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Preface

The fungus Fusarium has tremendous detrimental 
impacts on crop production, through its ability to 
cause plant disease, and on the health of humans 
and livestock, through its ability to produce 
toxins. Plant pathologists, mycologist and chem-
ists have long recognized this ubiquitous pathogen 
for its wide host range, ability to cause a variety 
of plant diseases, and production of secondary 
metabolites that vary markedly in structure and 
biological activity. The toxins fumonisins and 
trichothecenes are a particular concern because of 
their repeated associations with toxicoses. Basic 
research on Fusarium biology has resulted in tre-
mendous advances in understanding genetic and 
biochemical processes that enable the fungus to 

infect plants and cause disease and to synthesize 
secondary metabolites, including toxins.

In this book, an international group of Fusarium 
researchers review current research in critical areas 
of Fusarium biology. The opening chapter is an 
introduction to the organism. Subsequent chap-
ters deal with molecular and genetic components 
involved in sexual development, plant pathogen-
esis and secondary metabolism. At every stage 
of research, in the field or at the bench, or while 
applying genomic, proteomic or metabolomic 
approaches, the goal has been, and continues to 
be, identification of strategies to reduce crop dis-
eases and improve human health.

Daren W. Brown and Robert H. Proctor





1An Overview of Fusarium
John F. Leslie and Brett A. Summerell

Abstract
The fungal genus Fusarium is notorious as a 
pathogen of plants, animals and humans and as 
a producer of secondary metabolites causing 
toxicoses resulting from consumption of contami-
nated food by humans and other animals. This 
chapter outlines the taxonomic status of the genus 
and provides an overview of the different spe-
cies concepts that are used either singularly or in 
combination to define a species within Fusarium. 
As a result of the economic and social impacts of 
Fusarium with respect to disease and mycotoxins, 
there is a vast amount of knowledge of the biology 
of many Fusarium species such that the genus is 
now extensively used as model species to explore 
many fundamental aspects of fungal biology and 
ecology.

What is Fusarium?
Fusarium is a form genus of ascomycete fungi 
first described by Link in 1809 as Fusisporium. 
Members of the genus are numerous and can be 
recovered from plants and soil worldwide as path-
ogens, endophytes and saprophytes. Members 
of the genus are notorious for their capabilities 
as plant pathogens, although work with native 
plants and soil in undisturbed areas suggests that 
the number of species not associated with known 
diseases may far outnumber those that cause 
disease. Most members of the genus produce an 
array of secondary metabolites, which vary widely 
in chemical form (Desjardins, 2006). A number 
of the secondary metabolites are important as 
mycotoxins that are toxic and/or carcinogenic 
to humans and domesticated animals (Marasas 

et al., 1984; Desjardins, 2006), may have a role 
in plant disease (Proctor et al., 1995; Harris et al., 
1999; Glenn et al., 2008), and may be regulated 
in commercial and international trade (Verstraete, 
2008).

History of the genus
Members of the genus Fusarium have been dif-
ficult to identify almost since the genus was 
first described. From the original description 
in 1809 until the publication of Die Fusarien 
by Wollenweber and Reinking (1935) nearly 
1000 taxa were described, many based solely on 
a host association. Wollenweber and Reinking 
consolidated all of these taxa into 16 sections con-
taining 65 species, 55 varieties and 22 forms and 
generated the framework in which all of the taxo-
nomical approaches to the genus since then have 
been based. For the next approximately 50 years 
taxonomic arguments were dominated by debates 
over the relative importance of existing morpho-
logical characters, usually spore morphology, and 
newly identified morphological characters, e.g. 
conidiogenous cells (Booth, 1971). The concept 
of single-spore purification of cultures (Hansen 
and Smith, 1932) and the recognition that both 
the media on which a strain was grown and the 
conditions under which it was incubated (Snyder 
and Hansen, 1947) became major themes that 
changed the way in which plant pathologists 
approached their work with these fungi. Various 
authorities presented taxonomic systems recog-
nizing very different numbers of species as valid. 
For example, Snyder and Hansen (1940, 1941, 
1945, 1954) eventually reduced the number of 
Fusarium species to nine, whereas Gerlach and 
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Nirenberg (1982) recognized approximately 90 
species and varieties and Nelson et al. (1983) 
recognized 30 species with another 16 species 
classed as insufficiently documented. Leslie and 
Summerell (2006), while not a monograph of 
the genus, provided descriptions of 70 differ-
ent species with a recognition that there were a 
number of species that were not included in that 
volume. Since then a number of new species of 
Fusarium have been discovered and described, e.g. 
F. gaditjirrii (Phan et al., 2004), F. lyarnte and F. 
werrikimbe (Walsh et al., 2010) and F. ananatum 
( Jacobs et al., 2010).

In the 1970s, the first cracks in the morphol-
ogy only definition of Fusarium species began to 
appear with the description of mating popula-
tions (= biological species) within both Fusarium 
solani (Matuo and Snyder, 1973) and Fusarium 
moniliforme (Hsieh et al., 1977). These ideas 
were carried forward by others and led to the first 
formal recognition of a cryptic species, Fusarium 
thapsinum, based on differences in mating capa-
bilities in 1997 (Klittich et al., 1997). Biological 
species recognition was followed the next year by 
the first use of a phylogenetic species concept to 
assist in the description of a series of species in the 
Gibberella fujikuroi species complex (Nirenberg 
and O’Donnell, 1998) in a manner consistent with 
the Taylor et al. (2000) proposal for recognition of 
phylogenetic species. Application of both biologi-
cal and phylogenetic species concepts have helped 
resolve old problems in the genus, e.g. the need to 
redefine the entities found within Fusarium mon-
iliforme (Seifert et al., 2003), but new problems 
have been created in their wake. There also remain 
nomenclatural disputes regarding some groups 
that all parties agree are the same entity, but for 
which questions of priority and the adequacy of 
the description remain unsettled. These nomen-
clatural disputes can be quite confusing to those 
not heavily immersed in the taxonomy of these 
organisms.

Taxonomy of Fusarium
The taxonomy of Fusarium focuses primarily on 
providing a framework to identify existing spe-
cies, understanding the relationships between 
species within the genus and on the identification 

and characterization of new species of the genus. 
This process may, or may not, result in a rapid 
means of assigning a strain to a species particu-
larly as the rigor of the taxonomic assessment 
varies significantly. Morphological, biological 
and phylogenetic species concepts have all been 
used in species descriptions, and species that can 
be identified with at least two of these approaches 
are generally much more robust than those that 
rely on only a single set of characters. Much of 
current practice is to look for a single gene whose 
sequence can be used as a diagnostic tool, pref-
erably for every species in the genus, with the 
gene encoding transcription elongation factor 1α 
(tef-1) currently the most broadly used gene for 
this purpose (Geiser et al., 2004). In effect this 
reduces the entire species concept for the genus to 
the sequence of a single gene. While such a reduc-
tion certainly eases diagnostics, it almost certainly 
will lead to difficulties when anything other than 
known sequences tied to well-established species 
are encountered. After all, the name associated 
with a species in a database is only as good as the 
person who did the initial identification (which 
was probably not based on a sequence). For this 
reason diagnostics based on a single gene such as 
tef-1 should only be considered as a guide and, 
even though potentially very useful for routine 
diagnostics care must be taken in the interpret-
ation of the results obtained. Even worse, there 
will be, if we sequence enough, cases in which we 
identify strains from different species with identi-
cal or near-identical sequences. The resolution to 
such problems requires going beyond the single 
gene that is valued so highly by diagnosticians, 
and often requires expert judgement rather than 
the application of a formal rule.

Species concepts
A species concept is a set of characters that is used 
both to circumscribe and to describe a species 
and to differentiate one species from another. 
The species concept used provides the framework 
about which questions regarding the species can 
be asked and answered. Any given species may 
be described by one or by more than one species 
concepts. Initially, species concepts grew out of 
the Biblical concept of a ‘kind’, which could vary 
over time, but which were fundamentally unique 
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entities. Assuming the species concepts are using 
independent characters, the more species con-
cepts that can be applied and give the same answer 
the more robust the species is and the more likely 
it is to maintain it is integrity.

Morphological species concepts
Morphological species concepts are based on 
differences in observable features of the fungus. 
In Fusarium the primary morphological features 
are the shape and size of the macroconidia, 
microconidia and chlamydospores, and the type 
and presence of conidiogenous cells (usually for 
the microconidia) (Leslie and Summerell, 2006). 
Other characters that are secondary to these 
characters include the nature of the hyphae in the 
culture (e.g. circinate morphology), pigments pro-
duced and secreted (usually on potato dextrose 
agar medium), detectable odours, growth rate and 
secondary metabolite production. Traditionally, 
most diagnosticians have relied heavily on these 
morphological characters when making their 
identifications.

Biological species concepts
Biological species were introduced by Mayr 
(1940, 1963) to help explain problems observed 
in field populations of animals, and are based on 
the concept that individuals who can mate and 
mix their genetic information to form progeny 
should be in the same species. The initial termi-
nology used for biological species was mating 
populations, a terminology that persists today for 
members of Fusarium solani. The mating popula-
tions within F. moniliforme have been subject 
to more efforts in naming, e.g. Leslie (1991), 
with groups sometimes being defined as mating 
populations (Klittich and Leslie, 1992; Britz et al., 
1999) before being described as species (Klittich 
et al., 1997). This group of species is now generally 
known as the Gibberella fujikuroi species com-
plex, with most species now having two names 
(Samuels et al., 2001) – a Fusarium name for the 
asexual (anamorph) stage and a Gibberella name 
for the sexual (teleomorph) – although the mating 
terminology is still used on some occasions.

As the biological species concept is based 
upon the production of the sexual fruiting 
structures it is important to be aware of the 

anamorph – teleomorph connections in this 
group of fungi. Most species have a sexual stage 
that belongs within the definition of Gibberella 
although there are a number that fall into genera 
such as Albonectria, Cyanonectria, Haematonectria, 
Cosmospora and Neocosmospora (Rossman et al., 
1999). It is now generally accepted that all of these 
species form what is considered a monophyletic 
‘Fusarium’ clade and that it is preferential to use the 
Fusarium name as it contains the most informa-
tion for the user of the taxonomy. Recent changes 
in the International Code of Botanical nomencla-
ture as it relates to anamorphic fungi will result in 
the discontinuation of this awkward and unusual 
dual naming system. Newly described species 
that have a sexual stage will include a description 
of the sexual stage as a part of the Fusarium spe-
cies description, a convention that some authors 
have already have begun to follow, e.g. Amata et 
al. (2010).

Biological species require sexual crosses as 
evidence that two strains belong to the same spe-
cies. Ready implementation of this requirement 
means that highly female-fertile tester strains 
must be available along with clear protocols. For 
many species within the G. fujikuroi species com-
plex these strains are available for minimal or no 
charge through the Fungal Genetics Stock Center 
(FGSC) at the University of Missouri-Kansas 
City (www.fgsc.net). The functional test is to use 
the standard tester strain as the female parent in 
the cross and the unknown field strain as the male 
parent. Standard crossing protocols rely on carrot 
agar and the presence of black light (Klittich and 
Leslie, 1988) and require patience and incuba-
tor space for the several weeks from the making 
of the initial cross until ascospores are observed. 
Unfortunately, biological species concepts cannot 
be used with many species in Fusarium as no sexual 
stage has been observed under laboratory condi-
tions. The ability to identify mating type alleles 
via PCR amplification (Kerényi et al., 2004) has 
made the search for the sexual stage much easier 
than it used to be. When available, biological spe-
cies concepts provide the greatest confidence in 
a species definition as the organism is telling us 
where the limits of a species are rather than these 
limits being inferred from other characters that 
may not be clearly delimited.



Leslie and Summerell 4 |

Phylogenetic species concepts
Phylogenetic species concepts as currently 
implemented rely almost exclusively on DNA 
sequences of one or a relatively few genes. Usually 
these genes encode proteins and have one to 
several introns in the genomic sequence that is 
amplified by PCR for analysis. The exon portions 
of the sequence are usually widely conserved, 
which enables a common primer pair to be used to 
amplify the sequence of interest from a number of 
different species. Sequences from various strains 
are aligned and analysed with a computer program 
to create a tree. Variants are presumed to be selec-
tively neutral, and are used to trace lineages. The 
lineages coalesce within the tree as you move from 
the present (with the existing set of sequences) 
back through evolutionary history. At each node 
where lineages coalesce, the amount of variation 
present is reduced. Branching patterns are used to 
infer speciation events, and in some cases when in 
time these speciation events occurred.

Many recent Fusarium species descriptions 
have relied substantially on phylogenetic species 
concepts, including most of the newly described 
species within the G. fujikuroi and F. solani spe-
cies complexes. In most species where enough 
strains have been examined, multiple sequences 
have been identified for genes that are sufficiently 
variable to be used for identification purposes. 
Potential problems at this point include (i) that 
the genes evaluated may not reflect species dif-
ferences and (ii) that the number of positions 
at which differences occur may not be the most 
important indicator of species differences, as the 
critical point may be whether a particular change, 
or set of changes has occurred. These problems 
make it difficult to write a species description that 
goes beyond saying the sequences for the species 
being described cluster with one another, but do 
not cluster with sequences derived from other 
species, and can sap confidence in the species 
being described.

With intraspecific sequence variation possible, 
where to draw the line to separate two different 
species often is not clear. In such cases it helps 
tremendously to have an external character to vali-
date the hypothesis generated by the phylogenetic 
analysis. Sometimes, once groups are resolved, a 
morphological character that is consistent with 

the split can be identified or a sexual stage can 
be identified that enables a more robust species 
definition. In general, biological and phylogenetic 
species definitions result in the same groups 
being included in a species. When these species 
concepts conflict, care must be taken in describ-
ing species, since it may mean that there is greater 
or lesser gene flow possible than would have been 
anticipated based just on the name(s). Thus, there 
is no one rule that can always be followed and be 
guaranteed to determine whether two strains are 
in the same or different species – human evalua-
tion of the data remains essential.

Polyphasic species descriptions
All of the species of Fusarium described in the 
past decade have been defined on the basis of a 
combination of morphological, biological and 
phylogenetic characters through an approach 
defined as a polyphasic species description. 
The relative contribution of each dataset to the 
description varies by species as it is depends on 
character availability. For example, biological spe-
cies data are not available for many of the recently 
described species, so the species definitions 
were based on morphological and phylogenetic 
data. The contribution of the phylogenetic data 
has expanded considerably as the technology 
has become more accessible and multiple gene 
regions are sequenced and evaluated. Robust spe-
cies descriptions may now include data from four 
or more gene regions. We think that robust spe-
cies descriptions should include as many of these 
datasets as possible and that each dataset should 
be based on at least 20 non-clonal isolates.

Currently accepted species and 
taxonomic discrepancies
Numerous species of Fusarium have been 
described, although the number that cause seri-
ous diseases or produce mycotoxins are but a 
small fraction of those that have been validly 
described. The listing of Leslie and Summerell 
(2006) contains the major entities that are widely 
accepted as species. This list has some caveats, 
however. First, some important species had not 
been described in time to be included, e.g. F. 
langsethiae (Torp and Nirenberg, 2004). Second, 
two of the species on this list, F. brevicatenulatum 



An Overview of Fusarium | 5

and F. pseudoanthophilum have recently been 
synonymized as they have a common sexual stage 
(Amata et al., 2010). Third, the various phyloge-
netic species within F. graminearum are not listed 
as separate species because all of those tested 
are significantly cross-fertile with the female 
fertile tester strains of Lee et al. (2003). Fourth, 
some species, e.g. those with teleomorphs in 
Cosmospora and Neocosmospora (Rossman et al., 
1999), were deliberately excluded since it was 
unclear at the time of publication whether these 
fungi were going to be removed from Fusarium 
and put into a new genus of their own. Finally, 
there are controversies over naming priority and 
the adequacy of the description of some species 
that lead to a group having different names result-
ing from a dispute among taxonomists, even 
though all concerned agree that they are talking 
about the same entity. The two most prominent 
problems of this sort are F. crookwellense–F. cerealis 
and F. semitectum–F. incarnatum–F. pallidoroseum.

Impact of Fusarium

Plant pathogens
Fusarium species cause an array of diseases that 
affect agriculture and horticulture in all parts of 
the world. Several of the diseases, such as head 
blight of wheat (Windels, 2000) and panama 
disease of bananas (Ploetz, 1990), have had nearly 
devastating economic and sociological impacts on 
the farmers and communities that rely on these 
crops for their livelihoods. The plant diseases 
caused by Fusarium species are not restricted to 
any particular region or cropping scenario and 
can be as problematic in temperate, commercial 
agriculture as they are in subsistence tropical 
agriculture. The one factor that all of these disease 
scenarios share, regardless of the Fusarium species 
or the crop involved, is that the options for control 
usually are limited and difficult to implement.

Fusarium can cause various types of diseases, 
including vascular wilts, head and seed blights, 
stem rots, root and crown rots and canker diseases, 
with some species capable of simultaneously caus-
ing multiple or overlapping disease syndromes 
depending on the host and the environment. 
Vascular wilt diseases are typically caused by 

members of the Fusarium oxysporum species 
complex known as formae speciales. Plants usually 
are infected via the root system with the fungus 
obstructing the vascular system and reducing or 
preventing the flow of water from the roots to the 
upper plant, which leads to plant wilting. Formae 
speciales are not taxonomic entities, but rather are 
groups of isolates recognized for their ability to 
cause disease in a specific set of host plant species. 
Formae speciales have evolved through convergent 
evolution the ability to cause diseases and need 
not be, and often are not, members of a mono-
phyletic clade (Baayen et al., 2000). Other species 
closely related to F. oxysporum, e.g. F. xylarioides, 
also can cause vascular wilt diseases in some plant 
species.

Head, grain and seed blights are diseases 
predominantly restricted to cereal crops. These 
diseases are caused by diverse species but the 
most important are F. graminearum on wheat, 
F. verticillioides on maize, and F. thapsinum on 
sorghum. These diseases are typified by yield loss 
and can be further complicated by the in situ pro-
duction of mycotoxins that contaminate the grain 
produced. Stem rot diseases also occur on a broad 
range of hosts, but again are the most important 
on cereals such as sorghum, maize, wheat and 
barley. These diseases result in yield losses in two 
ways. First, in rotted or degraded stems, nutrient 
and water flow to the grain are reduced along with 
the yield. Second, by weakening the stem tissue 
the plants are more susceptible to lodging, i.e. in 
which the plant falls over, and is more difficult 
to harvest. Typical diseases include stalk rots of 
maize caused by F. verticillioides and stalk rots of 
sorghum caused by F. thapsinum.

Root and crown rots are probably the most 
widespread type of disease caused by Fusarium 
species. In many cases the causal agents of these 
diseases may be difficult to determine, as they may 
occur in plants affected by other factors or that 
are simultaneously infected by weak pathogens 
or saprophytes. Species such as F. pseudogramine-
arum, F. culmorum and F. solani cause diseases in 
which the roots and crown of the host plant are 
rotted resulting in an insufficient or ineffective 
root system and increased susceptibility to lodg-
ing and collapse.

Canker diseases involve the formation of 
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lesions on stems and branches and are most prom-
inent on woody perennial species in horticulture 
and forestry. Pathogens such as F. circinatum, the 
cause of pitch canker in pine, and F. decemcellulare, 
which causes cankers on tropical fruit trees, are 
good examples of the pathogens in this category.

Most of the control practices recommended 
for plant diseases caused by Fusarium are depend-
ent on either modifications to the agronomic 
practices, e.g. ploughing or reduction of host 
residue, rotation to a non-host(s) of the specific 
pathogen, or through the development of host 
resistance. Chemical control measures have been 
spectacularly unsuccessful for Fusarium diseases 
and there are very few fungicides currently avail-
able that could be described as economically 
effective control strategies for these diseases.

Human and animal pathogens
Fusarium spp. also are known as direct pathogens 
of both humans and some domesticated animals. 
Members of either the F. oxysporum or F. solani 
species complexes are the most common disease 
causing agents, although a number of other spe-
cies have been implicated on at least an occasional 
basis. F. solani is currently best known for its ability 
to cause keratitis and its association with a contact 
lens solution (Bullock and Khamis, 2010). Both 
F. oxysporum and F. solani are more commonly 
associated with dermatophytic infections (Leslie 
and Summerell, 2006) and infections of nails and 
hooves, but even these infections are usually rare 
enough that the detection of one may merit a 
case description style publication. Most strains of 
Fusarium grow poorly, if at all, at 37°C. However, 
those that do and that become dispersed infec-
tions in humans are usually fatal as there are no 
generally effective antifungals available for the 
treatment of such well-distributed infections 
(Leslie and Summerell, 2006).

Diseases in other animals usually parallel 
those seen in humans, with F. solani being the 
only Fusarium species that was pathogenic to 
immunocompetent mice (Mayayo et al., 1999). 
They can be particularly serious in animals with 
an exoskeleton, e.g. shrimp (Hose et al., 1984) or 
turtles, whose external shell is subject to degrada-
tion by Fusarium (Cabañes et al., 1997). Most of 
the common syndromes of animals associated 

with Fusarium are not due to a direct disease in 
the animal being caused by the fungus, but rather 
are correlated with the consumption of a food 
product that has been colonized by the fungus and 
contaminated with one or mycotoxins.

Mycotoxins
Strains of Fusarium can synthesize literally 
hundreds of different secondary metabolites, 
most of whose function is completely unknown 
(see Chapters 7–9). A few of these secondary 
metabolites have been associated with toxicoses 
in domesticated animals or with nutritional dis-
eases in humans. The association of nutritional 
diseases in humans with Fusarium toxicoses dates 
back to ancient Greece (Schoental, 1994) and car-
ries through to the present time, e.g. neural tube 
defects in newborn children in the Rio Grande 
valley associated with fumonisins (Missmer et al., 
2006).

The best known Fusarium mycotoxins are the 
trichothecenes, the fumonisins, the zearalenone 
and the gibberellic acids. The trichothecene 
class of mycotoxins includes the better-known 
deoxynivalenol (DON), nivalenol (NIV), 
diacetoxyscirpenol (DAS) and T-2 toxin. The 
last two are on the US government’s list of select 
agents that might be/have been weaponized for 
biological warfare (Mirocha et al., 1983; Rosen 
and Rosen, 1982). The biosynthetic pathways 
for the main products and many of the second-
ary products of all of these pathways are known 
(Desjardins, 2006). The genes that encode the 
biosynthesis of the compounds also have been 
identified and usually at least some of the regula-
tory loci that operate on the pathways are known 
as well. Although there is general knowledge 
of the effects of various environmental param-
eters on mycotoxin biosynthesis, the means by 
which these environmental signals are received 
by the producing cells and processed internally 
to alter mycotoxin production is at best poorly 
understood.

Fusarium as a model research 
organism
Since its first description over 200 years ago the 
greatest interest in Fusarium has been for the 
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diseases it can cause, the toxins it can produce 
and the differentiation and correct identifica-
tion of the appropriate causal agents. In the 
last 20–30 years, several Fusarium species have 
become amenable to routine laboratory manip-
ulations and have been the subject of detailed 
genetic and physiological studies. The classical 
genetic maps of F. verticillioides (Xu and Leslie, 
1996; Jurgenson et al., 2002b) and F. gramine-
arum (Jurgenson et al., 2002a; Gale et al., 2005; 
Lee et al., 2008), the available genome sequences 
at the Broad Institute (www.broadinstitute.
org/annotation/genome/Fusarium_ group/
MultiHome.html), and the ability to make 
controlled crosses under laboratory conditions 
(Klittich and Leslie, 1988; Bowden and Leslie, 
1999; Lee et al., 2003) has opened these two 
species up to virtually all genetic studies except 
for the study of ordered tetrads, which are not 
produced in Fusarium due to a spindle overlap 
during meiosis. There are a number of transfor-
mation methods, selectable markers and vectors 
available that can lead to gene replacement, 
disruption or ectopic integration of the vector, 
and high quality genomic DNA is relatively easy 
to recover by using any of several protocols. 
These fungi produce a plethora of secondary 
metabolites (Frisvad et al., 2008; Desjardins, 
2006). Some of these secondary metabolites 
have a huge economic impact, but also result 
from unusual biosynthetic pathways whose 
enzymes, intermediates and regulation are still 
not understood in great detail. Primary metabo-
lism also has some differences in its regulation 
(Leslie, 1986, 1987) that also warrants further 
study. Finally the host–pathogen relationship 
that occurs between Fusarium and its hosts 
is different than that seen for other model 
plant pathogens such as Magnaporthe oryzae 
(Kankanala et al., 2007; Valent and Khang, 
2010). In many cases, Fusarium infections occur 
and cause no obvious plant reaction (Oren et al., 
2003). It is only when the plant is stressed that 
the fungus switches from being an endophyte 
to being a pathogen capable of doing significant 
damage and contaminating seed with toxins. 
The regulation of this mode of fungal establish-
ment and disease initiation is important and 
will need to be understood to identify critical 

points in the process that could be disrupted or 
perhaps prolonged to obtain effective disease 
control and limit toxin contamination.

