatocystin have also been found in rice
(El-Maghraby, 1996). Fusarium tricinctum and
Cylindrocarpon candidum, which are able to
produce trichothecenes, were among the toxi-
genic species recovered (El-Maghraby, 1996).
Problems with yellow rice toxicosis, caused by
P. citrinum, P. islandicum and P. citreonigrum
(Enomoto and Ueno, 1974; Ueno, 1974) may
still be relevant, as Jayaraman and Kaly-
anasundarum (1990, 1994a,b) have shown that
the mycobiota of rice may establish itself on the
parboiled rice, even though this mycobiota has
been eliminated by boiling.

Sorghum

Freshly harvested sorghum from Argentina
showed Fusarium and Alternaria as the domi-
nating genera with F. moniliforme, F. semitectum
and Alt. alternata as the most prevalent species,
whereas Penicillium citrinum, P. funiculosum,
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Aspergillus flavus and Asp. niger were found less
frequently (Gonzalez et al., 1997, Saubois et al.,
1999; Dejene et al., 2004). Other reports show
sorghum infected with Asp. flavus and F. verti-
cilloides and F. proliferatum and many of the
isolates examined produced aflatoxins and
fumonisins, respectively (Da Silva et al., 2004).
Analyses of stored sorghum samples from
Agentina showed the presence of Fusarium,
Alternaria, Penicillium and Aspergillus as well as
mycotoxins such as zearalenone, alternariols
and aflatoxins (Gonzaélez et al., 1997). A disease
outbreak caused by consumption of mouldy
sorghum and maize containing fumonisins has
been reported (Sashidhar et al., 1992; Bhat et al.,
1997) and deoxynivalenol contamination in
sorghum has also caused mycotoxicoses
(Ramakrishna et al., 1989).

Pearl millet

Pearl millet was reported to be infected with
Aspergillus flavus, Fusarium moniliforme (= F.
verticillioides), F. chlamydosporum and F. semitec-
tum (Ganbobo and Dostaler, 1990). This re-
sulted in formation of mycotoxins such as
aflatoxin Bi, fumonisins, moniliformin and
beauvericin (Wilson et al., 2006).

Amaranth, anise, fennel and blackgram seeds
Stored amaranth seeds may contain several
mycotoxigenic moulds, including Aspergillus
flavus, Asp. parasiticus. Asp. tamarii, and Asp.
niger (Adebanjo and Ikotun, 1994; Bresler et al.,
1995). Aflatoxin may also be produced in
blackgram seeds (Ahmad, 1993). Fennel and
anise seeds also contain potentially mycotoxi-
genic species (Moharram et al., 1989).

OIL CROPS AND OIL PRODUCTS

Olives

Damaged olives are susceptible to Alternaria
alternata infection and Alternaria mycotoxins,
such as alternariols, altertoxin I and tenuazonic
acid, have been found in olives before pressing,
but not in olive oil (Logrieco et al., 2003).
Heperkan et al. (2006) found Penicillium crusto-
sum, P. roqueforti, P. viridicatum, P. citrinum, P.
brevicompactum, P. solitum and Aspergillus versi-
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color in olives, but they also found citrinin in
the olives, so the report of the citrinin-
producing P. citrinum, P. expansum and P. ver-
rucosum (Sahin et al., 1999) in olives may ex-
plain the production of this nephrotoxin.

Sunflower seeds

Alternaria and Fusarium are the main genera
infecting the internal seed of sunflower and
Alt. alternata can be found in between 15 and
60% of surface disinfected seeds, while F.
moniliforme, F. semitectum and F. solani consti-
tute up to 3% of infected seeds (Zad, 1978;
Dawar and Ghaffar, 1991; Nawaz et al., 1997;
Bhutta, 1998; Begum et al., 2003; Logrieco et al.,
2003). Alternariol and alternariol monomethyl
ether have be detected in seeds from infected
sunflower heads in quantities up to 1.8 and
0.13 mg kg, respectively (Torres et al., 1993;
Logrieco et al., 2003; Pozzi et al., 2005). As the
sunflower seeds are de-scaled and stored, the
mycobiota will change in favour of Asp