Another area in which Fusarium is poised 
to serve as an important model system is in the 
area of evolutionary biology. The protracted 
taxonomic discussions and studies of the past 
200 years have resulted in Fusarium being one 
of the most carefully evaluated of the fungal 
genera. The recent increase in species due to the 
addition of biological and phylogenetic species 
concepts for defining species has put an inde-
pendent layer of confirmation under this work, 
changing some but also leaving much intact. As 
a result, the genus contains a number of species 
with known host preferences and in some cases 
with relatively reliable estimates of geographic 
distribution. Closely related species, e.g. F. 
fujikuroi and F. proliferatum (Leslie et al., 2004) 
or F. subglutinans and F. circinatum (de Vos et 
al., 2007), can be crossed and progeny evalu-
ated for genetic regions that are associated with 
speciation. In some cases, e.g. F. graminearum, 
incipient species may be identifiable even if 
the entities are not completely resolved. Some 
species are sufficiently widely distributed that 
they may be able to offer insights into on-going 
allopatric speciation processes in response to 
various selective environments. Finally, there is 
the possibility of collecting many new additional 
species from natural habitats and subsistence 
farming scenarios that could provide significant 
connections between existing groups and yield 
new insights into the selection processes and 
pressures that led to the development of the spe-
cies currently of economic importance in many 
commercial farming systems.
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2Sex and Fruiting in Fusarium
Frances Trail

Abstract
Fusarium spp. represent an array of sexual life-
styles: asexual, homothallic and heterothallic. The 
recent availability of genomic resources for several 
Fusarium species has inspired intense research on 
these organisms, including a better understanding 
of sporulation. Although studies have clarified the 
arrangement of the MAT idiomorphs among these 
species, little is known about the role of MAT genes 
in sex and fruiting body development. For most 
Fusarium species, the sexual cycle does not pre-
dominate in the field. However, F. graminearum, a 
homothallic species, relies on sexual development 
for spore dissemination to host plants. Recent 
functional studies have revealed genes involved in 
many aspects of perithecium development in this 
species. This chapter will focus on morphogenic 
aspects of sexual development, summarize the 
function of genes that have been shown to affect 
development, and speculate about the ecological 
and evolutionary implications of sexual lifestyles.

Introduction
Fusarium species provide researchers with a 
closely related group of organisms that represent 
diverse sexual lifestyles (asexual, homothallic 
and heterothallic) and diverse approaches to 
interactions with their hosts. In the last decade, 
the genus Fusarium has risen to prominence 
among the fungi that are both critical to agricul-
ture and have genomic resources. Currently, the 
genomes of Fusarium graminearum, F. oxyspo-
rum, F. solani and F. verticillioides have been 
sequenced and are publicly available (Cuomo et 
al., 2007; Coleman et al., 2009; Ma et al., 2010). 
F. fujikuroi has strong genetic resources, and is 
likely to be sequenced soon. Of the four species 
of Fusarium with sequenced genomes, two have 
Gibberella teleomorphs (G. zeae: anamorph F. 
graminearum; and G. moniliforme: anamorph F. 

verticillioides), one has a Nectria teleomorph (N. 
haematococca: anamorph F. solani f. sp. pisi) and 
one has no known sexual stage (F. oxysporum f. sp. 
lycopersici). Sequence availability of the Fusarium 
spp. has stimulated research into evolution and 
diversity. Together with the ability to easily gener-
ate random and targeted genetic mutants, these 
Fusarium species provide ideal systems to study 
host–pathogen interactions, asexual and sexual 
development and morphogenesis. Despite the 
worldwide importance of these agricultural path-
ogens, and the importance of the sexual cycle to 
disease development, both for recombination and 
dispersal, our understanding of the sexual process 
remains limited.

The role of the sexual cycle in Fusarium spp. 
is varied. On one end, F. graminearum relies 
on ascospores as a critical part of the primary 
inoculum leading to head blight disease of wheat 
and barley. Sexual development was shown to be 
essential for disease production. Wheat plants 
exposed to mating type gene (MAT) mutants in 
the field (Desjardins et al., 2006) had significantly 
reduced disease levels compared with inoculation 
with the wild-type. Ascospores are also important, 
but not proven essential, as propagules for disper-
sal in F. solani f. sp. pisi (VanEtten, 1978). For the 
majority of Fusarium species that produce fruiting 
bodies in culture, sexual development is uncom-
monly observed in the field. Of the 12 species with 
Gibberella teleomorphs reviewed by Desjardins 
(2003), fruiting is common only in G. zeae while 
occasionally observed for G. fujikuroi in the field. 
The remaining species (G. avenaceae, G. baccata, 
G. circinata, G. coronicola, G. intermedia, G. monili-
formis, G. nygamai, G. pulicaris, G. subglutinans, G. 
thapsina) all have been rarely or never observed to 
produce fruiting bodies in nature. Nevertheless, 
most of these species do produce perithecia in 
the lab on natural or artificial substrates (Leslie et 
al., 2006). Whether or not species that appear to 
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have little sexual development in the field still use 
unobserved sexual development for recombina-
tion remains to be investigated.

Of all of the Fusarium species, F. graminearum 
has the best-studied sexual cycle, and thus will 
feature prominently in this review. Because of 
its economic impact worldwide as a pathogen 
of small grains, F. graminearum was the third 
filamentous fungus to be sequenced with public 
funds in the United States. The availability of the 
genome and other ’omic resources, as well as the 
ease of genetic manipulation of the fungus has 
made it an ideal organism in which to study sexual 
development in relation to pathogenicity. During 
sexual development, Fusarium undergoes many 
of the morphogenic processes of more complex 
eukaryotes, providing a simple system in which 
to study membrane function, secretory pathways, 
cytoskeleton dynamics, cell adhesion, cell polar-
ity, signalling, cell cycle, apoptosis, differentiation, 
and stem cells (Fig. 2.1). Exploration of these 
aspects of sexual development in fungi in general 
has just begun.

Recently, much progress has been made in the 
genetic characterization of sexual development in 
Fusarium species, however, other systems have a 
long and rich history of studies in ascocarp devel-
opment. In particular, studies of Sordaria spp. and 
Neurospora crassa have shed light on perithecium 
development. Therefore, we will use these models 
as comparisons for the Fusarium species. The 
reader is referred to recent review articles for 
a more comprehensive review of development 
in these species (Pöggeler et al., 2006; Lord and 
Read, 2011).

Morphology and phylogenetics
Fungi have historically been categorized morpho-
logically by their fruiting bodies. While hyphae 
have very few defining characteristics, fungal 
fruiting bodies are generally easily distinguish-
able between species. However, for Fusarium 
species, reliance on fruiting body morphology 
to distinguish species has resulted in large spe-
cies complexes, which phylogenetic tools have 
begun to resolve into multiple species (O’Donnell 
et al., 2004, 1998). The fungi belonging to the 
Fusarium anamorphs are now considered to be 

part of the subphylum Pezizomycotina, within 
the class of perithecium-producing ascomycetes 
Sordariomycetes (Spatafora et al., 2006). They 
are in the order Hypocreales, a group character-
ized by ‘occasional fleshy stromata (sing. stroma; 
a hyphal matrix on which the perithecia form), 
spherical, fleshy, brightly coloured, walled peri-
thecia having ostioles lined with periphyses, rarely 
ornamented by hairs, apical paraphyses, thin-
walled asci, with simple openings, colourless or 
pale-brown ascospores, which are usually multi-
cellular’ (Kirk et al., 2001; refer to Fig. 2.2). F. 
graminearum forms purplish-black perithecia due 
to a combination of two pigments (Gaffoor et al., 
2005). F. verticillioides has blue-black perithecia 
(See Chapter 8). The perithecia of both species 
form multicelled, unbranched apical paraphyses, 
meaning that paraphyses develop from tissue 
in the top of the centrum and grow downwards. 
Their structure, in comparison with Neurospora 
crassa, is summarized in Fig. 2.2.

Bistis et al. (2003) delineated all of the cell 
types in N. crassa. For the sexual phase, 15 cell 
types were described including: ascogonium, 
enveloping hyphae (vegetative hyphae that 
surround the ascogonium and develop the 
protoperithecial wall), trichogyne, ascogenous 
hyphae, terminal crozier cell, basal crozier cell, 
ascus mother cell, ascus, ascospore, paraphyses, 
centrum pseudoparenchymal cells (become the 
inner wall of the perithecium), outer wall cells, 
hair cells, periphyses, wall cells of the perithecium 
neck. The trichogyne is the female element and 
the point of cellular fusion and recognition of the 
male element. For Fusarium teleomorphs, hair 
cells are absent or rare, there are no neck (beak) 
cells, and the ostiole is hard to distinguish on the 
outer surface of the spherical mature perithecium 
(Fig. 2.2). Trichogynes occur in few species. In F. 
graminearum and F. verticillioides, apical paraphy-
ses grow down from the top of the centrum, but 
attach at the base of the asci, so in squash mounts, 
they appear as swollen hyphae radiating outward 
between the asci (Trail and Common, 2000; 
Sikhakolli et al., 2012).

In culture, development in F. graminearum 
takes approximately 144 h from induction of the 
sexual stage to development of mature perithecia 
with actively discharging spores. Development 
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Figure 2.1 Stages of perithecium development in Fusarium graminearum, showing developmental 
process, morphogenic processes, and location of stage on host. Numbers correspond to genes affecting 
development at that stage (gene designations from http://mips.helmholtz-muenchen.de/genre/proj/FGSG_
DB/). Additional genes encoding protein kinases whose mutants do not development perithecia and are not 
shown above are: (a) FGSG_00362, FGSG_00408, FGSG_02795, FGSG_04053, FGSG_04484, FGSG_05484, 
FGSG_05547, FGSG_06326, FGSG_06385, FGSG_06970, FGSG_07295, FGSG_07329, FGSG_08691, 
FGSG_09612, FGSG_09903, FGSG_10037, FGSG_10066, FGSG_10313, FGSG_10381, FGSG_01188; and 
(b) whose mutants are defective in ascospore morphology: FGSG_00337, FGSG_01058, FGSG_01347, 
FGSG_01641, FGSG_04382, FGSG_05418, FGSG_06878, FGSG_07251, FGSG_07344, FGSG_08468, 
FGSG_09274, FGSG_09897, FGSG_11812 (Wang et al., 2011). Mutants of the following genes encoding 
transcription factors affected perithecium numbers and/or delayed maturation: FGSG_00729, FGSG_00930, 
FGSG_01176, FGSG_01576, FGSG_02608, FGSG_02719, FGSG_05475, FGSG_06382, FGSG_06427, 
FGSG_07052, FGSG_07546, FGSG_07928, FGSG_09019, FGSG_12970 (Son et al., 2011). Two acetyl 
CoA reductase genes (FGSG_00330, and FGSG_01743) yielded mutant strains with reduced numbers of 
perithecia (Lee et al., 2011). Mutants of the following transcription factors had increased the numbers of 
normally functioning perithecia: FGSG_02814,FGSG_ 09308, FGSG_06356 (Son et al., 2011).
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occurs most reliably on carrot agar for both F. 
graminearum and F. verticillioides with the sexual 
phase being induced by addition of 2.5% Tween 
60 solution, applied to the surface of a well-
colonized Petri dish, followed by incubation 
under light (Bowden and Leslie, 1999; Klittich 
and Leslie 1988; Cavinder et al., 2012). For some 
strains of F. graminearum, including PH-1 (Trail 
and Common, 2000; the strain for the reference 
genome), a synchronously developing lawn of 
perithecia will cover the surface of the agar. Sexual 
development is accompanied by suppression of 
asexual sporulation, thus providing ideal material 
for studies of sexual development. In F. verticil-
lioides, conditions for suppression of conidiation 
are not known, and conidiation occurs simultan-
eously with perithecium development (Sikhakolli 
et al., 2012). The developmental progression of 
F. graminearum (Trail and Common, 2000), F. 
verticillioides (Sikhakolli et al., 2012) and F. solani 
(Hanlin, 1971) are similar. Perithecia undergo 
morphogenic processes similar to development of 
more complex eukaryotes, sequentially developing 
four ‘tissue types’: perithecium wall, ascogenous 
hyphae, paraphyses and periphyses, and asci with 
ascospores (Figs. 2.1 and 2.2). Ascogonia are 
produced first and are fertilized, in the heterothal-
lic species, or develop without fertilization in 
homothallic F. graminearum. Enveloping hyphae 
surround the ascogonium, and form the wall 
(peridium), ascogenous hyphae remaining inside. 
Then paraphyses and periphyses develop, filling 
the central cavity (centrum). As the asci develop, 
the paraphyses undergo spontaneous senescence, 
but remain between the asci, possibly assisting 
in forcible discharge (Trail and Common 2000; 

Sikhakolli et al., 2012; Trail 2007). The ascog-
enous hyphae expand as the paraphyses recede, 
becoming the predominant tissue in the centrum 
and producing asci and ascospores (Fig. 2.1). In 
all species, ascospores are forcibly discharged into 
the air from the mature perithecia.

Life cycle in the field and niche 
associations
Sexual propagules in fungi are usually associated 
with the onset of unfavourable conditions, such 
as winter, drought or nutritional stress. Sexual 
propagules can result from genetic recombina-
tion, and thus also play a fundamental role of 
increasing genetic diversity in the life cycle. 
Gilbert et al. (2008) show that, in the laboratory, 
ascospores remain viable following exposure to 
extremes of temperature and humidity, however, 
their ability weather adverse conditions in the 
field and disperse is questionable. Examination of 
F. graminearum and some Nectria species, includ-
ing N. galligena, has found that they overwinter 
as mycelia (Guenther and Trail, 2005; Jones and 
Aldwinkle, 1990). In these species, the small, 
fleshy perithecia are short-lived and do not appear 
to have a role in overwintering. F. graminearum 
overwinters as a perithecium initial embedded 
in the substomatal cavity in wheat. These special-
ized hyphae have been shown to store significant 
quantities of lipids, which are later used to fuel 
perithecium formation (Guenther et al., 2009). 
Following the formation of ascogonia in the 
substomatal cavity, the fungus may overwinter, 
a period of dormancy that does not develop in 
culture (Guenther and Trail, 2005). Lipid stores 

Figure 2.2 Structural comparison of perithecia of Fusarium spp. (left) and Neurospora spp. (right).
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may also be important in survival over the winter 
months. Survival of species with rare sexual stages 
is likely to be as mycelia or chlamydospores and 
the possible role of stored lipids in the ability of 
these species to survive has not been explored.

In fungi, asexual propagules are produced 
throughout the life cycle, with generally less 
investment for each propagule than for sexual 
spores, and dispersal is their sole function. For 
the Fusaria and most fungi, the asexual stage and 
hyphae are produced continuously as long as a 
food source is available. Notable for Fusarium 
species is the consistent and prolific production of 
conidia, with some species producing two types, 
both macro- and microconidia. Fusarium species 
produce conidia in sporodochia, which are clus-
ters of conidia-producing cells in a slimy mass. 
The characteristic fusoid shape of the conidia gave 
the genus its name and, together with the mucoid 
coating, makes the spores ideal for splash disper-
sal (Deacon, 2006).

It is unclear what role the anamorph and tele-
omorph play in niche adaptation of these fungal 
species, although one can speculate. F. gramine-
arum, a homothallic species, appears to rely on 
sexual development as an important dispersal 
agent (at least in the Midwestern US; Shaner, 
2003; Desjardins et al., 2006). Ascospores have 
also been shown to be an important inoculum 
source for stem rot of pepper caused by Fusarium 
solani f. sp. piperis (teleomorph Nectria haema-
tococca f. sp. piperis; Ikeda, 2010; Hamada et al., 
1988), which also produces abundant perithecia 
in the field. On the other hand, F. verticillioides has 
infrequent perithecium production, and produces 
both microconidia and macroconidia. F. verticil-
lioides operates as an endophyte and, being seed 
borne, has less need for becoming airborne for 
dispersal. Since the overwhelming majority of 
species that have Fusarium anamorphs have rare 
fruiting bodies in nature, it appears that the asex-
ual phase, with slimy sporodochia and a focus on 
splash dispersal, has been successful for dissemi-
nation. However, even rare sexual recombination 
can contribute greatly to genetic diversity, so these 
species may maintain the ability to recombine for 
rare encounters, thus the function of the sexual 
phase may be solely for genetic recombination in 
the primarily asexual species.

Mating and sexual 
compatibility
The first unique identifiable sexual structure of fil-
amentous ascomycetes is the ascogonium, a coiled 
structure that comprises the female element. In 
many ascomycetes, the ascogonium produces 
a hyphal extension, the trichogyne, which is the 
location of plasmogamy with the male element. 
The male element can be a micro- or macroco-
nidium or a hyphal fragment, which fuses to the 
female element. Each element donates a nucleus. 
Following plasmogamy, nuclei remain distinct, 
and each cellular division maintains the nuclear 
pairing, thus initiating the dikaryon. In Fusarium 
teleomorphs, trichogynes have been described 
for F. solani and F. verticillioides. Modified narrow 
hyphae protruding from the ascogonium were 
proposed to serve as trichogynes in F. solani and 
in F. verticillioides, although no fertilization event 
was demonstrated in either case (Dyer et al., 1993; 
Sikhakolli et al., 2012), but in N. haematococca 
var. cucurbitae, trichogynes were shown to grow 
chemotropically towards conidia (Bistis, 1979). 
It is possible that differentiation into a typical 
trichogyne does not occur in most Fusarium life 
cycles.

The trichogyne is receptive to the male 
pheromone, prompting fusion with the male 
gamete. Pheromones have been best studied 
in Saccharomyces cerevisiae, which produces an 
œ-factor pheromone and an a-factor pheromone. 
Pheromones are generated by pheromone precur-
sor genes, and bind to specific receptors. Despite 
its homothallic disposition, F. graminearum can 
outcross and has pheromone precursor genes, 
designated ppg1 (homologous to the S. cerevisiae 
œ-factor pheromone precursor gene) and ppg2 
(homologous to the S. cerevisiae a-factor) and the 
corresponding receptor genes are pre2 and pre1, 
respectively. The process of fertilization during 
outcrossing has not been observed. However, 
in the absence of trichogynes in Fusarium tele-
omorphs, it is presumed that pheromones would 
enhance fusion of the male element to the asco-
gonium. Lee et al. (2008) reported that ppg1 is 
expressed in F. graminearum germinating conidia 
and mature ascospores, but ppg2 (now designated 
FGSG_16834) expression was not detected in 
any cells examined. They found that pre2 was 
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expressed in all tissues tested with the excep-
tion of vegetative hyphae, whereas pre1 was not 
expressed in any cell types tested. Examination 
of the recent transcriptional profiles of the stages 
of development shown in Fig. 2.1 (Sikhakolli 
et al., 2012) showed that both pre1 and pre2 are 
expressed at all of these stages, peaking during 
ascus and ascospore formation, and opening up 
the possibility of a role in later stages of develop-
ment. In this dataset, ppg1 increased in expression 
across the developmental phases, peaking during 
the final phase of spore maturation. Expression 
of ppg2 was not determined owing to the absence 
of the gene in the dataset, probably because of its 
short length (66 nt; Lee et al., 2008).

Mutations in ppg1 or pre2 resulted in sig-
nificantly reduced fertility in self-fertilization 
experiments. Mutants still formed mature 
perithecia, but fewer were formed than in the wild 
type and numerous small empty walled structures 
were present (Lee et al., 2008). Mutants of ppg2 
or pre1 had no observable phenotype. The study 
also incorporated examination of MAT1-1 and 
MAT1-2 mutants in combination with ppg1 and 
pre2 mutants. Results indicated that the phero-
mones and receptors are only functional during 
the fertilization step. In another study, Kim et 
al. (2008) reported expression of ppg1 during 
the initial stages of perithecium formation and 
ppg2 was expressed during a very short window, 
two days after induction of sexual development. 
Furthermore, deletion of the pheromone genes 
or their receptors did not affect fertility of the 
deletion mutants. However, the deletion of both 
ppg1 and pre2 (or pre1) resulted in numerous 
sterile perithecia that were intermixed with fertile 
perithecia. There are slight differences between 
the mutant phenotypes described by Kim et al. 
(2008) and Lee et al. (2008). Presumably these 
differences may be explained by the effect of the 
mutations within the context of the different 
parent strains (genotypes) used.

Mating processes in fungi are controlled by the 
MAT locus. Organization and content of genes 
in and around the MAT locus have been char-
acterized in a number of Ascomycota (reviewed 
in Heitman et al., 2007). In F. graminearum, the 
locus consists of four genes: MAT1-1-1, MAT1-
1-2, MAT1-1-3 and MAT1-2-1 (Table 2.1; Yun 

et al., 2000). The first three genes correspond 
to the œ-idiomorph in S. cerevisiae, the latter 
corresponds to the a-idiomorph. MAT1-1-1, 
MAT1-1-3, and MAT1-2-1 encode DNA bind-
ing proteins. MAT1-1-2 encodes the MATœ-1 
homologue and has no recognizable functional 
domain. Kim et al. (2008) showed that deletion 
of MAT1-1 and MAT1–-2 resulted in loss of 
expression of ppg1, and that transcription of ppg2 
increased in the MAT1-1 deletion strain during 
perithecium development, but was lacking in the 
MAT1-2 mutant. In the MGV1 (encoding a MAP 
kinase) mutant expression of ppg1 was high-
throughout sexual development. The pheromone 
gene transcripts were not detected in either of the 
MAT mutants nor the MGV mutant. Thus both 
MGV1 and the MAT genes appear to regulate 
expression of the pheromone genes and their 
receptors. Furthermore, the MGV1-based control 
of transcription of pheromone and pheromone 
receptor genes may explain the phenotype of 
MGV1 mutant (Table 2.1).

Homothallism in F. graminearum has been 
determined to be due to the presence of the 
MAT1-1 and MAT1-2 idiomorphs in selfing 
strains (Yun et al., 2000). It appears that both sets 
of MAT genes are essential for self-compatibility. 
Disruption of the entire MAT locus results in 
infertility (Desjardins et al., 2004). However, 51% 
of the deletion transformants produced the peri-
thecium wall, but lacked development of sexual 
structures inside, suggesting that the MAT locus 
is not involved in wall formation, and that wall 
formation can be triggered by optimal conditions 
for sexual development. This is in keeping with 
the notion that the wall is formed from enveloping 
hyphae that do not originate from the ascogonium 
(Moore-Landecker, 1996). Disruption of either 
MAT1-1 or MAT1-2 results in self-incompatibil-
ity, with the strain functionally heterothallic (Lee 
et al., 2003). MAT1-1; mat1-2 strains can cross 
with mat1-1; MAT1-2 strains and result in fertile, 
wild-type perithecia. In addition, either mutant 
can cross with wild-type selfing strains and result 
in formation of fertile perithecia, and normal asci 
with segregation of the wild-type and mutant 
locus.

In F. graminearum, MAT1-1-3 and MAT1-2 
are expressed mainly during sexual development, 



Sex and Fruiting in Fusarium | 17

Table 2.1 Genes involved in sexual development and function. Genes are listed based on their most 
prominent mutant phenotype

Gene name/FGSG 
number Species under study

Knockout phenotype 
related to sexual 
development Gene function Reference

Mating
PRE2/FGSG_02655 F. graminearum Reduced female 

fertility. Fewer 
mature perithecia 
when selfed

Pheromone Lee et al. (2008), Kim 
et al. (2008)

PPG1/FGSG_05061 F. graminearum Reduced male 
fertility. Fewer 
mature perithecia; 
many perithecia did 
not reach maturity

Pheromone receptor Lee et al. (2008)

MAT1 locus: 
FGSG_08890 to 
08893

F. graminearum Self sterile; 
produced small 
sterile ‘perithecia’ on 
carrot agar

MAT1-1/1-2 mutant Desjardins et al. 
(2004)

MAT genes: MAT1-
1 and MAT 1-2/
FGSG_08890 to 
08893

F. graminearum Self-sterile strains; 
can outcross

Mating-type 
idiomorphs

Lee et al. (2003)

MAT1-2-1/
FGSG_08893

F. verticillioides Inability to outcross 
as male or female

Mating type gene Keszthelyi et al. 
(2007)

Ascogonia
FSR1/FGSG_01665 F. graminearum and 

F. verticillioides
No perithecia+^ Probably signal 

transduction scaffold 
protein

Shim et al. (2006)

CHS7/FGSG_02729 F. graminearum No perithecia+^ Chitin synthase Kim et al. (2009)
FGSG_04480 F. graminearum No protoperithecia Conserved 

hypothetical proteins 
with N-terminal 
transcriptional 
regulatory motif

Lee et al. (2010)

FGSG_05239 F. graminearum No protoperithecia Related to G protein 
coupled receptor like 
protein: rhodopsin-
like

Lee et al. (2010)

FGSG_05325 F. graminearum Reduced 
protoperithecia; 
few small, sterile 
perithecia

Cons. Hypothetical 
protein

Lee et al. (2010)

GPA1/FGSG_05535 F. graminearum Female sterility G-protein alpha 
subunit 1

Yu et al. (2008)

ACL2/FGSG_06039
ACL1/FGSG_12857

F. graminearum No perithecia+^ ATP citrate lyase Lee et al. (2010)

FIG1/FGSG_06302 F. graminearum No perithecium 
initials

Low-Affinity Calcium 
uptake

Cavinder and Trail 
(2012)

MAP1-FMK1-
GPMK1/
FGSG_06385

F. graminearum No perithecia are 
formed+^

Pathogenicity MAP 
kinase

Urban et al. (2003), 
Jenczmionka et al. 
(2003)

TOP1/FGSG_06874 F. graminearum No perithecia or 
perithecium initials

Topoisomerase I Baldwin et al. (2010)
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Gene name/FGSG 
number Species under study

Knockout phenotype 
related to sexual 
development Gene function Reference

FBP1/FGSG_06969 F. graminearum Female sterile; as 
males, incomplete 
octads of spores

F-box protein: 
involved in protein 
degradation

Han et al. (2007)

RAS2/FGSG_07024 F. graminearum No perithecia+^ Ras GTPase Bluhm et al. (2007)
CHS5/FSGS_08653 F. graminearum No perithecia+^ Chitin synthase Kim et al. (2009)
BAR1/FGSG_09423 F. graminearum No perithecia are 

formed+^
Ceramide synthase Rittenour et al., 

2011)
HOG1/FGSG_09612 F. graminearum No perithecia 

formed+
MAPK for osmotic 
stress

Oide et al., 2010)

STUAp/FGSG_10129 F. graminearum No perithecia+^ APSES domain-
containing 
transcription factor

Lysøe et al. (2011)

MGV1/FGSG_10313 F. graminearum No perithecia are 
formed; reduced 
hyphal growth^

MAP kinase for 
penetration and 
sporulation

Hou et al. (2002)

ATG8/FGSG_10740 F. graminearum No perithecia are 
formed+^

Autophagy-related 
protein

Josefsen et al. 
(2012)

FGSG_17056  
(08320 in ref.)

F. graminearum No protoperithecia Cytochrome P450 Lee et al. (2010)

Perithecium development
FGSG_00348 F. graminearum Long delay in 

maturation of 
perithecia

Argonaute-like post-
transcriptional gene 
silencing protein 
QDE-2

Lee et al. (2010)

FGSG_01862 F. graminearum Delayed perithecium 
maturation

Cons. Hypothetical 
protein

Lee et al. (2010)

PKS12/FGSG_02324 F. graminearum, F. graminearum: 
perithecia are flat 
black instead of 
purple-black, and 
hyphae in medium 
are black

Polyketide synthase Gaffoor et al. (2005)

JGI_33672 F. solani Loss of red pigment 
of perithecia

Polyketide synthase Graziani et al. (2004)

FGSG_03673 F. graminearum Reduced numbers of 
perithecia; perithecia 
of mixed sizes

Related to 
carboxypeptidase

Lee et al. (2010)

FGSG 07578 F. graminearum Reduced numbers of 
perithecia; delayed 
maturation

Conserved 
hypothetical protein

Lee et al. (2010)

FGSG_07590 F. graminearum Reduced numbers of 
perithecia; delayed 
maturation

Taurine dioxygenase: 
expressed during 
sulfate starvation

Lee et al. (2010)

FGSG_07869 F. graminearum Reduced numbers of 
perithecia

Conserved 
hypothetical protein; 
dehydrogenase

Lee et al. (2010)

Table 2.1 (Continued) Genes involved in sexual development and function. Genes are listed based on their 
most prominent mutant phenotype
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Gene name/FGSG 
number Species under study

Knockout phenotype 
related to sexual 
development Gene function Reference

FGSG_16664  
(06484 in ref.)

F. graminearum Reduced numbers of 
perithecia

Hypothetical model Lee et al. (2010)

PGL1/PKS3/
FGSG_17168

F. graminearum; F. 
fujikuroi; F. solani

Perithecia are 
yellow-pink

Polyketide synthase Gaffoor et al. (2005), 
Chaisrisook and 
Leslie, (1990), 
Proctor et al. (2007)

Spore development/ascus structure
ZIF1/FGSG_01555 F. graminearum No asci or 

ascospores as 
female parent

b-ZIP transcription 
factor, ascomycete 
specific

Wang et al. (2011)

MYT2
FGSG_07546

F. graminearum Larger perithecia Transcription factor Lin et al. (2012)

ROA/FGSG_08667 F. graminearum Abnormal spores Ketopantoate 
reductase

Kim et al. (2010)

RGSC/FGSG_09283 F. graminearum Abnormal spores Regulator of 
G-proteins

Park et al. (2012)

PDC1/FGSC_09834 F. graminearum No asci or 
ascospores

Pyruvate 
decarboxylase

Son et al. (2012

SNF1/FGSG_09897 F. graminearum Fewer perithecia; 
matured slowly; asci 
with 1–8 abnormal 
spores

Sucrose non-
fermenting protein 
kinase from yeast/
regulation in glucose 
starvation

Lee et al. (2009)

SYN2/FGSG_09928 F. graminearum Loss of female 
fertility. Ascus shape 
abnormal; ascospore 
delimitation delayed

Syntaxin 2: protein 
involved in fusion of 
vesicles with plasma 
membrane

Hong et al. (2010 )

RUM1/FGSG_16557 F. graminearum No asci or 
ascospores

Related to regulator 
protein rum1

Kim et al. (2011)

Spore discharge
CCH1/FGSG_01364 F. graminearum Reduced ascospore 

discharge; abnormal 
ascospores

L-type Ca ion 
channel

Hallen and Trail 
(2008)

RGSB/FGSG_01503 F. graminearum Reduced ascospore 
discharge

Regulator of 
G-proteins

Park et al. (2012)

MID1/FGSG_07418 F. graminearum Reduced ascospore 
discharge; Abnormal 
ascospores

Stretch activated Ca 
ion channel

Cavinder et al. 
(2011)

SSK1/FGSG_08948 F. graminearum Reduced ascospore 
discharge; tetrad 
formation; fewer 
perithecia

Histidine kinase 
response regulator

Oide et al. (2010)

*Protein kinases and transcription factors from two major functional studies (Son et al., 2011; Wang et al., 2011) 
are not included in this table owing to space constraints, but are included in Fig. 2.1.
+Presence of perithecium initials not examined.
^Pleiotropic effects that may result in inability to generate sex cells.
#ppg2 was not found to have a mutant phenotype.
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and the transcripts are at very low levels during 
other conditions (Hallen et al., 2007). In contrast, 
these studies indicate that MAT1-1-1 and MAT1-
1-2 transcripts are at very low levels during all 
stages of sexual development and during several 
conditions of vegetative culture. These results are 
at odds with the phenotypic effects seen in the 
MAT1-1 mutants. It is possible that very low tran-
script levels are needed for gene activity. Genes 
regulated by MAT1-2 were analysed by Lee et al. 
(2006), who used suppressive subtractive hybrid-
ization between a mat1-1 mutant and wild type 
to find 291 genes down-regulated in the mutant. 
Many of these genes were found to be expressed 
under several conditions, including vegetative 
growth, in GeneChip studies (Hallen et al., 2007).

In the F. verticillioides genome, the genes of 
the MAT1-1 locus are present (FVEG_02491, 
FVEG_02490, FVEG_02489; http://www.
broadinst i tute.org/annotat ion/genome/
Fusarium_group) and the MAT1-2 gene has 
been previously described (Martin et al., 2010). 
Comparative expression studies during peri-
thecium development in F. verticillioides and F. 
graminearum revealed that MAT1-2 is expressed 
only during early development in F. verticillioides 
and in F. graminearum MAT1-2 expression peaks 
late in development (Sikhakolli et al., 2012). These 
differences may reflect differences in the roles of 
nuclei in heterothallic and homothallic species. In 
both species, the MAT1-1 genes peak in activity 
during later stages of maturation, indicating a role 
for these genes in development.

The F. solani genome contains all three 
MAT1-1 genes, MAT1-1-1, MAT1-1-2, MAT1-
1-3 (neha_08499, neha_08498, neha_08497, 
respectively; www.jgi.doe.gov/nectria). As only 
one strain was sequenced, the MAT1-2 idi-
omorph is not present in the reference genome. 
In F. fujikuroi, the MAT idiomorphs are present 
in different strains (Yun et al., 2000). The HMG 
moiety of MAT1-2 loci of F. fujikuroi and other 
species within the Gibberella fujikuroi species 
complex (F. verticillioides, F. subglutinans, F. pro-
liferatum, F. thapsinum, F. nygamai) were cloned 
using primers specific to the species complex 
(Kerényi et al., 1999). All species appeared to 
be heterothallic based on the presence of this 
fragment in half the strains examined and the 

cosegregation of the fragment with the MAT1-2 
phenotype. Perhaps not surprisingly, the genome 
of F. oxysporum, with no known sexual phase, also 
contains a MAT locus, and the MAT1-1-1, MAT1-
1-2 and MAT1-1-3 genes are all present (http://
www.broadinstitute.org/annotation/genome/
Fusarium_group). MAT1-2, MAT1-1-1 and MAT 
1-1-2 were previously identified in several forma 
specialis of F. oxysporum (Yun et al., 2000; Arie et 
al., 2000; Lievens et al., 2009). These studies indi-
cate the potential for a sexual cycle in this fungus. 
Pairing of genetically identified compatible strains 
of long-thought asexual species Aspergillus para-
siticus and A. flavus resulted in successful sexual 
crosses (Horn et al., 2009a: 2009b), indicating the 
possibility of a similar strategy for F. oxysporum.

In F. graminearum, examination of the asci from 
successful crosses of mat1-1 or mat1-2 to wild 
type resulted in all asci being recombinant(Lee 
et al., 2003). The absence of wild-type asci was 
interpreted to suggest that the two different 
nuclei recognize each other and that there is a 
preference for karyogamy between distinct nuclei 
rather than selfing of the wild type (Debuchy 
and Turgeon, 2006; Lee et al., 2003). However, 
the experimental design does not support this 
conclusion. Fertilization of 7-day-old cultures 
of the mat1-1 or mat1-2 was performed with 
conidial suspensions of the wild type. The mutant 
mycelia are well established, thus providing an 
environment in which the wild-type nuclei have 
to serve as males. Because of the nutritional 
resources needed for sexual development, already 
established cultures do not provide wild-type 
conidia with the resources to develop their own 
mycelia. A better test for preferential recogni-
tion would be to fertilize established wild-type 
cultures with a gradient of mutant spores from 
very few to an overabundance. A corresponding 
increase in recombinant perithecia with addition 
of increasing numbers of spores would indicate a 
predilection for outcrossing.

Development of a perithecium
Sexual development in Fusarium is a continuous 
process, and unlike in some other ascomycetes, 
once the perithecium begins to form, the process 
is continuous until maturation is completed. Fig. 
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2.1 illustrates the stages of development in F. 
graminearum. The term ‘protoperithecium’ is often 
used to describe the initial female structure that 
develops into the perithecium. However, the term 
was originally defined as ‘a young but walled peri-
thecium before ascus formation’ by Ellis (1960). 
Ellis describes the initial coils that lead to the pro-
toperithecium as the ‘protoperithecium initials’. 
Others have shortened this to ‘perithecium initial’ 
(i.e. Jensen, 1982). In the following discussion, 
we will use the term ‘protoperithecium’ to refer 
to the spherical young perithecium, and the term 
‘ascogonium’ to refer to the early, unwalled coiled 
structure (Fig. 2.2). The protoperithecium is the 
spherical walled structure that develops from the 
ascogonium.

Inside the protoperithecium, dikaryotic ascog-
enous hyphae form and begin the transition to 
mature asci (Beckett, 1981; Read and Beckett, 
1996). Nuclear pairing has been demonstrated 
in formation of the ascogenous hyphae just 
after plasmogamy in Podospora (Turgeon and 
Debuchy, 2007). It is likely that the same occurs 
in the Fusarium teleomorphs. In homothallic 
species, paired nuclei have been observed during 
crozier formation (Trail and Common, 2000), but 
where the initial pairing occurs is uncertain. It has 
been suggested that nuclei in homothallic species 
may take on the role of opposite mating types in 
dikaryotic stages (Turgeon and Debuchy, 2007). 
In F. graminearum, following induction of the 
sexual cycle, wide hyphae filled with lipid bodies 
are generated, which give rise to the ascogonia. In 
these hyphae, binucleate cells have been observed 
at a much higher frequency than in vegetative 
hyphae (Trail and Common, 2000). Whether 
these represent true dikaryons or not is unknown, 
but it is apparent that these wide hyphae are the 
first stage in development of the sexual cycle and 
that the stored lipid is used for perithecium devel-
opment, and probably overwintering (Guenther 
et al., 2009).

Genetics of development
Homeobox genes are the master regulators 
of development in eukaryotes (Meyerowitz, 
2002). In fungi, homeobox proteins play a cru-
cial role in mating, with both ascomycetes and 

basidiomycetes containing homeobox proteins in 
their mating type loci and genes related to devel-
opment (Liu et al., 2010; Arnaise et al., 2001; Hull 
et al., 2005; Bakkeren et al., 2008). MAT1-1-1 is 
a MADS-box type DNA-binding transcription 
factor; MAT1-1-3 and MAT1-2-1 are both HMG 
(high mobility domain) proteins that also bind 
to DNA and facilitate unwinding and bending 
(Martin et al., 2010). As with flowers, fungal 
sexual development is patterned radially and there 
does not appear to be a parallel to dorsal-ventral/
adaxial/abaxial development characteristic of 
animals.

In the vast majority of fungi, extensive 
morphogenesis occurs during fruiting body 
formation. During this time, developmental pro-
cesses occur that are absent during much of the 
rest of the life cycle. Many of these processes are 
common in development of higher eukaryotes, 
including polarity, cell aggregation, adhesion, 
differentiation, programmed cell death, and com-
partmentalization resulting in a fairly complex 
multicellular structure. In ascomycetes, following 
formation of the ascogonium, hyphae arising from 
the parent hyphae, from the ascogonium, or from 
surrounding areas enclose the ascogonium and 
form a wall (Read, 1983). The wall of the perithe-
cium, called the peridium, is multilayered, and the 
hyphae forming these lose their hyphal appear-
ance and become ‘conglutinate’ cells (Read, 
1994; Lord and Read, 2011). An inner wall and 
outer wall can be distinguished in the Fusarium 
perithecia (Trail and Common, 2000, Sikhakolli 
et al., 2012; Dyer et al., 1993). The cells of the 
inner wall are thinner walled than those of the 
outer wall. The outer wall cells senesce following 
expansion of the perithecium. Adhesion between 
cells and wall layers occurs, but the basis of this 
adhesion and the extracellular matrix is not well 
understood. However, it is known that the outer 
layer of the hyphal wall is composed of glyco-
proteins, with β-glucans and chitin forming the 
inner wall (DeGroot et al., 2005). Representatives 
of one group of these proteins, called GPI 
(glycosylphosphatidylinositol)-modified cell wall 
proteins have been identified in Fusarium oxyspo-
rum (Schoffelmeer et al., 1999). The Fusarium 
extracellular matrix protein 1 (FoFEM1) appar-
ently links 1,6,-β-glucans and 1,3-β-glucans. 
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These proteins are thought to play important 
roles in attachment with the hosts in pathogenic 
Candida species (DeGroot et al., 2005; Hoyer 
et al., 2001). Yeast has sexual adhesion proteins 
such as the sexual agglutinins (Lipke and Kurjan, 
1992), which are GPI-modified cell wall proteins. 
Whether or not homologues of these genes 
are involved in the conglutinate walls is not yet 
known.

Following wall formation, the young peri-
thecium develops polarity. In Fusarium, the 
orientation appears to be related to the substrate, 
not light or gravity. In Neurospora, the beak is ori-
ented to light, but Fusarium has no beak, and there 
is no evidence of light orientation for the ostiole. 
Development of the paraphyses occurs from the 
cells at the top of the centrum (central cavity) in 
Fusarium teleomorphs. These are termed ‘apical 
paraphyses’ or ‘pseudoparaphyses’ because of their 
distinct origin, and are characteristic of the Order 
Hypocreales. In Fusarium graminearum, and most 
likely the other Fusarium teleomorphs, the apical 
paraphyses undergo programmed cell death, to 
allow room for the asci to form (Sikhakolli et al., 
2012). However, the membranes remain intact 
and become engorged during squash mounts, 
indicating the presence of osmolytes within the 
cells. The apical paraphyses attach to the base of 
the developing asci and the cells near the top of 
the centrum break in F. graminearum and F. ver-
ticillioides (Trail and Common, 2000; Sikhakolli 
et al., 2012). In Sordaria, it has been noticed that 
paraphyses fuse with each other (Lord and Read 
2011); a similar attachment mechanism may be 
at work in Fusarium. It is likely that these struc-
tures serve to enhance the pressure inside the 
perithecia, directing the asci upwards. Similarly, 
the periphyses lining the ostiole become senesced 
during the final stages of perithecium develop-
ment, resulting in the opening of the ostiole.

The availability of the genome sequence of 
F. graminearum (Cuomo et al., 2007) and the 
Fusarium GeneChip (Gueldener et al., 2006) has 
made it possible to determine the expression pat-
tern during formation of each of the perithecium 
‘tissues’ (ascogenous cells, wall, pseudopara-
physes, asci and ascospores). Development of 
each tissue is separated by approximately 24 h in 
culture comprising a lawn of near-synchronously 

developing perithecia, making it possible to iden-
tify uniquely expressed genes for each tissue type 
(Hallen et al., 2007). During ascus development, 
the largest number of unique genes is expressed 
compared to any other stage, most likely because 
meiosis takes place during this time. In com-
parison with many other expression studies and 
conditions performed by us and others, over 2000 
genes (approximately one-eighth of the genome) 
were identified that were unique to sexual develop-
ment (Hallen et al., 2007). It will be interesting to 
determine the presence of these genes in asexual 
Fusarium species and their consistency in other 
fungal species.

F. graminearum has become a model fungus 
for the study of sexual development. The ability 
to easily disrupt specific genes by homologous 
recombination and the homothallic lifestyle 
enable easy phenotypic analysis of genes import-
ant to sexual development. Numerous genes have 
now been identified that have effects on sexual 
development (Table 2.1 and Fig. 2.1). These genes 
interrupt or change perithecium maturation from 
the formation of perithecium initials (not always 
assessed) through ascospore shape, to the ability 
to forcibly discharge spores (Fig. 2.1). These genes 
are related to mating type and pheromone synthe-
sis, involved in signalling, encode transcriptional 
regulators or affect regulatory processes, are related 
to metabolism, are structural or are of unknown 
function. Two very large studies have included 
the functional analysis of 96 protein kinase genes 
(Wang et al., 2011) and 657 transcription factors 
(Son et al., 2011) in F. graminearum. However, 
this group of genes is insignificant compared with 
the 2000 identified found to be unique to sexual 
development. For instance, our understanding of 
the adhesion process involved in formation of the 
peridium, paraphyses and their senescence, and 
delineation of spores is minimal. A recent study 
of transcriptional profiles in F. graminearum and 
F. verticillioides showed that the majority of genes 
expressed during stages of sexual development are 
ORFan genes and conserved genes of unknown 
functions (Sikhakolli et al., 2012). Fig. 2.1 shows 
the distribution of genes identified as critical to 
the perithecium developmental stages. Note that 
relatively few genes have been identified as essen-
tial to ascus development, the stage where the 
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most genes unique to perithecium development 
have been shown to be expressed (Hallen et al., 
2007), highlighting the need for increased study 
of this developmental process.

As mentioned above, one of the roles of the 
sexual cycle is dispersal. Ascospores of Fusarium 
teleomorphs are forcibly discharged into the air 
and carried by wind. In F. graminearum, this phe-
nomenon has been well studied, and ascospores 
are propagules of long-range dispersal (Shaner, 
2003). The mechanism of forcible ascospore 
discharge is not well understood in any ascomy-
cete (Trail, 2007), but F. graminearum has been 
a model system for study of the physiology and 
genetics of ascus function (Trail et al., 2005). 
Light enhances the number of spores discharged, 
but is not essential for discharge (Trail et al., 
2002). Three genes have been identified which 
clearly affect ascus function, but do not cause 
phenotypic effects on spore formation. Two of 
these are calcium ion channels, Mid1 and Cch1. 
Disruption of these genes results is almost com-
plete loss of discharge (Hallen and Trail, 2008; 
Cavinder et al., 2011). Disruption of Cch1 in 
F. graminearum resulted in mutants with sig-
nificantly reduced forcible ascospore discharge, 
slower growing hyphae and a low frequency of 
abnormal ascospore segmentation (Hallen and 
Trail, 2008). A similar phenotype was observed 
in Mid1 mutants. Supplementation of cultures of 
these mutants with exogenous calcium rescued 
forcible discharge, suggesting that the machinery 
for discharge was present, but the signals were 
not functional in the absence of calcium messen-
ger. Recently, the ssk1 gene, encoding a response 
regulator for the HOG1 pathway involved in high 
osmolarity sensing and response, was disrupted 
in F. graminearum and the progeny reported to 
be deficient in ascus function, although sexual 
development was also profoundly suppressed 
(Oide et al., 2010). Finally, a round spore mutant, 
resulting from the disruption of Roa, encoding 
a ketopantoate reductase (Table 2.1) was found 
to discharge spores longer distances (Min et al., 
2010). The effect was concluded to be due to a 
change in the size of the ascus and the spores, 
which resulted in a change in the biomechanics of 
the discharge process. Although these mutations 
give some small insight into ascus function, much 

more work needs to be done to completely under-
stand how the structure supports the function.

Relationships between fruiting 
and secondary metabolism
The relationship between fungal development and 
secondary metabolism has been best elucidated in 
Aspergillus nidulans, where the global regulatory 
genes laeA and velA have been shown to inhibit 
both sexual development and secondary metabo-
lism (reviewed in Amaike and Keller, 2011). 
Homologues for these genes have been identified 
and functionally characterized in several Fusarium 
species. In F. verticillioides, disruption of Lae1 
reduced biosynthesis of mycotoxins fumonisin, 
fusaric acid and fusarin C and was shown to reduce 
production of the reddish pigmentation bikaverin 
(Butchko et al., 2012), which gives perithecia a 
purplish cast (Brown et al., 2012). In F. fujikuroi, 
functional analysis of Vel1 and Lae1 demonstrated 
that Vel1 is a negative regulator of bikaverin, and 
a positive regulator of fumonisins and fusarin C 
(Wiemann et al., 2010). Interestingly, the vel1 
mutant produced significantly more perithecia 
than wild type, indicating it may function as a 
negative regulator of perithecium formation as 
well. Although the Vel1 gene has been function-
ally disrupted in F. graminearum, the strain used in 
one study did not produce perithecia (Merhej et 
al., 2012) and in a second study, this attribute was 
not examined ( Jiang et al., 2011), therefore the 
effect of this gene on perithecium development is 
not known.

Several of the polyketides made by Fusarium 
spp. have been implicated to be involved in sexual 
development. There had been some investigation 
of the polyketide mycotoxin, zearalenone func-
tioning as a mating pheromone in F. graminearum 
(Wolf and Mirocha, 1973), but disruption of the 
zearalenone biosynthetic genes had no detectable 
effect on sexual reproduction (Gaffoor and Trail, 
2006; Kim et al., 2005). Other evidence suggests 
that zearalenone may affect sexual development 
in other fungi (Nelson, 1971). The black pigment 
of the perithecia has been shown to be produced 
by a polyketide synthase in F. graminearum 
(Gaffoor et al., 2005), and F. verticillioides (Brown 
et al., 2012) and pigments called fusarubins are 
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responsible for the dark perithecial colour of F. 
fujikuroi (Chaisrisook and Leslie, 1990; Studt et 
al., 2012). The perithecia of F. graminearum have 
a purple cast that is the results of accumulation 
of aurofusarin (Gaffoor et al., 2005, Kim et al., 
2005; Maltz et al., 2005). Another pigment gives 
the perithecia of F. solani their reddish colour 
(Graziani et al., 2004).

The ecological role of the 
sexual cycle
Research on self-compatibility/incompat-
ibility systems has been done primarily in plants. 
Schemske and Lande (1985) demonstrated a 
bimodal distribution of selfing and outcrossing 
species, where intermediate rates of outcrossing 
are limited. This distribution is maintained by 
differential selective forces acting on each mating 
system, with population bottlenecks promot-
ing inbreeding, and selection for outcrossing in 
large populations with inbreeding depression. In 
plants, self-compatibility is also known to lead 
to evolutionary dead-ends, where self-incom-
patible species yield a higher species abundance 
(Goldberg et al., 2010). Furthermore, self-incom-
patibility is commonly linked to clonality in plants. 
Thus self-incompatible plants often have clonal 
means of reproducing to assure reproduction in 
the absence of a viable partner (Vallejo-Marin and 
O’Brien, 2006). Finally, self-compatible species 
are more often found in unstable environments 
and environmental factors can promote occa-
sional outcrossing in these species (Schemske 
and Lande, 1985). Thus, outcrossing may provide 
essential genetic variation for populations to adapt 
to environmental changes.

Self-compatibility is relatively rare in fungi. 
Homothallism has been observed mainly in the 
Zygomycetes and the Ascomycota and is rarer 
in the Basidiomycota. Interestingly, many of the 
dung fungi are homothallic species, supporting the 
observation that selfing is associated with unstable 
environments. Furthermore, few Basidiomycota 
are typical ‘weedy’ species. Among the Fusarium 
species, homothallism is by far the minority. The 
only homothallic Gibberella species is Gibberella 
zeae. G. zeae (F. graminearum) is also the only 

species that produces abundant perithecia in 
nature. It is possible that the abundance of fruiting 
bodies, and homothallism are related. For heter-
othallic species, it may be difficult to find a mate, 
so if fruiting body production is essential for the 
life cycle, self-compatible mating systems may be 
a selective advantage. The discharge of ascospores 
plays a critical role in the dispersal of inoculum for 
F. graminearum. In contrast, the self-incompatible 
species F. verticillioides, for example, is seed borne 
and is essentially an endophyte. Thus, it may not 
have the need to reproduce sexually for dispersal. 
Furthermore, F. pseudograminearum rarely pro-
duces fruiting bodies and is mainly a stem-base 
pathogen. Splash dispersal of conidia from the 
soil surface is likely to be a very effective source 
of inoculum for this pathogen. Although most 
of the Fusarium species appear to rarely produce 
perithecia in nature, it is possible that fruiting 
bodies are formed in locations (e.g. during growth 
on alternative hosts or in soil) where they are not 
observed. However, it has been suggested that het-
erothallism results in limited sexual interactions in 
fungi (Summerell et al., 1998).

Sexual recombination can facilitate the 
assembly of multiple genes that enhance viru-
lence. Although F. graminearum is homothallic, 
it is known to outcross in culture (Bowden and 
Leslie, 1999). When either MAT1-1 or MAT1-2 
is deleted in F. graminearum, heterothallic mating 
results in only about 10% of the fertile perithecia 
of the wild-type selfing in culture. This implies 
that crossing is inefficient under the best of 
conditions (Lee et al., 2003). A field study using 
nit tagged strains of F. graminearum that were 
carbendazim resistant showed that the outcross-
ing rate was only 13.9% (Chen and Zhou, 2009). 
Several studies have found distinct populations in 
the USA, Canada and Korea, suggesting limited 
outcrossing (Gale et al., 2007; Ward et al., 2008; 
Lee et al., 2009) among strains in the field. On the 
other hand, work by Zeller et al. (2003, 2004) on 
Kansas populations suggests frequent outcross-
ing. Zeller et al. (2003) found an average of 1.8 
strains infecting each head, indicating possibly a 
limited opportunity for partners. Weather condi-
tions during dispersal and infection could greatly 
affect the availability of strains for outcrossing.
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In F. graminearum, 2000 genes identified that 
are solely expressed during sexual development 
represents a sizeable portion of the genome and 
a significant genetic burden to maintain. For F. 
graminearum, which appears to depend on sexual 
reproduction to initiate disease, this burden is 
a critical one. However, other fungi reproduce 
sexually only rarely in nature, as far as we can deter-
mine, based on observations of fruiting bodies 
(admittedly a poor way to judge). If these genes 
are maintained in predominantly asexual popula-
tions, the question remains as to their importance 
for the populations in which they occur. The exist-
ence of cryptic sexual cycles in some fungi, such 
as Aspergillus flavus (Horn et al., 2009a) and A. 
parasiticus (Horn et al., 2009b) reveals our very 
poor understanding of the life cycles of the fungi 
that have them.

Conclusion
Fusarium species provide a great diversity of 
lifestyles for studying genetics of development 
and the impact of ecological niche on genetics 
and lifestyle. Fully understanding both aspects 
will provide us the best information for control-
ling these economically important organisms. As 
is illustrated here, our understanding of sexual 
development and its importance to the ecology 
and life cycles of the Fusarium species is in its 
infancy. However, this group of fungi has more 
genomic resources than most others. This should 
allow rapid progress in this area. Understanding of 
all aspects of these diverse life cycles is essential to 
developing means of controlling them.
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Abstract
Fungi in the genus Fusarium have a great nega-
tive impact on the world economy; yet also hold 
great potential for answering many fundamental 
biological questions. The advance of sequencing 
technologies has made possible the connection 
between phenotypes and genetic mechanisms 
underlying the acquisition and diversification of 
such traits with economic and biological signifi-
cance. This chapter provides a historical view of 
our understanding of genomic structural variation 
among Fusarium species. Prior to the genomic 
era, chromosomal variation was observed 
between Fusarium species and among isolates of 
F. oxysporum and F. solani (teleomorph Nectria 
haematococca). Such observations led to the 
discovery of supernumerary chromosomes in 
Nectria haematococca MPVI and have estab-
lished their role in fungus–plant interactions. 
Contemporary comparative genomic studies not 
only have confirmed the existence of supernumer-
ary chromosomes in the F. oxysporum and F. solani 
genomes, but also have provided strong evidence 
for the horizontal transmission of these chromo-
somes and their role as genetic determinants of 
host specific virulence. Overall, knowledge of the 
highly dynamic Fusarium genomes establishes 
them as eukaryotic models allowing greater 
understanding of genome plasticity and adaptive 
evolution to ecological niches.

Introduction
As significant plant pathogens that cause disease 
on nearly every agriculturally important plant, 

Fusarium species have been the subject of applied 
and basic biological research related to disease 
management, mycotoxin production and evolu-
tionary biology. Basic research on Fusarium solani 
(teleomorph Nectria haematococca MPVI) led to 
the pioneering discovery of conditionally dispen-
sable (CD) or supernumerary chromosomes in 
fungi and demonstrated their functional implica-
tion for virulence (Miao et al., 1991a). Naturally, 
Fusarium genome sequencing projects were 
initiated among a few important fungal species, 
immediately after the completion of the human 
genome project and the establishment of the 
principles of whole-genome shotgun sequencing 
(Galagan et al., 2005). Utilizing genomic infor-
mation, the Fusarium research community have 
collectively produced wide-ranging contributions 
to the understanding of plant pathogenicity, such 
as the importance of effectors of F. oxysporum 
for virulence and plant immunity (Takken and 
Rep, 2010) and mycotoxins of F. graminearum as 
pathogenicity determinants and food contami-
nants (Goswami and Kistler, 2004; Alexander 
et al., 2009). At the same time, rapid progress in 
Fusarium genomic research has advanced our 
understanding of the genome dynamics of this 
group of organisms and established them as evo-
lutionary models to study genome plasticity as it 
relates to adaptation to ecological niches (Cuomo 
et al., 2007; Coleman et al., 2009; Ma et al., 2010). 
In this chapter, we will provide a historic view 
of our understanding of the structural genome 
dynamics of this group of organisms, including the 
development of Fusarium genome projects and 
advances enabled by whole-genome sequencing.
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Cytological and electrophoretic 
karyotypes of Fusarium 
species
Prior to the advent of large-scale genomic 
sequencing projects, both cytological and elec-
trophoretic approaches were used to determine 
the chromosomal content and genome size of 
Fusarium species. Early cytological estimates 
employed non-fluorescent staining of meiotic 
(pachytene) or mitotic metaphase nuclei. These 
studies yielded chromosome counts that greatly 
underestimated the actual chromosome number 
due to the technical limitations of the methods 
(reviewed for F. solani by Taga et al., 1998).

With the introduction of pulsed field gel 
electrophoresis in the 1980s (Schwartz and 
Cantor, 1984), it became possible to separate and 
visualize large DNA molecules in the size range 
of fungal chromosomes (100 kb to 6 Mb). Using 
appropriate molecular markers, the size of each 
chromosome was inferred and an estimate of total 
genome size was calculated. These electrophoretic 
karyotypes (EKs) became a standard method for 
defining the genomic makeup of many fungi. For 
fungi with small genomes such as yeasts (Carle 
and Olson, 1985; Magee and Magee, 1987) or 
smuts (McCluskey and Mills, 1990; McCluskey et 
al., 1994), all chromosomes can be fully resolved 
by electrophoretic karyotyping.

Numerous strains of Fusarium have been ana-
lysed for EK. Because many Fusarium genomes 
have larger chromosomes and more complex 
genome structure than yeasts and smuts, this 
approach has been somewhat less successful. For 
example, all chromosomes of F. graminearum are 
> 8 Mb (Gale et al., 2005) and thus are too large 
to be resolved by PFGE. For F. oxysporum and F. 
solani genomes, most chromosomes can be sepa-
rated by PFGE, but many chromosomal bands are 
compressed at the top of each gel, which makes 
clear resolution of the larger chromosomes prob-
lematic. Additionally, for strains that contain more 
than one chromosome of similar size, ambigu-
ous ‘doublet’ or ‘triplet’ bands may occur and 
create inaccuracy in genome size and structure 
prediction (Boehm et al., 1994). Despite these 
limitations, several important observations have 
been made by examination of Fusarium EKs.

First, there is pervasive chromosomal polymor-
phism among strains of several Fusarium species 
including F. oxysporum (Fig. 3.1) and F. solani. 
Strains of these species often contain chromo-
some length polymorphisms or even differences 
in apparent chromosome number (Boehm et al., 
1994; Miao et al., 1991b; Migheli et al., 1995; 
Rosewich et al., 1999; Taga et al., 1999; Temporini 
and VanEtten, 2002). Size polymorphisms may 
be so great that homologous chromosomes are 
difficult to assign based on size alone. Evidence 
suggests that these polymorphisms may occur due 
to insertion, deletion, or nonreciprocal transloca-
tion (Teunissen et al., 2002) between dispersed 
repetitive elements (Daviere et al., 2001), or by 
aneuploidy (Garmaroodi and Taga, 2007) or seg-
mental duplication (Kistler et al., 1995). Despite 
widespread chromosomal polymorphism, clon-
ally derived strains of F. oxysporum vary less than 
strains from separate clonal lineages of the species 
complex (Boehm et al., 1994; O’Donnell et al., 
1998). In contrast, isolates of some Fusarium 
species, such as F. verticillioides, show little 
polymorphism revealed by electrophoretic karyo-
typing, yet chromosome polymorphisms clearly 
distinguish F. verticillioides from related species 
(Xu et al., 1995).

Another source of chromosome poly-
morphism revealed by EKs is the presence of 
supernumerary chromosomes (Covert, 1998). 
First observed as containing the pea pathogenic-
ity determinants in F. solani (Miao et al., 1991a; 
Han et al., 2001), supernumerary chromosomes 
also encode genes for pathogenicity towards other 
hosts (Covert et al., 1996) and for rhizosphere 

Figure 3.1 Electrophoretic karyotype variation 
among 30 strains of F. oxysporum.
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niche adaptation (Rodriguez-Carres et al., 2008). 
These supernumerary chromosomes may be lost 
during meiosis (Miao et al., 1991a), concomitant 
with parasexual recombination (Teunissen et al., 
2002) or upon genetic transformation (Wasmann 
and VanEtten, 1996). Loss of supernumerary 
chromosomes can be induced by treatment with 
the benzimidazole fungicide benomyl, that inhib-
its microtubule formation (VanEtten et al., 1998), 
and supernumerary chromosomes have been 
targeted for site-directed chromosome breakage 
(Kistler et al., 1996). As the presence or absence 
of supernumerary chromosomes does not affect 
fitness of the organism in complete medium, they 
are also referred to as conditionally dispensable 
chromosomes. It is unclear if supernumerary 
chromosomes are more prone to loss or altera-
tion compared to conserved chromosomes, or if 
changes in supernumerary chromosomes can be 
fully explained by their dispensable content.

Microscopic visualization of Fusarium mitotic 
chromosomes using fluorescent probes and the 
‘germ tube burst method’ (Taga and Murata, 
1994) has improved accuracy of chromosome 
counts and revealed new insights into whole 
genome arrangements. Fluorescence in situ 
hybridization probes directed towards DNA 
sequences isolated from supernumerary chro-
mosomes have shown the unique content of 
these chromosomes compared to the rest of 
the genome (Taga et al., 1999). This same tech-
nique has been used to distinguish monosomic 
from polysomic supernumerary chromosomes 
(Garmaroodi and Taga, 2007) and has confirmed 
chromosome number counts based on genetic 
and physical maps (Gale et al., 2005).

Microscopic visualization of restriction-
enzyme digested and fluorescently labelled 
chromosomes from yeast showed the promise for 
creating large-scale, ordered restriction maps from 
whole genomes (Schwartz et al., 1993). This sin-
gle-molecule based technique, known as optical 
mapping, first was used to create de novo restric-
tion maps from bacterial genomes (Lin et al., 
1999; Lim et al., 2001) and later was successfully 
applied to other eukaryotic organisms (Lai et al., 
1999) including fungi. Electronically generated 
restriction maps obtained from DNA sequence 

assemblies can be matched to optical maps to 
create a consolidated physical map of DNA scaf-
folds, in many cases corresponding to whole 
chromosomes. Optical maps currently have been 
created for the genomes of F. solani (Coleman et 
al., 2009) and several strains of F. oxysporum (L.J. 
Ma, 2010, unpublished).

Fusarium genome sequences
Genome sequencing provides the ultimate solu-
tion to understand genome structure, as it reveals 
the primary DNA sequence. The first sequenced 
Fusarium genome was of F. graminearum (Cuomo 
et al., 2007), funded in 2002 by the National 
Research Initiative within the US Department 
of Agriculture’s Cooperative State Research 
Education and Extension Service (now known as 
the National Institute of Food and Agriculture) 
through their Microbial Genome Sequencing 
Project. Continuing this effort, a Fusarium 
comparative project targeted two additional 
Fusarium species, F. oxysporum f. sp. lycopersici 
and F. verticillioides, and was funded through the 
same agency (Ma et al., 2010). At the same time, 
a fourth Fusarium genome, that of Fusarium solani 
f. sp. pisi was sequenced under the auspices of the 
US Department of Energy’s Office of Science, 
Biological and Environmental Research Program 
(Coleman et al., 2009).

Efforts to define the genome structure of F. 
graminearum and F. verticillioides were straightfor-
ward, benefiting from the existing genetic maps 
of both genomes (Xu and Leslie, 1996; Gale et 
al., 2005) and the fact that these two genomes 
contain minimal repeat sequences (Cuomo et al., 
2007; Ma et al., 2010). In contrast, no meiotic 
linkage map could be created for the asexual F. 
oxysporum genome, and so therefore an optical 
map for the sequenced strain was constructed. 
For F. solani, an optical map was also generated 
to assist the assembly process. The first surprise 
revealed by comparing genome maps was that 
the four sequenced Fusarium genomes differ 
significantly in genome size, ranging from 36 Mb 
of F. graminearum to >60 Mb of F. oxysporum and 
in number of chromosomes, from 4 to 17 (Table 
3.1).
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Some Fusarium species 
contain unique supernumerary 
chromosomes
The assembly of the F. solani genome confirmed 
the presence of supernumerary chromosomes 
reported previously (Miao et al., 1991a; Coleman 
et al., 2009). Compared with the rest of the 
genome, the supernumerary chromosomes of F. 
solani are more repetitive, lower in G+C content, 
and enriched for duplicated genes and genes 
without homologues in other Fusarium genomes 
(Coleman et al., 2009). A comparative study 
between the genome sequences of F. graminearum, 
F. verticillioides and F. oxysporum also revealed the 
presence of the supernumerary chromosomes in 
F. oxysporum (Ma et al., 2010). As these supernu-
merary chromosomes are only observed in the F. 
oxysporum lineage, they are also referred to as lin-
eage-specific (LS) chromosomes. The sequenced 
F. oxysporum f. sp. lycopersici genome contains four 
LS chromosomes when compared to the other 
two Fusarium, as well as lineage-specific exten-
sions to its two largest chromosomes. These LS 
regions together make up more than one-quarter 
of the genome and account for most of the differ-
ence in genome length.

F. verticillioides also may have a supernumerary 
chromosome. The smallest, 600 kb chromo-
some as defined by the F. verticillioides genetic 
map (Xu and Leslie, 1996), was not identified 
in the genome assembly. One simple explana-
tion could be that there are insufficient marker 
sequences to link contigs to this chromosome. 
However, this mini-chromosome was sometimes 
observed to be dispensable during culturing in 
the lab, a characteristic similar to supernumerary 

chromosomes described in F. solani (L.R. Xu, 
personal communication). It is unclear whether 
this mini-chromosome was actually present 
in the sequenced strain and, if so, whether the 
sequence of the smallest chromosome was cap-
tured in the current assembly. At present, much 
of the genome assembly is anchored to the 11 
chromosomes of the genetic map with the excep-
tion of 10 scaffolds that, perhaps by coincidence, 
total 680 kb in size.

Pathogenicity chromosomes
The genetic determinants of host specific 
virulence for both F. solani and F. oxysporum are 
localized on supernumerary chromosomes. The 
1.6 Mb chromosome 14 of F. solani contains the 
pea pathogenicity (PEP) locus, which encodes 
several genes that influence lesion size on epicotyls 
of the host Pisum sativum (Han et al., 2001). This 
chromosome also carries genes for utilization of 
homoserine, an amino acid particularly enriched 
in the pea rhizosphere. A strain of F. solani contain-
ing the homoserine utilization (HUT) locus on 
chromosome 14 was more competitive in the pea 
rhizosphere than a HUT− mutant (Rodriguez-
Carres et al., 2008). Chromosome 14 thus is 
involved in several aspects of niche adaption that 
may confer fitness in association with a particular 
host species. A chromosome in F. oxysporum, 
coincidentally also named chromosome 14, also 
contains genes that define the pathogenic rela-
tion with its host species, tomato. Most genes for 
small proteins secreted into the xylem (SIX genes) 
are located on chromosome 14 (Ma et al., 2010) 
which include SIX3 (AVR2) and SIX1 (AVR3) 
that encode effectors that induce resistance to 

Table 3.1 Sequenced Fusarium genomes*

Species Strain Length (Mb) Chromosomes Repeats (%) Genes

F. graminearum PH-1 36 4 0.67 13,332
F. verticillioides 7600 42 11 1.76 14,179
F. oxysporum 4287 60 15 27.4 17,735
F. solani 77-13-4 51 17 15.1 15,707

*The genomic data for F. graminearum, F. verticillioides and F. oxysporum can be accessed at: http://www.
broadinstitute.org/annotation/genome/Fusarium_group/MultiHome.html. The genomic data for F. solani can be 
accessed at: http://genome.jgi-psf.org/Necha2/Necha2.home.html
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tomato wilt conferred by tomato genes I-2 and 
I-3, respectively (Takken and Rep, 2010; Ma et al., 
2010).

In addition to the known virulence factors 
encoded on pathogenicity chromosomes in F. 
solani and F. oxysporum, these chromosomes also 
are enriched for repetitive sequences including 
full length, potentially active transposable ele-
ments and are deficient in genes for housekeeping 
functions (Coleman et al., 2009; Ma et al., 2010). 
Secreted effectors and transcription factors also 
are enriched on F. oxysporum pathogenicity chro-
mosomes (Table 3.2) (Ma et al., 2010).

Repeat content of supernumerary 
chromosomes
Unlike most sequenced fungal genomes, genomes 
of F. graminearum and F. verticillioides have very 
low repeat content with less than 2% of their 
genome as repetitive sequence. In contrast, both 
F. solani and F. oxysporum have much higher levels 
of repeats, calculated to be 15% and 28% of their 
overall genome, respectively (Coleman et al., 
2009; Ma et al., 2010, Fig. 3.2). The repeats in F. 
oxysporum genome are highly similar, as a majority 
of the repeat families have >95% sequence identity 
(Fig. 3.2). Much of the highly identical repeated 

Table 3.2 Predicted functions of genes assigned to F. oxysporum f. sp. lycopersici chromosome 14 (manual 
inspection)

Predicted functions Number of genes/elements

DNA/RNA 19
Transcription factors 9
Chromatin-related functions 4
Nucleic acid-related functions 6
Nutrition/protection/secondary metabolism 47
Carbohydrate-active enzymes 7 (of which 2 secreted)
Proteases 5 (of which 1 secreted)
Cytochrome P450s 6
Secreted enzymes (other) 6
Intracellular enzymes (other)/metabolism 14
Methyl transferases 6
Transporters 3
Secreted proteins other than enzymes 20
Small secreted proteins (<300 residues) 16 (of which 9 SIX genes)
Larger secreted proteins with unknown function 4
Other functions 17
Protein kinases 2
Haemolysin-like 2
Vegetative incompatibility-like 4
Other functions (e.g. GTPase, cyclins) 9
No function assigned 142
Related sequences in other fungi 69
Homologues only in Fol genome 9
No similarities 64
Transposable elements >243
Annotated transposable elements 47
Unannotated transposable elements >196
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sequence in F. oxysporum is due to several large 
scale inter- and intra-chromosomal segmental 
duplications that share ~99% sequence identity. 
The repetitive sequences in the F. oxysporum 
genome also include highly identical transposable 
elements. Overall, transposable elements (TEs) in 
F. oxysporum account for approximately 4% of the 
genome and mostly are restricted to LS regions, 
which contain 95% of the DNA transposons 
(Ma et al., 2010). Supernumerary chromosomes 
of F. solani also are enriched in transposons with 
chromosomes 14 and 15 having the majority of 
mapped DNA transposons (Coleman et al., 2009). 
The supernumerary chromosomes of F. solani 
also are enriched in duplicated sequences but 
no large-scale regions of segmental duplication 
are found. Most repeats in F. solani do not have a 
high degree of identity (Fig. 3.2), a fact that has 
been attributed to rapid divergence of its repeated 
sequences by way of a fungal pre-meiotic mecha-
nism for repeat-induced point mutation (RIP) in 

F. solani (Coleman et al., 2009). Evidence for RIP 
among highly repeated sequences is not found in 
F. oxysporum, likely due to its lack of meiosis and 
sexual reproduction (Ma et al., 2010). However, 
the laboratory strain of F. solani that was chosen 
for sequencing was derived from ascospores 
of several generations of genetic crosses in the 
laboratory (Kistler and VanEtten, 1984). This 
particular species of Fusarium in fact is almost 
never found to reproduce sexually in nature 
(VanEtten and Kistler, 1988) and so it would be 
interesting to see if a strain freshly isolated from 
the field would exhibit higher levels of repetitive 
sequence identity than the sequenced laboratory 
strain. Both F. graminearum and F. verticillioides 
have active RIP mechanisms (Clutterbuck, 2011; 
Cuomo et al., 2007; Ma et al., 2010) and routinely 
reproduce sexually in nature; we speculate that 
this could be responsible for each genome having 
a very low level of repeated sequence (Fig. 3.2). 
Recent work (Van de Wouw et al., 2010) suggests 

0 

2000 

4000 

6000 

8000 

10000 

12000 

14000 

16000 

50 55 60 65 70 75 80 85 90 95 100 

N
um

be
r o

f r
ep

ea
t f

am
ili

es
 

Percentage identity 

F. verticillioides 
F. oxysporum 
F. graminearum 
F. solani 
Aspergillus nidulans 
Neurospora crassa 

Figure 3.2 Degree of sequence identity for repeated sequences within six fungal species.



Structural Dynamics of Fusarium Genomes | 37

that proximity of fungal effector genes to repeti-
tive elements such as transposons may facilitate 
their mutation via RIP and hasten their adaptation 
to new host genotypes in response to selective 
pressure. Thus the transposon rich environment 
of Fusarium supernumerary chromosomes may 
be conducive to genome plasticity required for 
nimble genetic changes associated with plant – 
fungal interactions.

Horizontal transfer of 
supernumerary chromosomes
Several lines of evidence suggest that super-
numerary chromosomes of both F. oxysporum 
and F. solani originated by lateral transfer from a 
foreign fungal source (Coleman et al., 2009; Ma 
et al., 2010). Besides being enriched in mobile ele-
ments such as transposons, these chromosomes 
contain largely unique genes, found only in the 
source strain and have characteristics such as G+C 
content or codon usage significantly divergent 
from the core genome. A comparative study of 
the genes on F. oxysporum supernumerary chro-
mosomes that match sequences in the GenBank 
NR database revealed that a significantly smaller 
proportion of these genes have homologous 
sequence matches (67% compared to 91% in the 
core region of the genome). However, the genes 
from these two partitions of the genome still 
share a similar distribution profile of homologues 

among kingdoms of life (Fig. 3.3) suggesting that 
the source of the transfer in the F. oxysporum line-
age is fungal. Phylogenetic analysis using all the 
genes (362) in LS regions that share homologues 
in seven selected ascomycete genomes, including 
the four Fusarium genomes, M. grisea, N. crassa 
and A. nidulans, indicates a distinct evolutionary 
origin of these genes, near the root of the Fusarium 
genus (Ma et al., 2010). A comparative study using 
both Illumina sequence of F. oxysporum strain 
Fo5176, a pathogen of Arabidopsis (Thatcher et 
al., 2009), and EST sequences from F. oxysporum 
f. sp. vasinfectum (Dowd et al., 2004), a patho-
gen of cotton, illustrated that the F. oxysporum 
LS regions also differ considerably in sequence 
between strains within the F. oxysporum species 
complex (Ma et al., 2010). It is clear that these 
supernumerary chromosomes were not vertically 
transmitted from the last common ancestor of the 
Fusarium genus, but instead were likely horizon-
tally acquired. The high diversity of LS sequences 
among different lineages suggests this may be an 
on-going process.

Experiments conducted at the University of 
Amsterdam demonstrated the transfer of entire 
LS chromosomes through simple co-incubation 
between two otherwise genetically isolated strains 
of F. oxysporum (Ma et al., 2010). Thus, in a single 
event, an entire suite of genes required for host 
compatibility can be transferred to a different 
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Figure 3.3 Homologous profile of F. oxysporum genes encoded in the conserved versus LS regions comparing 
to proteomes across different kingdoms. The Fol proteins were searched using BLASTP (1e-20) against the 
NCBI metazoan, plant, microbial gene sets available at ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/GENE_INFO (21 
February 2008 version) and the non-Fusarium fungal database including the protein sets from Ascomycete: 
two fungal genomes from each subphylum Sordariomycetes (Magnaporthe grisea, Neurospora crassa), 
subphylum Leotiomycetes (Botrytis cinerea, Sclerotinia sclerotiorum), and Eurotiomycetes (Aspergillus 
fumigatus, A. oryzae); Basidiomycete: Ustilago maydis, Coprinus cinereus, Cryptococcus neoformans 
serotype A; and a zygomycete fungal Rhizopus oryzae protein set.
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genetic lineage. If the recipient lineage had an envi-
ronmental adaptation different from the donor, 
transfer could increase the overall incidence of 
disease in the host by introducing pathogenicity 
in a genetic background pre-adapted and more fit 
in a local environment. Alternatively, (re)combi-
nation with already present LS regions may lead 
to emergence of strains with new characteristics, 
such as pathogenicity towards new hosts.

Partitioning of diversity in 
genomes without supernumerary 
chromosomes
While the F. graminearum genome has few 
repetitive elements and no supernumerary 
chromosomes, it contains regions with elevated 
polymorphism (SNP) density, as well as increased 
rates of recombination (Gale et al., 2005; Cuomo 
et al., 2007). These high diversity regions are 
found not only at all subtelomeric locations but 
also at broad interstitial chromosomal sites. F. 
graminearum and relatives are peculiar in that 
they contain four large chromosomes instead of 
11 or more smaller ones found in other Fusarium 

species (e.g. Boehm et al., 1994; Xu et al., 1995; 
Taga et al., 1998). Comparison of F. graminearum 
with F. verticillioides and F. oxysporum indicates 
that the highly variable regions of F. gramine-
arum are at locations where chromosomes may 
have fused end-to-end in an ancestor of the F. 
graminearum clade (Fig. 3.4). Maintenance of 
high diversity at these formerly subtelomeric 
regions of the genome is a mystery. Interestingly, 
these high-diversity regions are enriched for F. 
graminearum-specific sequences, genes for pre-
dicted secreted proteins and genes specifically 
expressed in planta. Therefore, while this fungus 
has no supernumerary chromosomes, the genes 
that likely impact the plant–fungus interaction are 
nonetheless found at relatively dynamic locations 
of the fungal genome.

Conclusions
Overall, comparative genomic studies suggest that 
the ancestral form of the Fusarium clade could be a 
heterothallic species with ~11 core chromosomes. 
Certain lineages including the F. graminearum 

Figure 3.4 Whole genome alignments of F. graminearum with F. verticillioides illustrating chromosomal fusion 
events in FG. The alignments display end-to-end synteny in large blocks with the exception of F. verticillioides 
chromosome ends and reveal multiple chromosome fusions in F. graminearum. The previously described 
highly polymorphic and recombinogenic regions of F. graminearum (Cuomo et al., 2007) correspond to F. 
verticillioides chromosome ends, including the implied interstitial fusion sites.
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species complex evolved a more compact genomic 
structure through chromosomal fusions and 
rigorous control of the proliferation of repetitive 
sequences. In this lineage, a homothallic sexual 
reproduction lifestyle emerged in F. graminearum 
and related species, perhaps to satisfy a require-
ment for ascospores to initiate the life cycle of 
the fungus by infection of its host (Goswami and 
Kistler, 2004). At the other end of the spectrum, 
F. oxysporum and possibly F. solani developed 
mechanisms that enable the acquisition of novel 
genetic material by horizontal transfer that pro-
vides some advantage for the organism, such as 
the ability to broaden the range of host plants it 
may infect. Horizontal transfer may also allow for 
non-Mendelian genetic recombination that could 
compensate for the accumulation of deleterious 
mutations in these organisms in the absence of 
sexual recombination. More likely, we speculate, 
mobile supernumerary chromosomes may func-
tion as selfish elements that serve as lifeboats for 
gene clusters with joint adaptive function that may 
escape from an asexual genetic lineage destined 
for extinction by Muller’s Ratchet (Andersson 
and Hughes, 1996), to a more fit genetic lineage.

There are probably both costs and benefits to 
maintaining a highly flexible genome such as in 
F. oxysporum. With flexibility may come instabil-
ity, which may increase the chance of organism 
malfunction – genomic destabilization is, after 
all, a hallmark feature of nearly all cancer cells 
(Anderson et al., 2001). On the other hand, 
genetic plasticity achieved through genomic 
flexibility can play an important role in adapta-
tion to diverse environments and challenges. For 
instance, uneven evolutionary rates were observed 
within the genome of strains of the Irish potato 
famine pathogen Phytophthora infestans, with 
genes in repeat-rich regions showing higher rates 
of structural polymorphisms and positive selec-
tion. These loci are enriched in genes induced in 
planta, connecting host adaptation to genome 
flexibility (Raffaele et al., 2010; Haas et al., 2009).

Clearly each organism needs to strike a balance 
between genome stability and genome flexibility. 
Interestingly, the Fusarium genomes represent 
different ‘solutions’, with F. graminearum and 
F. verticillioides showing characteristics of rela-
tive genome ‘streamlining’, while F. oxysporum 

and F. solani are quite flexible in chromosome 
content and arrangement of genetic material. 
Collectively, therefore, these genomes have the 
potential to enhance our understanding of the 
relation between genome dynamics and evolu-
tion. Specifically, horizontal gene or chromosome 
transfer (HGT or HCT) spreads genetic diversity 
by instantly introducing new genes into existing 
genomes, accelerating genome innovation as an 
alternative to gene duplication, whole genome 
duplication or hybridization between related 
species.

Since completion of the reference human 
genome sequence (Lander, 2011), great advance-
ment in transcriptomics, epigenomics, proteomics 
and network modelling have already illustrated 
the power of the ‘post genomic era.’ Applying 
the full range of these technologies to investigate 
the Fusarium genus will generate exciting novel 
insight, for the benefit of agriculture as well as our 
understanding of evolutionary processes acting 
on genomes.
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Abstract
The most destructive phase of the wheat–Fusarium 
interaction commences at anthesis and results in 
lower grain yields, reduced grain quality and the 
contamination of grain with harmful mycotoxins. 
Current control strategies are often inadequate. 
Globally, F. graminearum is the most problematic 
species. A recent microscopic study has revealed 
a hitherto unsuspected latent phase where hyphae 
symptomlessly advance the infection through 
living wheat floral tissues prior to host cell death. 
Various forward and reverse genetics methods 
have been developed to explore the repertoire of 
Fusarium genes contributing to disease formation, 
mycotoxin production and sporulation. At the 
time of writing this chapter, 159 genes are known 
to contribute to virulence. A newly devised seven-
stage floral disease assessment key is described 
to assist in the inter-comparison of mutant 
phenotypes.

Various innovative bioinformatics approaches 
are currently being used to predict additional 
virulence components, by taking advantage of 
the wealth of genomic, transcriptomic, metabo-
lomic and phenotypic knowledge available. These 
include (1) InParanoid analyses to infer gene func-
tion by using the phenomics datasets available for 
~100 pathogenic species in the Pathogen-Host 
Interaction database, (2) the prediction of 
protein–protein interaction networks, and (3) 
statistical analysis of the spatial distribution of spe-
cific gene types within the genomic landscape and 
via comparative phytopathogen genome analyses. 
Soon data arising from various next generation 
sequencing approaches will increase the precision 
of both experimental and predictive studies.

Introduction

A global disease problem
Wheat accounts for 32% of global cereal pro-
duction (www.faostat.fao.org, 2009) and is the 
world’s fourth highest provider of calories for 
human consumption. Fusarium head blight 
disease (FHB), also called Fusarium ear blight 
(FEB) or Fusarium head scab (http://scabusa.
org), occurs in all major wheat-growing areas of 
the world. The disease is caused by up to 17 spe-
cies of Fusarium, but those of greatest concern are 
F. avenaceum, F. culmorum, F. graminearum and 
more recently F. langsethiae and Microdochium 
nivale. Most of these floral-infecting species 
can also infect the wheat stem base and the root 
system. Other Fusarium species including F. 
pseudograminearum, due to local climatic con-
ditions, predominantly infect at the base of the 
wheat plant and cause crown rot disease.

FHB can introduce several mycotoxins into 
the food chain, including the trichothecenes 
deoxynivalenol (DON), its acetylated derivatives 
3A-DON and 15A-DON and nivalenol as well as 
zearalenone, and decrease cereal grain yield and 
grain quality. Globally, losses in yield in wheat 
crops due to FHB can be up to 50%. In the USA, 
direct and secondary economic losses due to FHB 
for all crops were estimated to be $2.7 billion from 
1998 to 2000 alone (Nganje et al., 2004).

The other major wheat-producing countries 
where FHB is of major concern are China, Russia, 
India and France. However, there is considerable 
seasonal and regional variability in the severity of 
epidemics and hence the amount of mycotoxin in 
the harvested grain. Regulations set by the USA 
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and EU to minimize human exposure to mycotox-
ins now limits DON concentrations in finished 
grain products for human consumption to 1 ppm 
in the USA and 0.75 ppm in the EU (European 
Commission Regulation no. 856/2005; www.sca-
busa.org). In wheat-growing regions of the world 
where climatic change is predicted to increase 
temperatures, this shift is predicted to result in 
increased Fusarium mycotoxin contamination. 
This is because Fusarium species producing lower 
levels of mycotoxin are gradually being replaced 
by more aggressive Fusarium species producing 
higher levels of mycotoxin (Paterson et al., 2010). 
In addition, these warmer conditions are also 
resulting in a greater frequency of farmers growing 
maize in field crop rotations. Fusarium-infected 
maize stubble are more persistent than wheat 
stubble and thereby the overall inoculum load 
within these geographical regions will increase 
over time.

In wheat (Triticum aestivum), several resist-
ance quantitative trait loci (QTL) have been 
identified in non-elite germplasm which are 
partially effective against Fusarium infections in 
floral tissue (Buerstmayr et al., 2009). However, 
a recent study has shown that the effectiveness 
of the resistance conferred by the major QTLs 
on chromosomes 3BS (locus FHB1) and 5A 
either singly or in combination is strongly influ-
enced by the overall wheat genetic background 
(Salameh et al., 2010). In the higher yielding 
wheat germplasm, the resistance conferred by 
the FHB1 locus was less effective. The use of fun-
gicides to control FHB reduces visible disease 
symptoms but may be less effective at limiting 
mycotoxin contamination. For example, a treat-
ment with sublethal dose of prothioconazole 
and fluoxastrobin fungicides increased myco-
toxin production on F. graminearum inoculated 
wheat spikes compared with untreated control 
plants (Audenaert et al., 2010). Combining the 
best resistant germplasm and best fungicide only 
provides 50–60% disease control. Currently, the 
most successful ways to control FHB is (1) to 
limit the amount of inoculum from one growth 
season to the next by rotating wheat with crops 
other than maize, (2) ploughing in infected stub-
ble residues (Parry et al., 1995) and (3) by the 
application of azole-based fungicides to floral 

tissue (Nicholson et al., 2003). New strategies 
to control this destructive disease of cereals are 
urgently required.

Overview of the infection process in 
susceptible wheat heads

Infection cycle
Fusarium head blight is a monocyclic disease 
occurring only once during a cropping season. 
Infection of wheat heads is initiated during the 
short period of flowering or anthesis, which in a 
typical field, occurs over a 14-day window. Rain-
splash and wind disseminate spores that arise 
from the fungus growing saprophytically on crop 
stubble. Unlike F. culmorum, F. graminearum also 
produces sexual structures, called perithecia, and 
forcibly discharges ascospores into the air (Trail 
and Common, 2000). These dispersed spores 
become deposited on different wheat tissues 
including the upper canopy leaves, the extruded 
anthers, the outer glumes and within the bracts. 
Earlier studies have demonstrated that F. cul-
morum and F. graminearum invade floral tissues 
either passively through stomata or by directly 
penetrating floral tissues (Kang and Buchenauer, 
2000; Pritsch et al., 2000). Successful infections 
are primarily established through saprophytic 
colonization of the senescing anthers, which 
provide an easily accessible source of nutrients 
and growth-stimulatory factors such as choline 
and betaine (Strange and Smith, 1978). Anther 
extrusion and the extent of flower opening 
during anthesis contribute to disease suscep-
tibility (Parry et al., 1995). The fungus grows 
first ectopically on pollen and anther tissue, and 
then down the filaments to colonize the stigma 
tissue (Beacham et al., 2009). Hyphae produce 
mycotoxins as soon as the host tissue is colo-
nized (Kang and Buchenauer, 1999). The fungus 
does not differentiate any obvious pre-infection 
structures such as an appressorium; however, 
swollen structures during hyphal tip invasion 
have sometimes been reported (Boenisch and 
Schäfer, 2011; Jansen et al., 2005; Rittenour and 
Harris, 2010). Once a critical biomass is reached, 
infection hyphae penetrate the exposed floral 
tissues including the softer layers of the bract 
tissues, the base of the ovary and the developing 
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embryo. Then within the wheat tissue, the fungal 
hyphae advance in the intercellular spaces 
between the host cells. The infected wheat head 
at first appears healthy. However, once a single 
visibly diseased spikelet has been observed up to 
a third of a susceptible ear may already have been 
colonized (Fig. 4.1). Therefore, during Fusarium 
colonization of susceptible wheat heads there is 
a considerable latent phase between initial infec-
tion and the onset of visible symptoms (Brown 
et al., 2010). F. graminearum is homothallic and 
can develop perithecia on fully colonized wheat 
heads under high-humidity conditions. In NW 
Europe, this stage is rarely observed, presum-
ably owing to unfavourable climatic conditions. 
Perithecia, ascospores and vegetative conidia 
can be formed on infected wheat heads and in 
the crop stubble to propagate the disease, while 
chlamydospores and mycelia allow survival in 
the soil between crops (Parry et al., 1995).

Symptomless floral infections
Recently, the infection biology of F. gramine-
arum on wheat heads was investigated after the 
entry of hyphae into the rachis (Brown et al., 
2010). This revealed several new features of 

the infection cycle, including the presence of a 
substantial latent phase of infection where the 
fungal colonization remained macroscopically 
symptomless for several days. This symptomless 
phase was retained throughout F. graminearum 
colonization of the wheat head and visible 
disease symptoms were only evident several cen-
timetres behind the extending hyphal front. For 
example, as early as 5 days post infection of a sus-
ceptible genotype, a third of the wheat head may 
already be colonized yet appear healthy. Within 
the wheat tissue, the Fusarium hyphae advance 
initially in the intercellular spaces between live 
wheat cells (Fig. 4.1F) (Brown et al., 2010). In 
the early phases of infection, this symptomless 
intercellular growth throughout the cortical 
tissue represents the majority of the mycelium 
colonizing the host. Subsequently, the phloem 
and xylem tissues were invaded by intracellular 
hyphae and phloem cell integrity was lost. Within 
the rachis considerable intracellular cortex colo-
nization occurred coincident with the entire loss 
of the host cell contents (Fig. 4.1E). No host cell 
death was evident ahead of the infection, except 
the highly photosynthetic chlorenchyma cells 
just below the rachis surface.

Figure 4.1 Symptomless infection at the advancing hyphal front during plant infection. (A) Wheat head point-
inoculated at 5 days post inoculation (dpi). F. graminearum inoculated spikelets are bleached, indicated by a 
white oval. The region between the two black lines has been confirmed to be infected using microscopy. (B) 
The inoculated spikelet with visible mycelium and disease symptoms. (C and D) Sequential spikelets below, 
infected but without symptoms. (E) Penetration of dead wheat cell coincides with disease symptoms. (F) 
Colonization of intercellular spaces during symptomless infection. White arrow = hyphae.



Urban and Hammond-Kosack46 |

Overall, the Fusarium hyphal colonization was 
found to advance more rapidly below than above 
the initial point of infection. The neighbouring 
spikelets were reached by growing in between 
the thin-walled cortical cells surrounding the 
vascular tissues as it passes through the gap in the 
sclerenchyma tissue. Alternatively, hyphae were 
found to grow directly through the numerous pit 
fields in the heavily lignified cell walls of the scle-
renchyma cells, where repeated constriction and 
then expansion in hyphal diameter was evident. 
Behind the infection front, both the inter- and 
intracellular hyphae became abundant, resulting 
in the collapse of the non-lignified cell types. In 
this middle zone of infection, hyphal diameters 
were considerably enlarged compared to those 
leading the infection through the intercellular 
spaces of the cortex and then through the xylem 
vessels. Later on, far behind the infection front, 
both the inter- and intracellular hyphae were 
devoid of contents and had often collapsed. 
These ‘ghosts’ become the most abundant hyphal 
type in the centre of the infection. At late stages 
of infection, the pathogen switched from pre-
dominantly vertical to lateral growth and a mass 
of highly branched mycelium accumulated below 
the surface of the rachis. Here the lignified host 
cell walls became heavily degraded and hyphae 
ruptured the epidermis and produced masses of 
aerial mycelium. Under favourable conditions 
in the field, the formation of abundant asexual 
spores is typically observed in these regions of 
the wheat head and results in the appearance of 
the characteristic pink disease symptoms at the 
base of each bleached spikelet.

Overall, this recent study has revealed that 
during all phases of the wheat head infection pro-
cess, F. graminearum maintains a zone where the 
most advancing hyphae are surrounded by living 
host cells. This finding has important implications 
for the characterization of genes and proteins 
required for the establishment and maintenance 
of fungal pathogenicity. Recently, the same group 
has shown that at the advancing hyphal front, 
the expression of various TRI genes required for 
mycotoxin production (trichothecene) is maxi-
mal compared with expression within the hyphae 
residing in the neighbouring, previously colonized 
rachis tissue (Brown et al., 2011).

The role of mycotoxins during 
virulence
Considerable efforts have been devoted to 
understand the molecular basis of mycotoxin 
biosynthesis. The biosynthetic pathway for 
trichothecene production is now well defined 
and the pathway from primary isoprenoids to 
DON, 3A-DON, 15A-DON and NIV requires 
~15 biochemical steps (Brown et al., 2002; 
Desjardins, 2006; Kimura et al., 2003). The initial 
committing step in trichothecene biosynthesis is 
catalysed by the enzyme trichodiene synthase, 
encoded by the TRI5 gene, to produce the inter-
mediate trichodiene (Hohn et al., 1998; Proctor 
et al., 1995b; Tag et al., 2000). Fusarium strains 
lacking a functional TRI5 are trichothecene 
non-producing. The trichothecenes exert their 
biological influence by binding to the peptidyl 
transferase protein in the 60S ribosomes of 
eukaryotic cells and inhibiting protein translation 
(Cundliffe et al., 1974). Three key observations 
were made following the inoculation of TRI5 
mutant strains onto wheat heads. Firstly, the 
ability to synthesize trichothecenes is critical 
for the virulence of F. graminearum (Proctor et 
al., 1995a, 1997). Secondly, trichothecenes are 
required for successful colonization through 
the wheat rachis nodes and are hypothesized to 
suppress plant defence responses ( Jansen et al., 
2005). Thirdly, in the absence of trichothecenes, 
F. graminearum only produces eye shaped lesions 
following spray inoculations on the wheat glumes 
(Fig. 4.2) (Cuzick et al., 2008). These lesions 
resemble the disease symptoms produced by 
the non-trichothecene-producing species M. 
nivale (Bai et al., 2002). Trichothecenes are not 
required for F. graminearum colonization of other 
host plant species, for example either maize cobs 
(Maier et al., 2006) or Arabidopsis floral tissues 
(Cuzick et al., 2008).

A detailed analysis of the distribution of DON 
throughout the entire wheat head during infec-
tion detected measurable amounts after four days 
using an enzyme-linked immunosorbent assay 
(ELISA) (Savard et al., 2000). Spikelets below the 
inoculation point reached 500–600 ppm while 
the corresponding internodes of the rachis con-
tained 1000–1200 ppm. Much lower amounts of 
DON were found in spikelets and rachis above the 
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inoculation point. In an electron microscopical 
study of F. culmorum infected wheat heads using 
immunogold labelling of DON and its acetylated 
derivatives, the toxins were detected as early as 
36 h after inoculation in wheat parenchyma cells 
(Kang and Buchenauer, 1999). The toxins dif-
fused into most plant cell compartments including 
the cytoplasm and were found to be translocated 
upwards and downwards in the rachis through 
phloem and xylem tissues.

Definitions of pathogenicity and 
virulence factors
Pathogenicity factors are molecules absolutely 
required to cause disease. Virulence factors are 
molecules produced by pathogens that contrib-
ute to the ability of pathogens to cause disease. 
Essential-for-life molecules, which are required 
for basic survival and growth are not considered 

virulence factors (Korves and Colosimo, 2009). 
However, a grey area exists where the mutation 
of a gene or genes leads to reduced growth in 
vitro under certain media conditions and, by 
extension, reduced virulence in planta. A func-
tion in pathogenicity and/or virulence is often 
reported in the literature when the growth 
reduction in vivo is considerably greater than the 
growth reduction observed in vitro. Throughout 
this chapter, these mutants, although not affected 
in bona fide virulence factors, will also be called 
virulence mutants. Perhaps a more pragmatic 
viewpoint is, that these genes/proteins are not 
‘essential-for-life’, which were the primary targets 
for fungicide development in the past. However, 
with the need for discovery of novel fungicide 
target sites all molecules contributing to in planta 
growth can be considered potential intervention 
targets.

Figure 4.2 F. graminearum mutants inoculated on wheat heads. The disease symptoms caused by various 
single gene deletion mutants of F. graminearum produced in the strain PH-1 when inoculated on fully 
susceptible wheat heads. The map1 mutant hyphae only colonizes the anthers, the tri5 mutant causes eye 
shaped lesions on the glumes, the pkar mutant colonizes and bleaches the two inoculated spikelets, the 
snf1 mutant colonizes both inoculated spikelets then enters the rachis but fails to infect the neighbouring 
spikelets, whereas the wild-type strain causes disease throughout the wheat ear by 16 days.
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Scope and objective
The objective of this chapter is to summarize and 
discuss the ways in which Fusarium pathogenicity 
and virulence genes have so far been discovered 
through molecular genetics analyses, by interro-
gation of the sequenced F. graminearum genome 
and through comparative genome analyses with 
other fungal pathogens. We then explore the use 
of various in silico predictive techniques to guide 
the selection of F. graminearum genes for future 
functional analysis and describe the development 
of the first protein–protein interaction networks 
containing experimentally proven virulence 
proteins. Topics which are beyond the scope of 
this chapter and are discussed elsewhere include 
the formation of crown rot disease (Mudge et al., 
2006), the known target sites of the fungicides 
used to control Fusarium floral infections on 
wheat (www.frac.info) and the development of 
species-specific diagnostic tools to distinguish 
the numerous wheat infecting Fusarium species 
(O’Donnell et al., 2004).

Molecular genetics approaches 
to analyse F. graminearum 
virulence
By characterizing the key genes, and then the 
pathways and networks contributing to Fusarium 
virulence in wheat floral tissue, the essential pro-
teins and enzymes can be defined and compared 
with the requirements of other important plant 
pathogens infecting wheat, other cereal species 
and/or non-cereal hosts. Studies of this type 
should also identify a sub-set of key proteins, 
pathways and networks as possible chemical con-
trol targets. These novel target intervention sites 
may be utilized in three ways: (1) for the devel-
opment of novel classes of fungicides, (2) to find 
markers to assist molecular breeding approaches, 
and (3) for the design of genetically modified 
crop genotypes.

Forward genetics approaches
Random insertional mutagenesis followed by in 
planta phenotyping is for all pathogenic species 
a comparatively unbiased method to scan the 
genome for the presence of virulence genes that 
function in a non-redundant manner but are not 

essential for life. A library of random insertion 
mutants for F. graminearum can be generated by 
transformation, mediated either (1) by poly-
ethylene glycol (PEG) or (2) by Agrobacterium 
tumefaciens with a plasmid containing the hph 
gene conferring resistance to the antifungal agent 
hygromycin B (Baldwin et al., 2010b; Han et al., 
2004; Seong et al., 2005). The later approach 
was highly efficient in F. pseudograminearum but 
less effective in F. culmorum and F. graminearum 
(Malz et al., 2005). Both methods are suitable 
for targeted gene insertions in all three species 
and replacement and overexpression vectors have 
recently been developed for A. tumefaciens and 
successfully tested in F. graminearum (Frandsen et 
al., 2008). A further approach involved the use of 
a transposable element from F. oxysporum that is 
active in F. graminearum (Dufresne et al., 2008).

The analysis of mutants obtained in forward 
genetics screens, is in most cases essentially 
straightforward. However, in some studies, gene 
identification was impeded by non-random inte-
gration events due to the presence of insertion 
hotspots or the introduction of small chromo-
somal deletions (Baldwin et al., 2010a; Dufresne 
et al., 2008). In the latter case, Baldwin et al. 
(2010a) identified a disease attenuated Fusarium 
insertional mutant, called daf10 in which the 
plasmid insertion event into the end region of 
chromosome 1 induced a large chromosomal 
deletion spanning 146 predicted genes includ-
ing the TRI1 gene encoding a cytochrome P450 
monooxygenase. The TRI1 protein is required 
for the conversion of calonectrin to 8-hydroxy-
calonectrin, which is an essential step during 
DON trichothecene biosynthesis. Despite the 
loss of 145 other genes, in vitro growth and sporu-
lation is minimally affected in the daf10 mutant.

Reverse genetics approaches
Targeted gene insertion and deletion methods to 
study the function of candidate virulence genes 
were made possible initially by the availability 
of an effective calcium chloride/PEG mediated 
protoplast transformation protocol. This tech-
nique was first established for F. graminearum to 
characterize the trichodiene synthase (TRI5) 
gene (Proctor et al., 1995a). In this study, the 
TRI5 gene was cloned using degenerate PCR 
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primers complementary to the orthologous gene 
in F. sporotrichioides. Subsequently, gene targeting 
studies in F. graminearum were made significantly 
easier with the release of the 10× coverage 
genomic sequence by the Broad Institute (http://
www.broad.mit.edu) (Cuomo et al., 2007). 
The sequenced strain, called PH-1, is assigned 
to F. graminearum (formerly genetic lineage 7) 
based on sequence diversity in 11 nuclear genes 
(O’Donnell et al., 2004). PH-1 produces rela-
tively high levels of DON and 15A-DON, forms 
abundant perithecia and ascospores on carrot agar 
medium and is highly virulent on wheat, barley 
and maize. However, due to strict international 
plant pathogen quarantine regulations, Fusarium 
researchers in several parts of the world are unable 
to work with this North American strain and use 
local F. graminearum isolates instead.

Targeted gene insertion mutants can be cre-
ated by amplifying as little as ~500 bp regions of 
coding DNA by PCR and cloning the product 
into a suitable transformation vector capable 
of conferring antibiotic resistance (Maier et al., 
2005). A single homologous recombination 
event integrates the entire vector at the target site 
thereby splitting the gene into two parts. In most 
cases insertion into the target gene results in a 
complete loss of gene function. The generation of 
targeted insertion mutants is potentially an effi-
cient way to identify and functionally characterize 
numerous fungal genes. However, this approach 
has two drawbacks. Firstly, the transformation 
vector may integrate into the genome at non-
homologous locations (ectopic). This process is 
believed to be mediated by the non-homologous 
end-joining (NHEJ) pathway, which competes 
with the pathway for homologous recombination 
(Meyer, 2008; Watson et al., 2008). Secondly, 
subsequent recombination events can potentially 
excise the integrated foreign DNA in the mutant 
in succeeding generations. This may potentially 
restore wild-type gene function and the loss of 
antibiotic resistance.

Gene replacement mutants can be created by 
a double homologous recombination process. 
Here, the target coding gene sequence is replaced 
by DNA conferring antibiotic resistance after 
two homologous recombination events. A major 
factor in the targeting efficiency is the length of 

the flanking regions available for homologous 
recombination (Weld et al., 2006). For success-
ful F. graminearum transformations, typically 
1kb up- and downstream sequence flanking the 
target gene are required to achieve high efficiency 
(Turgeon et al., 2010). Other taxonomically 
closely related phytopathogenic fungi including 
the ascomycetes Magnaporthe oryzae, Cochliobolus 
carbonum, Botrytis cinerea and Stagonospora nodo-
rum also require similar length flanking sequence 
for efficient double homologous integration. This 
is in contrast to the yeast Saccharomyces cerevisiae 
which requires as little as 50 bp in each flank.

The frequency of double homologous recombi-
nation in F. graminearum can also vary significantly 
depending on the target sequence. For example, 
the GPMK1/MAP1 gene was partially deleted 
with an efficiency of 76% (Urban et al., 2003) 
while TRI14, a gene within the trichothecene 
gene cluster, was deleted with an efficiency of 6% 
(Dyer et al., 2005).

Recently several PCR-based methods have 
been successfully implemented, which eliminate 
the need for cloning. Instead, two or three rounds 
of PCR are used to synthesize DNA fragments for 
targeted gene deletion. These methods include 
the split marker (Fig. 4.3) and the double-joint 
PCR technique (Catlett et al., 2003; Yu et al., 
2004), respectively.

Another approach to explore gene function 
in filamentous fungi has been through RNA 
silencing (RNAi) (Hammond and Keller, 2005; 
Kadotani et al., 2003). In the latter case, the effec-
tive silencing of the TRI6 regulatory gene in F. 
graminearum eliminated DON production and 
severely compromised FHB symptom formation 
(McDonald et al., 2005).

Gene expression
The study of fungal gene expression under diverse 
conditions including wheat infection can be 
instrumental in the identification of fungal viru-
lence genes, which are only induced in planta. A 
valuable tool to study the transcriptome is the F. 
graminearum Affymetrix Gene Chip (Guldener 
et al., 2006a). A variety of F. graminearum gene 
expression datasets and expressed sequence tags 
(ESTs) are already publicly available at PLEXdb 
(Wise et al., 2007) and COGEME (Soanes et 
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al., 2002), respectively. The datasets available 
at PLEXdb include experiments with different 
infected plant tissues, experiments on conidial 
germination, sexual development, and different 
media/chemicals (Table 4.1). Other experiments 
measure the effects of specific gene mutations.

The identified in planta induced genes were 
mapped to each chromosome and found to be 
predominantly located in the subteleomeric 
regions of the chromosome and other regions 
associated with a high rate of recombination (Fig. 
4.4) (Cuomo et al., 2007). These genes were sug-
gested to contribute to virulence and one-third 
of these genes are predicted to code for secreted 
proteins.

Virulence assays on wheat and 
barley heads
Wheat and barley are generally inoculated during 
mid-anthesis, when the flowering cereal head is 

most susceptible. F. graminearum inoculum for 
virulence assays can easily be produced in vitro. 
Conidia can be grown on certain complete or 
minimal media that support sporulation either in 
liquid cultures or on agar plates (Cappellini and 
Peterson, 1965; Leslie and Summerell, 2006). 
Perithecia bearing ascospores can be produced 
on carrot agar medium (Leslie and Summerell, 
2006).

The point-inoculation method uses 5 to 10 
µl droplets of conidial suspension, which are 
placed into one or two spikelets located in the 
upper third or near the centre of the head. When 
droplets are placed into a spikelet at the base of 
a wheat head, disease development is quicker and 
this results in more pronounced FHB symptoms. 
However, these symptoms may be due to the 
fungus disrupting the vascular system, result-
ing in reduced transport of water into the head. 
Therefore macroscopic symptom development 
may not reflect the speed with which the fungus 

Figure 4.3 Split marker gene deletion method established in F. graminearum (Catlett et al., 2003). Regions 
either side of the target gene are amplified by PCR using primers 1–4. During the second round PCR, 
each flank is then fused to an incomplete version of the hygromycin resistance gene (HYG), referred to as 
‘HY’ and ‘YG’ respectively. The two amplicons are then transformed into the fungus. A triple homologous 
recombination event excises the target gene and reconstitutes a functional HYG sequence.
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Table 4.1 Publicly available F. graminearum microarray gene expression datasets

Experiment PLEXdb accession* Reference

In planta
Infected barley and wheat spikes FG1, FG15 Guldener et al. (2006b), Lysoe et al. (2011b)
Wheat stem post anthesis FG16 Guenther et al. (2009)
In vitro
Perithecial development FG5 Hallen et al. (2007)
Asexual spore germination FG7 Seong et al. (2008)
Media experiments, trichodiene 
treatment, DON induction

FG2, FG10, FG14 Gardiner et al. (2009), Guldener et al. (2006b), 
Seong et al. (2009)

Mutant characterization FG6, FG11, FG13 Hallen and Trail (2008), Lysoe et al. (2011a), Seong 
et al. (2009)

*www.PLEXdb.org

Figure 4.4 Genetic and gene information displayed across the four F. graminearum chromosomes. (A) 
Roman numerals indicate the four chromosomes of 11.9, 9.0, 7.7 and 8.1 Mbp in length. Row 1: The in 
planta induced F. graminearum genes during barley spike infection (Boddu et al., 2006). Genes are indicated 
by black vertical lines. Row 2: The frequency of recombination in a cross between the sequenced strain 
PH-1 and strain MN00–676 (Gale et al., 2005). The light grey to dark grey shading indicates the increasing 
rates of recombination frequency detected (overall range 0 to 8 cM/27 kbp). Row 3: Distribution of virulence 
gene homologues from the plant and animal pathogenic fungal species stored in the PHI-base database 
Ver. 3.1 with significant homology (BLAST score value > 1 e-100). The black arrow and box indicate a micro-
region, where the non–random clustering of virulence gene homologues was observed (Beacham, 2011). (B) 
Distribution of the 159 experimental verified virulence genes listed in Table 4.2 and 4.3. (C) Gene content of 
the micro-region (FGSG_09891 to FGSG_09908) on chromosome 1 indicated by an arrowed box in panel 
A. Genes essential for full disease development are depicted in black. Genes with no role in virulence are 
shown in grey (functional annotation available) or white (conserved hypothetical protein) (Beacham, 2011).
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grows through the flowering tissue. Point inocula-
tions in spikelets located towards the middle or 
top of the wheat head are preferable. Spore drop-
lets may contain from 5 × 104 to 1 × 106 conidia/
ml. Some experimenters include a weak detergent 
into spore suspensions, for example 0.01% Tween 
20 or Triton 60. An alternative option for point-
inoculation, when a test strain fails to produce 
spores, is the agar plug inoculation method. Here 
a small agar plug containing a mixture of spores 
and mycelic fragments is taken from the advanc-
ing edge of a relatively young colony grown on 
minimal agar using a Pasteur pipette and placed 
directly into a floret.

Spray-inoculation may also serve as an infec-
tion method to test for loss of virulence. Solutions 
with a spore concentration of 5 × 104 are sprayed 
with a small hand-held sprayer until the cereal 
head is evenly covered with fine droplets of the 
spore solution. However, only Fusarium mutants 
highly reduced in virulence will show any obvious 
reduction in the development of disease symp-
toms in such an assay due to the high probability 
for multiple infection sites per head (Cuzick et al., 
2008).

After the inoculum has been applied, wheat 
heads are usually covered with small plastic bags 
or the whole plants are placed in high humidity 
conditions using humidity boxes or misters for 
2–3 days. These conditions mimic rainy weather 
conditions in the field and favour early disease 
development. Plants are then transferred to 
normal cereal growing conditions and visible dis-
ease symptoms are monitored on a regular basis 
over the next 2–3 weeks. Disease development is 
quantitatively reported by using several methods 
including the following: (1) counting the total 
number of bleached spikelets, (2) counting only 
the number of bleached spikelets below the inocu-
lation point or (3) counting the total number of 
heads infected. In some studies, researchers have 
also dissected the wheat heads from a late infec-
tion time point and assessed grain development 
(Baldwin et al., 2010a; Voigt et al., 2005). The 
amount of mycotoxin production in inoculated 
spikes was shown to be correlated with virulence 
(Maier et al., 2006). For toxin diagnostics the 
inoculated spikes are harvested when the plant 
tissue shows visible necrosis. The plant tissue can 

then be analysed using a range of toxin diagnostics 
techniques including GCMS, LCMS or commer-
cially available ELISA kits (Lowe et al., 2011).

Frequently, F. graminearum infections are 
assessed under field conditions in an effort to 
identify QTL based resistance in wheat and barley 
cultivars using natural and artificial inoculation 
(Buerstmayr et al., 2009). By contrast, field evalua-
tion of the virulence of transgenic Fusarium strains 
have rarely been conducted. A trichothecene non-
producing strain (TRI5) was assessed in three 
controlled field experiments using the droplet 
inoculation method. The results were consistent 
with parallel experiments in environmentally con-
trolled growth rooms and showed that virulence 
is reduced in the trichothecene non-producing 
strains (Desjardins et al., 1996). The testing of 
other genetically modified strain under field 
conditions has so far not been reported in the 
peer-reviewed literature.

F. graminearum genes contributing 
to virulence
Disease formation is a complex procedure, where 
the fungus needs to adapt to nutrient availability 
and interacts with its host using a variety of sig-
nalling and regulatory networks and metabolic 
pathways. However, certain parts of the fungal 
cell’s molecular interaction networks may have 
redundant functions. During the last 15 years, 
using the approaches outlined above, an increas-
ing number of F. graminearum genes have been 
functionally characterized. Single gene modifica-
tion experiments so far reported have identified 
159 genes contributing to virulence (Tables 4.2 
and 4.3). A further 28 genes when tested through 
deletion/disruption experiments were shown 
not to affect virulence. The linear distribution of 
these virulence genes when displayed across the 
four chromosomes reveals a non-random distrib-
ution pattern (Beacham, 2011). Interestingly, 
most genes reside within genomic regions which 
exhibit either a low recombination frequency or 
no recombination and are situated away from the 
subtelomeric regions (Fig. 4.4B). The exception 
to this pattern are the TRI genes involved in DON 
mycotoxin production and the gene FGSG_00007 
which is highly expressed under DON inducing 
conditions in vitro (Gardiner et al., 2009).



Fusarium Infection of Wheat Floral Tissue | 53

The vast majority of the identified virulence 
genes (90%) have been published since 2005 
owing to the availability of the F. graminearum 
genome sequence (www.broadinstitute.org). In 
2011, two high-throughput studies reported on 
the analysis of all putative transcription factors 
(709 genes) (Son et al., 2011b) and the complete 
kinome in F. graminearum (116 protein kinases) 
(Wang et al., 2011a). These two studies resulted 
in the identification of 96 virulence genes (Table 
4.3).

Functional categories of virulence 
genes
The virulence genes can be grouped by functional 
annotation into 10 categories (Fig. 4.5). The 
annotation scheme employed is the functional 
classification system for proteins (FunCat) 
developed by the Munich Information Centre for 
Protein Sequences (MIPS) for yeast (Ruepp et 
al., 2004; http://mips.helmholtz-muenchen.de/
genre/proj/FGDB/). Most of the virulence genes 
reported in Table 4.2 (i.e. excluding the two high-
throughput studies) belong to four categories: 
(1) metabolism (24%); (2) cellular communica-
tion/signal transduction mechanisms (22%); (3) 
cell rescue, defence and virulence/adaptation to 
nutrient conditions (13%); and (4) transcription 
(10%).

The first MIPS category, ‘metabolism’, is highly 
overrepresented and this probably reflects the fact 
that fungi need to adapt their primary metabolism 
to nutrient conditions encountered during host 
invasion. In genome-wide mutagenesis screens, 
several genes were identified which have a role in 
nutritional function. Whilst these mutants still 
can grow on artificial media containing appropri-
ate supplements, virulence is clearly affected. For 
example, a number of genes affecting amino acid 
metabolism [e.g. methionine (Han et al., 2004; 
Seong et al., 2005), adenine and arginine biosyn-
thesis (Kim et al., 2007)] have been identified 
indicating their critical importance in disease. In 
another case, the importance of fatty acid metabo-
lism in disease was revealed only after the creation 
of a double mutant (icl1mcl1) affecting the glyox-
ylate and methylcitrate cycle simultaneously. The 
single gene deletion mutants were not affected in 
virulence (Lee et al., 2009a). Finally, two secreted 

lipase genes, FGL1 and LIP1, have been function-
ally characterized. FGL1 is required for virulence 
and speculated to suppress wheat callose synthe-
sis during plant defence responses (Voigt, 2011; 
Voigt et al., 2005). In contrast, LIP1 does not 
contribute to virulence (Feng et al., 2005).

At present, no additional secondary metabo-
lites, other than DON and related trichothecenes, 
are known to play a role in disease formation. 
Polyketide synthases (PKSs) are a family of 
enzymes involved in the biosynthesis of the myco-
toxins zearalenone, aurofusarin, fusarin C and a 
purple perithecial pigment (See Chapter Brown). 
Unexpectedly, single gene mutants of the com-
plete set of 15 PKSs in F. graminearum showed 
wild-type virulence on wheat (Gaffoor et al., 
2005; Gaffoor and Trail, 2006; Malz et al., 2005). 
Experiments are currently under way to test the 
virulence of mutant strains in which multiple PKS 
genes are non-functional (G. Turgeon, personal 
communication). In an alternative approach, 
global transcriptional regulators that affect mul-
tiple PKSs have been identified and mutated and 
are being tested for virulence (G. Adams, personal 
communication). In addition, the mycotoxin 
butenolide is also dispensable for virulence on 
wheat. A mutant disrupted for FGSG_08079 
(putative cytochrome P450 monooxygenase) is 
defective for butenolide biosynthesis, but shows 
wild-type virulence on wheat heads (Harris et al., 
2007).

The second MIPS category, ‘cellular com-
munication/signal transduction’, is composed 
of a number of genes encoding proteins belong-
ing to signalling cascades required for specific 
adaptation to the environment. Core elements of 
these cascades include three mitogen-activated 
protein kinases (MAPKs) that are conserved in 
a wide range of plant and animal infecting patho-
gens as well as in numerous free living species 
(Rispail et al., 2009). In F. graminearum the three 
MAPKs are called GPMK1/MAP1 (S. cerevisiae 
FUS3/KSS1), MGV1 (S. cerevisiae SLT2), and 
HOG1/OS2 (S. cerevisiae HOG1) (Hou et al., 
2002; Jenczmionka and Schäfer, 2003; Urban et 
al., 2003, Ochiai et al., 2007; Oide et al., 2010). 
All three MAPKs are important for virulence. 
GPMK1/MAP1 also regulates the secretion of 
various extracellular enzymes, including the 
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secreted lipase FGL1 required for virulence 
(Bluhm et al., 2007). MGV1 was shown to be 
essential for cell integrity and has a role in female 
fertility and heterokaryon formation. HOG1/
OS2 is required for mycotoxin induction in 

response to osmotic stress. Mutants in GPMK1/
MAP1 and MGV1, but not HOG1, were reported 
to be more sensitive to the seed defensin peptide 
MsDef1 from Medicago sativa (Ramamoorthy 
et al., 2007). Therefore, the three MAP kinase 

Table 4.3 Global studies by single gene deletion analysis of F. graminearum transcription factors and protein 
kinases (the kinome)
Protein type Details*

Transcription 
factors‡ Loss of pathogenicity†: n = 11

04134, 05388, 06071, 06291, 06948, 08572, 08719, 09992, 10716, 12781, 12977

Reduced virulence†‡: n=50
00147, 00324, 00385, 00477, 00515, 00574, 00719, 00729, 01022, 01106, 01176, 01182, 
01293, 01307, 01341, 01350, 01555, 02527, 04083, 04220, 05171, 05304, 06228, 06427, 
06651, 06871, 06944, 07067, 07133, 07928, 08028, 08182, 08481, 08617, 08737, 08769, 
09019, 09339, 09654, 09832, 09868, 10129, 10142, 10179, 10384, 10517, 11416, 13120, 
13711, 13746

Protein 
kinases‡‡ Loss of pathogenicity: n = 8

00362, 00408, 01188, 02795, 04053, 06326, 07329, 10037

Reduced virulence: n = 27
00472, 01312, 01641, 04382, 04484, 04770, 04947, 05547, 05734, 06793, 06878, 06939, 
06957, 07251, 07295, 07344, 08468, 08635, 08691, 08701, 08906, 09274, 10066, 10095, 
10228, 10381, 13318

*Listed are the phenotype, gene number per phenotype and the FGSG F. graminearum locus identifier from 
genome version 3.0 (Broad and MIPs).
†No obvious plant tissue necrosis observed (stage A in Table 4.4).
‡Data taken from Son et al. (2011b) (Figure S5).
†‡Tissue necrosis is observed, but disease development is reduced compared with wild type.
‡‡Data taken from Wang et al. (2011a). Loss-of-pathogenicity mutants with mutant disease index ≤ 0.5 (similar to 
FGSG_06385 MAP kinase mutant Gpmk1/map1) or lower than wild type for reduced virulence mutants.

Figure 4.5 Functional classification of F. graminearum virulence genes listed in Table 4.2 using the MIPS 
FunCat functional annotation scheme for proteins.
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proteins in F. graminearum possess overlapping 
as well as non-redundant functions.

Upstream components characterized for the 
GPMK1/MAP1 MAPK cascade include the 
RAS2, STE11 and STE7 proteins. It is thought 
that upstream activation is mediated by G protein 
signalling. The RAS2-GTPase, the hetero-trimeric 
G protein subunits GPA2 (alpha subunit) and 
GPB1 (beta subunit) were also shown to regu-
late different aspects in vegetative growth, sexual 
development and toxin production (Bluhm et al., 
2007; Yu et al., 2008). However, mutants in two 
other putative G protein beta subunits, GPA1 and 
GPA3, showed wild-type virulence on barley (Yu 
et al., 2008). The recent high-throughput study 
by Wang et al (2011a) identified 35 additional 
protein kinases contributing to virulence (Table 
4.3). Single gene deletions of eight protein kinases 
caused loss of pathogenicity, similar to the phe-
notype observed for a gpmk1/map1 mutant. It is 
likely that these kinases identify additional cell-
signalling pathways required for fungal growth, 
development and plant infection processes.

Tetraspanins are membrane-associated pro-
teins with four transmembrane domains that are 
proposed to be possible receptors for extracel-
lular signalling molecules. In appressoria-forming 
pathogens, the PLS1 tetraspanin is a known viru-
lence gene, but was shown in F. graminearum to 
be dispensable for virulence on wheat (Rittenour 
and Harris, 2008).

The third MIPS classification group, ‘cell 
rescue, defence and virulence’, is represented 
by bona fide virulence genes such as the tri-
chothecene biosynthetic genes essential for 
DON production. This group also includes 
two genes with a function in DON regulation 
(FGSG_00007 and FGSG_10397). Mutants 
defective for these genes produce increased 
amounts of DON in vitro and are hyper-virulent 
on wheat heads (Gardiner et al., 2009). All 
known genes belonging to this category affect 
virulence on wheat heads.

The fourth MIPS category, ‘transcription and 
DNA modification’, includes conserved as well 
as Fusarium specific genes. The APSES type tran-
scription factor encoding STUA gene regulates 
fungal development and cell cycle progression 
(Lysoe et al., 2011a). The Pac-C transcription 

factor represses DON mycotoxin production in 
vitro under alkaline conditions. Under low-pH 
conditions, the Pac-C repressor becomes inactive. 
Overexpression of the PAC-C gene was recently 
shown to reduce virulence during wheat head 
infection ( J. Merhej and C. Barreau, personal 
communication). In Aspergillus nidulans the LaeA 
methyltransferase is a global regulator of second-
ary metabolism and regulates sporulation in 
response to light. A putative F. graminearum hom-
ologue of this gene has recently been identified 
in a yeast two-hybrid assay using the interacting 
velvet protein as a bait ( Jiang et al., 2011a). While 
the molecular characterization of this gene has not 
been reported yet, gene deletion of the interacting 
velvet gene VE1/VEA was shown to have an effect 
on both virulence and DON production ( Jiang et 
al., 2011a; Merhej et al., 2012).

Mycotoxin production and virulence is regu-
lated by the Fusarium specific TRI6 and TRI10 
transcription factors with a global effect on gene 
expression but also regulating the expression of 
the trichothecene biosynthetic genes (Seong et 
al., 2009). The Tri6 consensus-binding site is 
relatively short (YNAGGCC) and is found in 
multiple copies in the promoters of trichothecene 
and isoprenoid biosynthetic genes in F. gramine-
arum. For example, the TRI5 gene has three Tri6 
binding sites in its promoter sequence (Table 4.2). 
Other virulence genes with three Tri6 binding 
sites are FGSG_00007 and FGSG_10397, which 
are likely to be regulated by TRI6 (Gardiner et al., 
2009).

The high-throughput study by Son et al 
(2011b) reported on the functional analysis of the 
whole transcription factor set for F. graminearum 
strain GZ3639. From the 709 genes annotated 
as transcription factors, 657 single gene deletion 
mutants were generated. Each mutant was tested 
for a range of phenotypes including virulence 
on wheat heads. This impressive study revealed 
an additional 11 transcription factors absolutely 
required for virulence and 50 transcription fac-
tors contributing to virulence (Table 4.3). No 
doubt further analysis of these genes and proteins 
will reveal additional functions important for 
virulence.

Certain enzymes involved in DNA modifica-
tion can also have a specific function during 
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virulence, while only having a minor effect on 
in vitro growth. This fact is revealed by gene 
mutations in the topoisomerase and histone dea-
cetylase genes. A type 1 topoisomerase (TOP1) 
mutant severely affected virulence in both F. 
culmorum and F. graminearum and may control 
transcription of specific DNA regions during 
virulence (Baldwin et al., 2010b). Deletion of two 
class II histone deacetylase genes demonstrated 
that HDF1 (S. cerevisiae SIF2) has a greater effect 
on virulence than HDF2 (S. cerevisiae HDA1). In 
yeast Sif2 is a component of the Set3 complex. 
Deletion of a third histone deacetylase gene 
HDF3 had no effect on F. graminearum virulence. 
Histone deacetylases typically function as tran-
scriptional corepressors.

Virulence genes belonging to other MIPS 
functional categories highlight the importance 
of cell wall synthesis during in planta growth, for 
example a need for two myosin-motor like chi-
tinases (Kim et al., 2009). Insertional mutagenesis 
also identified an F-box protein encoding gene 
FBP1 believed to be involved in the regulation 
of ubiquitin-mediated degradation of proteins 
during disease development and sexual reproduc-
tion (Han et al., 2007).

Our survey of published virulence genes for 
F. graminearum includes all publications accessed 
via ISI Web of Knowledge (Thomson Reuters, 
UK) on 30 May 2012. Combining the 63 viru-
lence genes analysed in the highly focused gene 
deletion studies (Table 4.2) with the virulence 
genes identified in the two high-throughput stud-
ies surveying all transcription factors and protein 
kinases (Table 4.3), a total of 159 virulence genes 
are known for F. graminearum.

A seven-stage floral disease 
assessment key to assist in the inter-
comparison of mutant phenotypes
Precise molecular information is available for 
most F. graminearum genes found to play a role in 
virulence. In contrast, information on the detailed 
phenotypic analysis describing the mutant 
block is often patchy and makes comparisons of 
mutant behaviour during wheat head infection 
difficult (Table 4.2). A considerable challenge 
in pinpointing the exact block during disease 
development is the complexity of cereal heads 

with their diverse tissue types. We have therefore 
developed a Fusarium fate map for wheat head 
infection to enable comparative mutant analysis 
(Fig. 4.6). The qualitative key takes into account 
the reported phenotypes for various virulence 
genes and dissects the F. graminearum infection 
process into seven stages (A to G) during in planta 
growth. The key events are (A) germination and 
ectopic hyphal growth in inoculated floret tissue, 
(B) ovary abortion, (C) growth from floret to 
floret within the same spikelet, (D) invasion of 
the rachis node, (E) entry into the rachis node as 
indicated by internal rachis browning, (F) bleach-
ing of adjacent uninoculated spikelets, (G) full 
disease development and invasive growth into 
the peduncle. The wild-type fungus can transi-
tion through all stages. A mutant may be blocked 
during any of these stages or may be delayed in 
reaching the peduncle in stage G (see Table 4.4 
for details). The key also allows the recording of 
other important features: Normal hyphal growth/
morphology (H), asexual sporulation (SA) and 
perithecial development leading to sexual sporu-
lation (SS), DON mycotoxin production in vitro 
(TP) and in vivo (TIV). To use this key, wild type 
phenotypes are recorded in capital letters, while 
mutant phenotypes are recorded in lower-case 
letters similar to the symbols in use for genetic 
nomenclature. It is expected that the consequent 
use of such a phenotype key will allow a more 
detailed comparative analysis of the disease pro-
gression in wheat heads.

We applied the Fusarium fate map described 
above to annotate the virulence genes listed in 
Table 4.2 using the information and figures pro-
vided in the publications. For 38 genes (64%) a 
mutant block was described in sufficient detail in 
the literature to allow assigning one of the seven 
key stages, while for the remaining genes the phe-
notype for wheat head infection was not described, 
instead a reduction on maize and/or barley floral 
infections was noted. Twenty mutants were 
blocked in wheat head infection at stage C and did 
not transition the infection into the rachis node. 
This raises the possibility that the rachis node is 
a critical defence barrier during fungal invasion 
of attenuated strains. In a recent transcriptomics 
analysis of the wheat head infection process on 
a susceptible genotype, the greatest number of 
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differentially expressed F. graminearum genes was 
noted to occur at 5 days post spray inoculation. 
This coincides with the entry of hyphae into the 
rachis nodes (Lysoe et al., 2011b). The virulence 
genes listed in Table 4.2 also reveal that very few 
mutants are arrested in pathogenicity at stage A, 
i.e. solely anther colonization. However, in view of 
the existence of the newly described symptomless 
colonization of rachis tissue, the phenotype of 
many of the reduced virulence mutants will need 
to be re-examined to pinpoint the exact cellular 
position of hyphal arrest. The use of strains that 
co-express a reporter protein help to simplify the 
in planta tracking of the hyphal growth patterns 
for each mutant. So far this has only been used for 
the tri5 GFP mutant strain ( Jansen et al., 2005) 
and the histone deacetylase mutant hdf1 GFP (Li 
et al., 2011).

The highest proportion of mutants (50%) 
which give an infection type F is found in the 
MIPS functional category ‘Metabolism’ (Table 

4.2). In these mutants, hyphae are able to advance 
through the rachis and cause visible disease on 
one or more neighbouring spikelets.

Two high-throughput gene deletion studies 
described the analysis of 709 predicted transcrip-
tion factors (Son et al., 2011b) in strain GZ3639 
and 116 protein kinases (Wang et al., 2011a) in 
strain PH-1. Both studies assayed mutants for 
changes in 17 phenotypes, including growth, 
conidiation, pathogenesis, stress responses, sexual 
reproduction and mycotoxin biosynthesis. In both 
studies wheat heads were droplet inoculated and 
disease development was assessed after 14 days. 
Taken together, ~13,000 phenotypic data were 
collected and an additional 96 virulence genes 
were identified (Table 4.3). However, informa-
tion describing the in planta growth phenotypes 
is limited and possibly will be the topic of future 
publications.

For the transcription factor mutants, dis-
ease development was scored as ‘wild type’ or 

Figure 4.6 Fusarium fate map on wheat heads. (A) Fusarium spore germinates at the tip of a floret. Hyphae 
grow (dashed line) ectopically on stamen, filament and inner sides of palea and lemma (A), invade and 
abort ovary development (B). Hyphal growth then spreads into adjacent florets within the same spikelet (C). 
Infection of the rachis node (D) occurs. Hyphae transition into the rachis to infect the vascular system and 
grow upwards and downwards. Adjacent spikelets (F) become infected. The wild-type F. graminearum strain 
is able to grow into the peduncle (G). Hyphae grow on crop stubble or in vitro (H) and are able to produce 
asexual spores (SA) and sexual spores (SS) in perithecia.
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‘markedly reduced’ and photographed (Fig. 
S5 in Son et al., 2011b). Using both pieces of 
evidence, we classified 11 of these mutants 
as ‘loss-of-pathogenicity’ mutants. For these 
mutants, no obvious tissue necrosis was 
observed on wheat ears (see stage A in Fig. 
4.6). The other 50 mutants were classified as 
‘reduced virulence’ mutants. Here, the details 
provided, did not allow further separation 
using our Fusarium-wheat floral disease key 
(Table 4.4). Information on in vitro phenotypes 
and mycotoxin production in planta is avail-
able online at the website setup by the authors 
(http://kropbase.snu.ac.kr/cgi-bin/Fusarium/
Fusarium_main.cgi).

Wang and colleagues (2011a) identified addi-
tional 35 protein kinases as virulence factors. 
The authors supplied information on the mean 
number of necrotic spikelets per wheat head for 
each mutant. We used available information 

for the MAP kinase gene GPMK1/MAP1 to 
correlate the disease scores with our FUS 
disease stages. The GPMK1/MAP1 mutant 
was assigned a disease score of 0.5 (Table 4.2 
in Wang et al, 2011a), corresponding to a ‘loss-
of-pathogenicity’ phenotype described earlier 
(Jenczmionka and Schäfer, 2003; Urban et al., 
2003). Eight virulence protein kinases showed 
a comparable or lower score (loss-of-patho-
genicity), while for the other 27 protein kinases 
a higher score, but less than for the wild type 
was reported (reduced virulence).

Interestingly, in both studies no hypervirulence 
mutants were identified. DON overproduc-
tion was reported for five transcription factor 
 mutants.

Small secreted proteins
In many plant–pathogen interactions, there has 
been an intense search in recent years to identify 

Table 4.4 Fusarium – Wheat floral disease assessment key
Stage Key1

A Mutant only grows ectopically in floret and on stamens, but does not infect. No obvious plant tissue 
necrosis can be observed.

B Mutant infects one floret (visible disease) and aborts ovary development. Visible infection does not 
spread to adjacent florets.

C Mutant infects typically all adjacent florets, but does not grow via rachis node into the rachis. No rachis 
browning is observed.

D Entry of hyphae into the rachis node tissue detected. Microscopy or testing for regrowth from sterilized 
tissue is required to observe this stage.

E Mutant infects the rachis. Rachis browning is observed, but adjacent spikelets are not colonized. Mutant 
growth does not reach the peduncle (stem) tissue to cause macroscopically visible disease.

F Mutant causes visible bleaching in adjacent spikelets. But disease development is reduced or 
delayed compared to wild type. Mutant growth does not reach the peduncle (stem) tissue to cause 
macroscopically visible disease.

G Mutant causes visible bleaching on adjacent spikelets above and below the point-inoculated spikelet, 
but disease development is reduced or delayed compared to wild type. Mutant grows into the peduncle.

Other features1

H Hyphal morphology or growth pattern altered
SA Sporulaton asexual (SA): Spores altered or not formed
SS Sporulaton sexual (SS): Spores altered or not formed
TP Trichothecene mycotoxin production in planta
TIV Trichothecene mycotoxin production in vitro

1Please note that for the infection key, the letter when denoted in capitals indicates the last stage of infection 
completed by the mutant with a phenotype equivalent to that produced by the wild-type strain. For the hyphal 
morphology, asexual and sexual sporulation key, the capital letters (H, SA, SS) are used to indicate a wild-
type phenotype. Small letters are used (h, sa, ss) to indicate an aberrant phenotype. Trichothecene mycotoxin 
production in planta (TP) and in vitro (TIV) can be quantified using the terms: increased, reduced and wild type.
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the repertoire of small secreted effectors which 
contribute to the disease causing ability of the 
pathogen. These effectors typically operate by 
helping to suppress the plant defence responses 
triggered by the plant cells following recogni-
tion of essential components of the pathogen’s 
surface. These components, such as chitin frag-
ments, are collectively termed pathogen 
associated molecular patterns (Chisholm et al., 
2006; Jones and Dangl, 2006).

In certain host genotypes specific effectors 
are recognized. Recognition results in the 
activation of resistance gene mediated defences 
(Jones and Dangl, 2006). In the wheat–F. 
graminearum interaction, no gene–for-gene 
relationships have been identified even when 
extensive host germplasm and isolate collec-
tions have been screened. F. graminearum does 
not contain homologues of the F. oxysporum 
f sp. lycopersici (Fol) SIX genes (secreted in 
xylem) which activate defence conferred by 
different tomato disease resistance genes (see 
Chapter 3). In the list of experimentally veri-
fied F. graminearum virulence genes, the lipase 
encoded by FLG1, is predicted to be secreted 
into the wheat apoplast. Interestingly, in the 
absence of this protein, a massive defence 
response is induced in the neighbouring wheat 
cells early in the infection process (Voigt et 
al., 2005). The second secreted virulence mol-
ecule is the siderophore triacetyl fusarinine C 
(TAFC) (Oide et al., 2006). TAFC is required 
for iron import into the Fusarium cells and 
is also proposed to have a role in protecting 
hyphae against damage caused by hydrogen 
peroxide generated by wheat cell in response 
to infection. The third secreted virulence 
molecule is the DON mycotoxin, which inhib-
its protein synthesis (Kimura et al., 1998). 
DON production is believed to suppress plant 
defence responses in advance of the Fusarium 
hyphae and several of the TRI genes are maxi-
mally expressed during the early symptomless 
phase (Brown et al., 2011). In the genome of 
F. graminearum over 1369 (~10%) secreted 
proteins are predicted to be present of which 
79% are shared with other Fusarium species 
and ~1.0% appear to be F. graminearum specific 
(Cuomo et al., 2007; Brown et al., 2012).

Bioinformatics approaches 
to analyse F. graminearum 
virulence

Prediction of virulence genes using 
a web-based database (PHI-base) 
that integrates phenotypic and 
molecular information
The number of genes confirmed by gene and/or 
transcript disruption experiments to be required 
for the disease causing ability of microbes has 
gradually increased over the past two decades. The 
availability of full genome sequence data for a large 
number of microbial pathogens will significantly 
impact the total number of genes and phenotypes 
described in the literature reporting on plant–
microbe and animal–microbe interactions over 
the next decade. However, only a tiny fraction of 
this data deluge is currently being stored in for-
mats readily accessible to computers. In addition, 
phenotypic information on virulence factors and 
their mechanisms of action, the data associating 
pathogens with their hosts, and environmental 
and experimental conditions is currently not con-
sistently noted across pathosystems. Comparative 
analyses are at best cumbersome.

In an effort to reveal generic and novel themes 
of pathogenicity and to discover potentially 
generic intervention targets, we developed and 
curate the Pathogen-Host-Interactions database 
(PHI-base) which captures all information avail-
able on mutants described in the literature for 
many pathogenic species (Baldwin et al., 2006; 
Winnenburg et al., 2006, 2008). PHI-base was 
designed as part of a collaborative project between 
molecular plant pathologists and computational 
scientists at Rothamsted Research and was first 
launched in 2005. The database is available 
online at www.phibase.org. Currently the data-
base contains information for 2420 genes from 
107 pathogenic species of fungi, oomycetes and 
bacteria that infect plant, animal, insect and other 
host types. PHI-base also includes antifungal 
compounds and their target genes using informa-
tion provided by the Fungicide Resistance Action 
Committee (www.frac.info).

A user-friendly search interface is provided on 
the entry portal for PHI-base (Fig. 4.7). PHI-base 
is accessed by scientists in over 80 countries across 
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six continents, and is being used for increasingly 
diverse types of studies. Since its inception, the 
database has included the full repertoire of viru-
lence genes described for F. graminearum and the 
colonization of various plant species.

A prerequisite to identify computationally 
functional commonalities across pathogenic spe-
cies and hosts is the use of a standardized language 
describing these interactions. An international 
effort has been made to employ and develop con-
trolled vocabularies (ontologies). In ontologies 

each terms has a well-defined relationship and is 
often hierarchical. Examples for ontologies are 
the widely used Gene ontology (GO), PAMGO 
(Plant-Associated Microbe Gene Ontology) 
and more recently the PHI-base specific ontolo-
gies (Ashburner et al., 2000; Torto-Alalibo et al., 
2009; Winnenburg et al., 2006). An example of a 
species-specific controlled vocabulary for the F. 
graminearum-wheat head interaction to define the 
various F. graminearum virulence gene mutants 
is given in Table 4.4. The characterization of 

Figure 4.7 (A) PHI-base web portal. PHI-base database stores phenotypic and molecular information on 
host–pathogen interactions from 107 different pathogens. Left: Search interface for retrieving information on 
the F. graminearum TRI6 gene. Right: Details page showing nucleotide and protein sequences automatically 
retrieved from EMBL database, Uniprot identifier, host links to Uniprot and EMBL database and phenotypic 
information including spore formation, virulence and experimental evidence retrieved from the publication by 
manual curation. (B) Ensembl Fungi Gibberella zeae genome browser displaying the FGSG_06385 (PMK1) 
gene (http://fungi.ensembl.org/Gibberella_zeae/Info/Index). The pop up window on the right displays 
gene and PHI-base identifier information including the phenotype of the gene deletion mutant (loss of 
pathogenicity).
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additional features of this interaction will lead to 
further refinements of the ontologies. It is import-
ant to note that the higher level generic ontologies 
permit inter-species comparisons across the great-
est taxonomic distances.

The PHI-base database can be downloaded as 
a flat file for computational studies. Researchers 
recently employed downloaded copies of PHI-
base to set up BLAST databases to identify known 
virulence genes in several newly sequenced patho-
genic species (Bouzidi et al., 2007; Jeon et al., 
2007; Kleemann et al., 2008; Oeser et al., 2009). 
The database has also been used as a source for 
experimental data in evolutionary studies of 
pathogenicity in Ascomycetes, and in comparative 
genomics analysis for pesticide target site identi-
fication (Sanchez-Rodriguez et al., 2010; Sexton 
and Howlett, 2006).

In a recent development, the PhytoPath pro-
ject integrates genome-scale data including F. 
graminearum with phenotypes of host infection 
from PHI-base within the Ensembl Fungi genome 
browsers (http://fungi.ensembl.org) (Fig. 4.7). 
The growing list of agriculturally important 
pathogenic species available in Ensembl Fungi 
can be accessed via the PhytoPath web site (www.
phytopathdb.org).

Network analysis to predict 
virulence factors

InParanoid cluster analysis
We have used an InParanoid cluster analysis 
approach based on sequence similarity (Remm et 
al., 2001) to predict the phenotypic effect of gene 
deletions in F. graminearum using PHI-base. In 
this approach, the whole F. graminearum genomic 
sequence (FG3 gene call) was surveyed. The 
generated protein clusters were displayed using 
the Ondex data integration and visualization 
software (Kohler et al., 2006) and analysed for the 
presence of known virulence and non-virulence 
gene homologues from the 97 pathogens stored 
in PHI-base (Vers 3.3). Fig. 4.8 depicts three of 
the 209 clusters generated. Using the ‘guilt by 
association’ assertion (Petsko, 2009) phyloge-
netically related proteins are more likely to have 
a similar phenotype in gene deletion experiments. 
The cluster analysis shows that adenylate cyclase 

is a virulence factor in four plant- and two animal-
pathogenic fungi (Fig. 4.8A). Thus, by association, 
the F. graminearum protein FGSG_01234 is 
predicted to be a virulence factor. In Fig. 4.8B 
showing a protein kinase regulatory subunit 
cluster, the associated phenotypes are diverse and 
include wild-type virulence (M. oryzae SUM1), 
reduced virulence (Ustilago maydis UBC1 and 
Colletotrichum lagenarium RPK1) and increased 
virulence (Cryptococcus neoformans PKR1). In 
this case, clustering of FGSG_09908 cannot sug-
gest a phenotype and a role in virulence of wheat 
had to be determined through experimentation 
(Fig. 4.2) (Beacham, 2011). In Fig. 4.8C (neu-
tral trehalase gene cluster) only two phenotypes 
occur: wild-type virulence (Botrytis cinerea TRE1 
and Leptosphaeria maculans NTH1) and reduced 
virulence (M. oryzae PTH9 and MGG_09471). 
PTH9 and MGG_09471 indicate the same gene 
was characterized in two independent studies. The 
phenotype of the F. graminearum neutral trehalase 
gene (FGSG_09895) has yet to be determined 
experimentally.

Protein–protein interaction networks
The disease formation process involves many 
proteins and other molecules, including enzymes, 
secreted effectors and toxins. Some of these 
proteins are likely to interact directly as part of 
a network; others may be kept apart through 
internal compartmentalization. Recently a 
protein–protein interaction network analysis 
approach was taken in F. graminearum to iden-
tify virulence gene candidates (Liu et al., 2010). 
A total of 49 potential virulence proteins were 
identified of which nine have been previously 
connected to virulence (Fig. 4.9). This presumed 
intracellularly located network will provide guid-
ance to future wet-biology based experimental 
analyses (Liu et al., 2010). The network analysis 
involved determining the set of the interacting 
proteins to known virulence proteins, which are 
up regulated during Fusarium head blight disease 
and are either considered to be the interaction 
orthologues (interologues) of proteins shown 
to interact in other species or share interacting 
Pfam domains. The authors speculate that these 
subgroups of interacting proteins are also likely to 
be virulence factors. The analysis computationally 
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integrated the following three data sources: (1) the 
predicted protein-interactome from F. gramine-
arum of 3745 proteins with 27,102 interactions 
using data generated in diverse species including 
Drosophila, nematode, human, mouse, baker’s 
and fission yeast and E. coli (Zhao et al., 2009); 
(2) the F. graminearum gene expression datasets 
stored in PLEXdb (Table 4.1) (Wise et al., 2007) 
and (3) the multispecies virulence genes stored in 
PHI-base to seed the network (Winnenburg et al., 
2006).

The recent availability of a significant higher 
number of characterized F. graminearum 
virulence genes, arising from the two high-
throughput studies, prompted Bennett et al. 
(2012) to refine this network analysis. An inte-
grated network contains 9521 nodes (proteins) 

and 80,997 links was generated. Then by using 
various algorithms, Bennett et al. explored the 
disjoint and overlapping community structure of 
this network, the locations of the experimentally 
verified virulence proteins and other proteins 
annotated with Gene Ontology terms. This lead 
to the identification of a set of overlapping com-
munities which contained 75 of the 98 verified 
virulence protein seeds which had mapped to 
the integrated network. At the intersection of 
these communities, proteins were identified that 
are highly connected, multifunctional and are 
predicted to have a crucial function in virulence. 
Interestingly, only four of the verified virulence 
proteins used to seed the networks were found 
to map to these intersections, i.e. belong to 
multiple communities, namely, FGSG_ 04104, 

Figure 4.8 Identification of F. graminearum virulence gene homologues by cluster and network analysis. 
The clusters are (A) cAMP forming enzyme adenylate cyclases, (B) protein kinase A regulatory subunits 
and (C) neutral trehalases. In each of these clusters a proven role in pathogenicity or virulence has been 
shown in one or more pathogen species and the predicted F. graminearum member of each cluster is 
given. The predicted protein FGSG_09908 (panel B) is now known to have a role in virulence towards wheat 
spikes (Beacham, 2011). Symbols: Circles and stars indicate plant and animal pathogens, respectively. 
Phenotypes are indicated by shading: wild type (white), reduced virulence (grey) and increased virulence 
(black). Increased virulence was only observed for the pkr1 mutant (underlined). White rectangles indicate F. 
graminearum gene homologues. Gene names and PHI-base accession numbers are given.
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FGSG_08028. FGSG_10142 and FGSG_03747 
(Bennett et al., 2012). The other proteins are 
hypothetical proteins with no annotation. It 
is proposed, that network analyses and similar 
systems biology strategies offers the potential to 
predict the function of the ~40% of proteins in 
F. graminearum that do not have annotation and 
will provide a rational basis for reverse genetics 
experiments of these ‘hypothetical’ proteins.

Both the InParanoid cluster analysis and the 
protein–protein interaction network analyses 
confirmed the importance of cell signalling pro-
cesses for virulence. Various proteins involved in 
G-protein and MAP kinase mediated signalling 
pathways were identified as candidate virulence 
genes. The InParanoid cluster analysis, which does 
not rely on protein-protein interologue data from 
yeast and other non-fungal species, additionally 
identified several metabolic enzymes specific to 

filamentous fungi as putative virulence factors in 
F. graminearum (data to be reported elsewhere).

Spatial clustering of virulence gene 
homologs on chromosome 1
An increasing number of whole-genome 
sequences are available for many fungal species 
with a wide range of lifestyles (www.genome-
sonline.org). It is now possible to investigate the 
distribution of specific gene families and other 
gene groups within and across taxonomically 
related pathogenic and free living species. For F. 
oxysporum f. sp. lycospersici certain genes required 
to alter the host species range were shown to 
be located on the smallest of a total of 15 chro-
mosomes (Ma et al., 2010) (Chapter 3). These 
small chromosomes (< 3 Mb) were shown to be 
transmittable between the vegetative hyphae of 
individual isolates belonging to different forma 

Figure 4.9 Systems biology network approach to predict virulence genes in F. graminearum. Liu and 
colleagues (2010) proposed that interacting proteins share similar functions and are involved in the same 
pathways. The depicted high confidence protein–protein interaction network (Sij≥4) consisting of 10 seed 
genes and 49 virulence gene candidates was created by identifying the subset of genes which show 
differential expression during in planta growth compared to in vitro growth of the fungus and displaying only 
the genes that interact with at least two seed genes. The seed pathogenicity genes are indicated as dark 
grey circles: MGV1 (10313), HOG1 (09612), GPMK1/MAP1 (06385), STE7 (09903), STE11 (05484), GPB1 
(04104), GPA1 (05535), GPA2 (09614), HMR1 (09197) and FGSG_09280. Most seed genes have a known 
role in MAPK signalling. The seed gene FGSG_09280 is not included in PHI-base v3.1 and was mistakenly 
included. Genes that interact with at least two seed genes (medium grey) encode potential virulence factors. 
Numbers are ‘FGSG’ gene identifiers.
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specialis. However, for F. graminearum and several 
other cereal infecting Fusarium species, a similar 
scenario does not appear to exist because of the 
apparent lack of small chromosomes.

In F. graminearum very small gene clusters 
(typically 8–15 genes) encode proteins required 
for biosynthesis of various metabolites includ-
ing trichothecenes, butenolide and aurofusarin 
(Frandsen et al., 2006) (see Chapter 3). These 
clusters typically include genes, which code for 
transcription factors regulating other cluster gene 
members, cytochrome P450 proteins, polyketide 
synthases and/or non-ribosomal peptide syn-
thetases (Brown et al., 2004; Brown et al., 2001; 
Gaffoor et al., 2005; Harris et al., 2007; Varga et al., 
2005). Many of these clusters reside in genomic 
regions with moderate to high recombination 
rates (Fig. 4.4).

In a recent study, our laboratory used a statis-
tical bioinformatics approach to identify a novel 
type of gene cluster for virulence determinants. 
From the PHI-base database (www.phibase.org) 
the complete list of known virulence gene homo-
logues was obtained (Winnenburg et al., 2006). 
Using BLAST analysis (at a cut-off value of e–100) 
all virulence gene orthologues were identified in 
the F. graminearum genome and their distribution 
across the four chromosomes was statistically 
analysed (Fig. 4.4A). A total of 211 hits were iden-
tified over the four chromosomes. The statistical 
analysis revealed the presence of a close grouping 
of five virulence gene homologues in a 37.6 kb 
region (15 genes) on chromosome 1 (Beacham, 
2011).

Interestingly, the recombination rates obtained 
for this region in a cross between the sequenced 
strain PH-1 and strain MN00-676 from the same 
genetic lineage (Gale et al., 2005) reveals that the 
identified micro-region resides within a region 
with a very low recombination frequency. It is 
possible that core virulence determinants are 
located in chromosomal regions with a reduced 
recombination rate to protect their integrity. 
Most of the proven F. graminearum virulence 
genes listed in Tables 4.2 and 4.3 reside within 
genomic regions with little or no recombination 
(Fig. 4.4B). Somewhat in contrast to this finding is 
the fact that genes specifically expressed during in 
planta growth are enriched in regions with a higher 

recombination rate and are frequently located 
in subtelomeric regions (Cuomo et al., 2007; 
Guldener et al., 2006a). We therefore propose that 
two classes of virulence factors exist: first, a core 
class of virulence factors with a more general role 
in virulence, which is conserved between a range 
of different pathogenic species; and secondly, a 
class of virulence factors, as suggested by Cuomo 
et al. (2007), that resides in regions with higher 
recombination rates to allow for adaptation in the 
arms race between host and pathogen.

Comparison of the evolution 
of pathogenicity and virulence 
genes versus the TRI genes in 
Fusarium species and isolates
Since the mid-1990s there has been a global 
re-emergence of Fusarium disease on the floral 
tissues of wheat as well as other small grain 
cereals. This increased disease occurrence and 
severity appears to be driven by global changes 
to our climate and altered agronomic practices 
(Leonard and Bushnell, 2003; McMullen et al., 
1997). Numerous Fusarium species have now 
been reported to cause FHB. However, these 
species are not uniformly distributed across 
the key cereal production regions (Chapter 1). 
Early studies indicated that F. graminearum was 
one of the most prevalent species globally. This 
apparently pandemic species was classified into 
several distinct genetic lineages based on marker 
analyses (O’Donnell et al., 2000). Following fur-
ther molecular investigations, some of the genetic 
lineages described have since been given distinct 
species names. It was also recognized that in 
specific parts of the world, where many Fusarium 
species once prevailed, one Fusarium species now 
pre-dominates, whereas in other regions Fusarium 
species diversity has been retained. Fortunately, 
vast ex-situ Fusarium species and isolate collec-
tions exist which contain isolates recovered from 
wheat and other cereal species over this entire 
period. The largest collections are maintained by 
three fungal stock centres, the USDA Northern 
Regional Research Lab Culture Collection 
(NRRL; Peoria, IL, USA), the Fungal Genetics 
Stock Center (FGSC; Kansas City, MO, USA) 
and the Centraalbureau voor Schimmelcultures 
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(CBS; Utrecht, The Netherlands). Therefore, 
dynamic changes to the global cereal infecting 
Fusarium population have been captured and can 
be analysed in the future.

Potential changes in Fusarium species distri-
butions over time (166 years) have also been 
captured from a single field in the UK (Broadbalk). 
In this case, grain, stem/leaf and soil samples have 
been collected and stored from the field grow-
ing successive crops of wheat since 1846. From 
the Broadbalk long-term experiment situated at 
Rothamsted Research in the UK, linearly ampli-
fied DNA samples have now been successfully 
prepared for most years (Bearchell et al., 2005). 
Using Fusarium species-diagnostic primers, it 
has been possible to determine that some spe-
cies such as F. culmorum have been present since 
1846, whereas others such as F. graminearum have 
only recently arrived, i.e. within the last 12 years 
(L. Fernandez-Ortuno and B. Fraaije, personal 
communication).

In this chapter, we have focused on the char-
acterization of the pathogenicity and virulence 
genes of F. graminearum. Most molecular genet-
ics investigations were done using the sequenced 
strain PH-1. This strain is a member of the pan-
demic genetic lineage 7 and was isolated in the 
USA from an infected wheat grain taken from a 
harvesting elevator in 1996. With the availability 
of different F. graminearum species and genetic 
lineages in the stock collections, it is possible to 
determine whether the virulence genes (Tables 
4.2 and 4.3) exhibit different mutation rates. 
Using samples from the Broadbalk long term 
experiment, temporal changes in mutation 
rates for an entire Fusarium population grown 
within a single field under continuous wheat 
production could be explored. Neither type of 
analyses has yet been done but both could be 
highly informative.

Initial global studies of the F. graminearum pop-
ulation explored the evolution of specific genes. 
Various TRI genes important for the regulation 
and the production of the type B trichothecene 
mycotoxin appeared to have evolved indepen-
dently from 12 other nuclear encoded non-TRI 
genes (O’Donnell et al., 2000). Although the non-
TRI genes analysed in this study do not appear 
to encode virulence proteins, one, encoding the 

β-tubulin protein, is a known fungicide target 
(www.frac.info, FRAC code list 2011).

Within a single Fusarium species, isolates that 
synthesize a specific trichothecene (e.g. DON, 
3A-DON, 15A-DON or nivalenol (NIV)) are 
referred to as chemotypes and may exist in the 
same geographic regions. Over time, the ratio of 
chemotypes in a region can change. For example 
in the UK, 3A-DON, 15A-DON and NIV F. 
graminearum chemotypes have readily been iso-
lated (Polley and Turner, 1995). Over the past 
15 years the incidence of the 3A-DON chemo-
type has decreased whilst 15A-DON types have 
increased (HGCA Crop Monitor, http://www.
cropmonitor.co.uk). In contrast, in Canada, over 
the same period of time the largely dominant 15A-
DON chemotype is being replaced by 3A-DON 
chemotypes (Gilbert et al., 2010).

Recently, the TRI8 gene which codes for a 
trichothecene C-3 esterase has been shown to 
convert the diacetylated 3A,15A-DON into either 
3A-DON or 15A-DON (Alexander et al., 2011). 
The activity of this enzyme therefore defines the 
chemotype of the strain. With this genetic abil-
ity to define the chemotype of Fusarium species, 
it would also be interesting to explore whether 
chemotype differences correlate with changes in 
the sequence of other virulence genes. Also, by 
taking a molecular genetics approach, where new 
chemotypes of a species have recently emerged 
in a region, the other TRI8 sequence could be 
inserted into these new strains to restore the 
originally prevalent chemotype. Then through 
comparative in planta testing it would be pos-
sible to ascertain if the heightened aggressiveness 
towards wheat floral tissue was due either to 
the chemotype change per se or due to other 
changes in the genome. If the later scenario was 
encountered, then by using a next generation re-
sequencing approach, the underlying genomic 
differences and similarities between several iso-
lates from the two chemotype groups could be 
revealed. This approach may provide a new way 
to defining additional virulence determinants and 
virulence protein–protein networks, which may 
be particularly relevant in specific geographical 
regions/production systems.

Inspection of the list of phenotypes associ-
ated with the deletion of single virulence genes 
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described in Tables 4.2 and 4.3 indicates that 
many of the required F. graminearum proteins also 
have a role in asexual spore formation or sexual 
spore formation or both processes. The compre-
hensive transcription factor and kinome studies 
also reveal this possibility (Son et al., 2011b, Wang 
et al., 2011a. Therefore, these three very different 
biological processes appear to be mechanistically 
linked. Potentially, this observation, suggests this 
subset of gene sequences could be under severe 
evolutionary constraint and therefore show only 
minimal sequence variation.

This chapter has focused primarily on deter-
mining the function of specific genes and their 
gene products during infection of wheat floral 
tissue on living plants. However, a major practical 
consideration is the extent to which Fusarium can 
regrow on stored wheat grain which can lead to 
post-harvest spoilage on the farm, at the granary 
and/or during transportation (Magan et al., 
2003). So far none of the pathogenicity and viru-
lence gene mutants generated have been tested for 
alterations in this aspect of the Fusarium life cycle. 
Gene modifications that altered a strain’s ability 
to survive within dried grains would clearly influ-
ence patterns of Fusarium species dispersal and/
or prevalence either locally or globally.

Concluding remarks
Species in the genus Fusaria can infect a single 
plant species or multiple plant species or may 
cause post-harvest disease problems. Often dis-
ease formation on certain cereal and non-cereal 
hosts is associated with multiple and often related 
fungal species (referred to as a species complex). 
The composition of a species complex can be 
influenced by local conditions. The production of 
specific toxins during infection has been shown 
to contribute directly to fungal virulence towards 
certain hosts. For example, in wheat the toxins 
deoxynivalenol (DON) and nivalenol (NIV) 
are essential virulence factors, whereas in maize 
only NIV was shown to contribute to virulence 
(Maier et al., 2006). In contrast, both DON 
and NIV are dispensable for virulence of barley 
(Maier et al., 2006). For other in planta interac-
tions, whether the production of specific toxins 
is causally involved in disease formation or for 

another purpose(s) is not yet known. In the field, 
some Fusarium species which cause visible disease 
on potato tubers or the symptom- or symptom-
less infection of sugar beet roots can also cause 
considerable levels of disease and DON myco-
toxin accumulation when inoculated onto wheat 
heads (Burlakoti et al., 2007). The underlying 
genes, pathways and networks which define host 
species range and the degree of symptomless to 
visible infection in each host species have yet to be 
determined. In the taxonomically related species 
Epichloe festucae (an endophyte), different single 
gene alterations often resulted in an increase in 
intercellular fungal biomass and the appearance 
of visible disease symptoms (Tanaka et al., 2006).

F. graminearum, the primary focus of this 
chapter, is currently one of the most important 
Fusarium species globally causing pre- and post-
harvest disease on wheat and other small grain 
cereals. The now well-annotated four chromo-
some genome has revealed the existence of a 
‘two-speed’ genome which accommodates the 
non-random distribution of different predicted 
gene types. The full evolutionary advantages 
and constraints of this spatial pattern, which is 
predicted to have emerged through the fusion 
of several smaller chromosomes, are unclear. 
However, the prevalence of the sexual cycle and 
the lack of transposon activity means that the 
basic blueprint of the F. graminearum genome is 
likely to be perpetuated for the foreseeable future. 
One of the most interesting observations to have 
arisen from the initial transcriptomics studies of 
the floral infection process, albeit on barley heads, 
was the over-representation of the in planta-
expressed genes in the genomic regions with the 
highest levels of recombination. Could changes 
in these ‘hot’ genomic regions be the driver of 
host species range? So far, the various forward 
and reverse genetics experiments (and now the 
first in silico predictions) indicate that the genes 
coding for the various virulence factors reside pre-
dominantly within the genomic regions with the 
lowest levels of recombination. The only excep-
tion being those genes directly concerned with 
trichothecene toxin production or genes, which 
are strongly up-regulated under toxin inducing 
conditions. Whether this pattern will continue 
as more protein function results accrue will be 
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informative. For a number of plant and animal 
pathogen species these genome wide analyses 
are increasingly used to test specific hypotheses 
concerning the evolution of pathogenicity, host 
defence suppression and host range.

The effective control of Fusarium head blight/
head scab disease is now a high priority in all the 
major wheat-growing regions of the world to 
ensure the grain harvested is safe for food and 
feed consumption and for various fermentation 
purposes. So far, the wheat infecting fusaria have 
shown considerable intrinsic resistance to all the 
major classes of fungicides. In addition, adequate 
coverage of the various floral tissues with a single 
low volume fungicide application has proven to 
be technically challenging. Similarly, improve-
ments in resistance of the wheat plants through 
genotype selection and marker-assisted selection 
have only achieved modest success. For example, 
the various major resistance QTLs identified to 
date in global wheat germplasm collections have 
not been very effective in high yielding elite com-
mercial wheats. The new biological and molecular 
information described here, gained through the 
combined efforts of the international Fusarium 
community, and through comparative analyses 
with other pathosystems, provides a considerable 
deeper insight into the Fusarium – wheat inter-
action, than was available just a few years ago. 
Similarly, with the increasing use of next genera-
tion sequencing technologies, it will be feasible to 
acquire full genome information for numerous 
additional strains and species, which cause more 
or less disease on wheat. This comparative infor-
mation will ensure that new Fusarium targets for 
intervention being considered are widespread, 
relatively monomorphic and reside in the most 
stable regions of the genome. With the increasing 
use of comparative species analyses within and 
beyond the Fusaria and in silico predictions to 
identify putative pathogenicity/virulence genes, 
the rate of gene function discovery for F. gramine-
arum and the other wheat infecting species will 
greatly accelerate. By developing electronic 
models to describe the wheat head infection 
process, coupled to fully interactive Fusarium 
genome browsers, this will permit researchers to 
organize and interrogate the growing volumes of 
gene function and ‘omics’ data, to define pathways 

and networks of importance to disease formation 
and/or mycotoxin formation and to discern where 
key information is still missing. To realize effective 
and sustainable disease control several different 
intervention targets in both Fusarium and wheat 
will need to be found and pursued.
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Abstract
The recent technical advances in mass spectrom-
etry (MS) such as tandem MS (MS/MS) and gel 
and non-gel-based methods of protein separation 
and quantification have galvanized research efforts 
to study the proteomes of pathogenic fungi. The 
acquisition of high quality genomic sequences has 
provided the species-specific protein databases 
essential for successful assignment of sequenced 
peptides to fungal proteins. Proteomics can be 
defined as describing the complete set of protein 
species present in a living organism. While tran-
scriptomics describes the transcripts available for 
translation, proteomics tells us which proteins 
have actually been translated, modified, and are 
available for facilitating cellular processes. This 
review touches on how proteomics has been 
exploited to further explore biological questions 
involving Fusarium species.

Introduction
Plants depend on their innate immunity to defend 
themselves against pathogen attack ( Jones and 
Dangl, 2006). Potential microbial pathogens are 
initially recognized through pathogen-associated 
molecular patterns (PAMPs) by pattern rec-
ognition receptors, leading to the induction of 
defence responses. PAMPs are usually conserved 
microbial molecules that the pathogen cannot 
readily change or do without, including compo-
nents of the fungal cell wall (glycosylated fungal 
proteins, chitin and glucan) (Nurnberger and 
Kemmerling, 2009). PAMP-triggered immunity 
(PTI) is an important element of non-host resist-
ance. The other type of plant immune response, 

effector-triggered immunity (ETI), is the basis 
for pathogen race/host cultivar-specific plant 
resistance. Pathogens secrete effectors that can 
interfere with PTI. The recognition of these 
effectors by plant resistance proteins unique to 
individual plant cultivars allows the plant immune 
response to successfully overcome the pathogen. 
An understanding of PTI and ETI with respect 
to Fusarium species and their plant hosts is in its 
infancy. Potential candidates for PAMPs or effec-
tors may be found in the proteins or metabolites 
secreted by Fusarium or found exposed on the cell 
surface.

Diverse protein classes can play a key role in 
pathogenicity or fungal fitness. Fusarium spe-
cies employ a wide range of cell wall-degrading 
enzymes to not only facilitate host penetration 
and spread but also to access nutrients (Kikot 
et al., 2009). For example, the F. solani f. sp. pisi 
genome contains two cutinase genes. The cut2 
gene is constitutively expressed, causing the initial 
discharge of free cutin monomers from the host 
cell wall, which in turn induce up-regulation 
of a second cutinase gene, cut1 (Woloshuk and 
Kolattukudy, 1986; Li et al., 2002). Targeted 
disruption of cut1 significantly reduces virulence 
on non-wounded pea tissue (Rogers et al., 1994). 
Thus, these secreted enzymes are important in 
cuticle penetration. A major component of the 
extracellular proteins secreted by F. oxysporum 
cultures, Nep1 (necrosis and ethylene-inducing 
peptide 1), has been shown to induce ethylene 
production and necrosis in leaves of coca (Bailey, 
1995). Subsequently, additional Nep1-like 
proteins (NLPs) secreted by plant pathogenic 
fungi, oomycetes, and bacteria have been shown 
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to induce plant defence responses and cell death 
in dicots (Qutob et al., 2006). More recently, 
characterization of the tomato–F. oxysporum 
pathosystem has revealed that cultivar-specific 
forms of F. oxysporum exhibited a gene-for-gene 
interaction with their host plant. Three avirulence 
proteins have been identified in the fungus, which 
are recognized by three host resistance proteins 
(for review, see Takken and Rep, 2010). The iden-
tification of avirulence proteins and of Nep1 was 
facilitated by proteomic analysis of F. oxysporum-
infected tomato xylem sap and fungal cultures, 
respectively. Hence, the majority of proteomic 
studies to date in Fusarium species have focused 
on describing the secreted proteome (secretome), 
the cell wall proteome, and the proteome asso-
ciated with mycotoxin production. We will 
summarize these and additional proteomics stud-
ies on Fusarium species in the following sections.

Discussion

Secretome
The initial plant/pathogen interaction depends 
on the fungus sensing signals from the host to 
induce a successful pathogenic response; this can 
be mediated by proteins secreted by the fungi. As 
many Fusaria are broad host pathogens, they need 
to be capable of producing a diverse set of hydro-
lytic enzymes to enable infection and growth 
on different carbon and nitrogen sources. Thus, 
describing the secretome is a logical approach to 
characterize the initial infection mechanisms of 
pathogenic fungi. Although the secretome has 
been defined as containing both the proteins of 
the protein secretion machinery and the native 
secreted proteins (Tjalsma et al., 2000), most 
studies in this section concentrate on the secreted 
proteins alone.

The first avirulence protein identified in F. 
oxysporum was SIX1 (Secreted In Xylem; renamed 
Avr3) (Rep et al., 2004; Houterman et al., 2008). 
Using 1-D SDS-PAGE gels, a fungal-derived 
12 kDa protein was isolated from xylem sap only 
during compatible interactions between tomato 
plants and F. oxysporum f. sp. lycopersici (Rep et al., 
2002). Three peptide sequences identified from 
this protein by MS were used to design degenerate 

primers to clone the F. oxysporum Six1 gene (Rep 
et al., 2004). This cysteine-rich protein is required 
for I-3-mediated resistance of tomato against F. 
oxysporum f. sp. lycopersici, as demonstrated by 
gene disruption and complementation studies.

The discovery of SIX1 protein in xylem vessels 
colonized by F. oxysporum inspired more in-depth 
proteomics analyses of intracellular spaces. 
Houterman and co-workers (Houterman et al., 
2007) used 2-DE to separate proteins extracted 
from the xylem sap of F. oxysporum-infected 
tomato plants. These researchers concentrated 
40 ml of sap collected from 80 infected plants for 
a single 2-DE gel, pH range 3 to 10 and then a 
second sample was run in a second gel with a pH 
range of 6 to 11, revealing more basic proteins. A 
comparison with non-infected sap revealed thir-
teen plant proteins and seven fungal proteins only 
present in the infected sap, which were identified 
using MALDI-TOF MS and LC-QTOF MS/
MS. The seven fungal proteins included SIX1 
and two other avirulence proteins, Six4/Avr1 
and Six3/Avr2, which are recognized by tomato 
resistance genes I and I-2, respectively. In all, 11 
candidate effector proteins have been identified 
in F. oxysporum (Takken and Rep, 2010). The SIX 
genes encoding these proteins can be used in PCR 
assays to rapidly distinguish between F. oxysporum 
isolates (Lievens et al., 2009).

A broad spectrum of the F. graminearum 
secretome was sampled using a diverse range of 
carbon sources to supplement standard liquid 
media (Paper et al., 2007). The carbon sources 
included sucrose, pectin, xylan, collagen, maize 
bran, maize and carrot cell walls and AFEX-
extracted dried distillers’ grains. Proteins were 
extracted from culture filtrates, separated on 1DE 
gels and the gels cut into eighteen slices. Each slice 
was in-gel alkylated and digested prior to MS/MS 
analysis of the digested peptides. This permitted 
the bulk analysis of proteins, with the exception 
of proteins less than 5 kDa (cut-off MW of de-
salting column). They identified from 37 to 154 
F. graminearum proteins in the thirteen in vitro 
conditions, for a combined total of 228 proteins. 
Of these, 46 proteins were generally constitutively 
expressed while 56 were only detected under a 
single in vitro condition. Monocot and dicot cell 
walls induced 96 common proteins, of 126 and 
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120 total proteins, respectively. Surprisingly, the 
plant cell wall media each induced a shared set of 
~50 proteins with the growth media containing 
sucrose.

Phalip et al. (2005) also compared the 
secretome on simple sugars versus plant cell 
walls by growing F. graminearum in M3 minimal 
media without shaking with either 1% glucose or 
0.8% hop cell wall preparation as the sole carbon 
source. Proteins were extracted from culture fil-
trate when maximal growth had been achieved (6 
days in glucose and 9 days in hop cell walls). As 
only ~1 µg/ml protein was collected from glucose 
cultures, the researchers separated proteins on a 
1DE gel and identified 23 unique proteins. The 
hop cell wall culture yielded much higher protein 
concentrations (~25 µg/ml) and a more com-
plex protein mixture. Thus, protein spots were 
excised from 2-DE and 84 F. graminearum pro-
teins identified using nano-LC MS/MS. Protein 
identification and classification was revised in a 
subsequent publication (Phalip et al., 2009). All 
but 10 of these proteins were also identified in the 
secretome by Paper et al. (2007). As an alternative 
approach, F. graminearum was grown in vitro with 
either finely ground wheat or barley flour and 69 
fungal proteins identified in the supernatant by 
2DE and MALDI-TOF-TOF MS, including 24 
proteins not identified in the previous secretome 
studies (Yang et al., 2012). The proteins identified 
in the presence of either glucose or hop cell walls 
included 24 categories of hydrolytic enzymes, and 
the data showed that a whole battery of enzymes 
were being secreted de novo that had the predicted 
capability to digest the many components of the 
plant cell wall. Complementary transcription ana-
lysis with a focus on xylan-manipulating enzymes 
has reinforced these results and indicated that 
the diversity and apparent redundancy of xylan-
related genes observed on the cell wall substrate 
can be broken down into simpler patterns when 
more specific substrates were used (Hatsch et al., 
2006). Differential expression would confer flexi-
bility to adapt to variations in the environment. 
Of the many cell wall-degrading enzymes secreted 
by F. graminearum when infecting plants, a lipase, 
some proteinases and pectic enzymes have been 
shown so far to directly contribute to pathogenic-
ity (Kikot et al., 2009).

The secretome of F. verticillioides was analysed 
for cellulosic biofuel applications by growing in 
media containing maize bran fraction and using 
1-DE followed by LC-MS/MS (Ravalason et al., 
2012). Of 166 proteins identified, 57 were pre-
dicted to be cell-wall degrading enzymes through 
homology to known proteins. When added to 
commercial β-glucosidase and T. reesei cellulases, 
the F. verticillioides secretome fraction enhanced 
the hydrolysis of wheat straw, possibly due to the 
wider range of hemicellulases found in Fusarium.

Brown and colleagues (2012) recently exam-
ined the database of F. graminearum predicted 
proteins (MIPS version 3.2: http://mips.helm-
holtz-muenchen.de/genre/proj/FGDB/) using 
a combination of predictive software programs 
to identify signal peptides, membrane spanning 
regions, and cellular location and produce a 
refined secretome of 574 proteins. They further 
predicted 19 F. graminearum-specific and 31 
Fusarium-specific secreted proteins (P < 10−5), 
based on BlastP analysis of 57 fungal and oomy-
cete predicted proteomes.

Secretome analysis is often complicated by the 
low concentration of secreted proteins in culture 
media. Using liquid phase IEF followed by dialysis 
and lyophilization to prepare proteins can dra-
matically increase the number of resolved spots in 
subsequent narrow pH-range 2-DE gels (Vincent 
et al., 2009). This procedure avoids an extraction 
precipitation step during which a significant pro-
portion of secreted proteins are lost.

Cell wall proteome
The fungal cell wall is important for maintaining 
cell shape, nutrient uptake, protection against 
environmental stress, and interaction with the 
host. Fusarium cell walls are composed of an elec-
tron-dense outer layer enriched in glycoproteins 
that is attached to an inner chitin/glucan layer 
(Barran et al., 1975; Barbosa and Kemmelmeier, 
1993; Schoffelmeer et al., 1999). A similar struc-
ture has been observed in many other ascomycete 
species (Klis et al., 2010). Detailed characteriza-
tion of the highly glycosylated fungal cell wall 
proteins has presented technical difficulties due 
to the variable molecular mass and number of 
negative charges associated with the carbohydrate 
side chains (Yin et al., 2008). Thus, researchers 
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often need to modify their proteomic analysis to 
identify glycoproteins.

Prados-Rosales and associates used both 
direct tryptic digestion as well as sequential 
extractions (designed to be specific to the type 
of protein-cell wall bonds) of isolated cell walls 
to characterize F. oxysporum cell wall proteins 
(Prados-Rosales et al., 2009). The first method 
was applied to wild-type strains grown under 
adhesion-inducing conditions; LC-MS/MS ana-
lysis of tryptic digests of purified cell walls led to 
the identification of 174 F. oxysporum proteins. 
Nineteen proteins had a predicted signal peptide 
and ten of these lacked transmembrane domains 
while still containing a predicted motif for glyco-
sylphosphatidylinositol modification of cell wall 
proteins, the major type of modification of cell 
wall proteins in ascomycete fungi. The number 
of predicted classical cell wall proteins detected 
in this proteomics study was much lower that the 
number of cell wall proteins predicted in silico 
using the genomic sequence of F. oxysporum. 
However, detection of a low number of predicted 
cell wall proteins has also been reported by other 
fungal researchers (Castillo et al., 2008). The 
second method of consecutive cell wall extrac-
tions was used when comparing wild-type and 
non-pathogenic mutant strains of F. oxysporum. 
The MAPK fmk1 gene has been shown to play a 
role in pathogenicity and one of the phenotypes 
of fmk1 gene disruption is loss of adhesion to 
tomato roots. To explore the basis for the adhe-
sion loss, they compared proteins extracted from 
cell walls of the wild-type and fmk1 mutant by 
2-D DIGE (2-D fluorescence difference gel 
electrophoresis) (Prados-Rosales et al., 2009). 
In 2D-DIGE, fluorescence labelling (cy3 and 
cy5) of two protein samples permits qualitative 
and quantitative comparisons. Proteins deemed 
to be differentially expressed (> 1.3-fold change; 
P < 0.05) between wild type and mutant were 
identified through MALDI-TOF-MS. They 
identified eight proteins over-represented and 
six under-represented in the fmk1 deletion strain 
relative to wild type, however only two of these 
proteins contained a putative signal peptide. In 
light of their results, the authors recommend the 
direct tryptic digestion of cell walls coupled with 
a direct MS analysis method to characterize the 

Fusarium cell wall proteome (Prados-Rosales et 
al., 2009).

Proteome profiling during 
mycotoxin biosynthesis
Fusarium verticillioides can produce fumonisin 
mycotoxins which have been associated with 
cancer and neural tube defects in mammals, while 
F. graminearum can produce trichothecene myco-
toxins, associated with feed refusal, weight loss, 
and abdominal distress in animals (Council for 
Agricultural Science and Technology, 2003). In 
order to propose novel methods to reduce myco-
toxin contamination of food and feed, researchers 
have been actively studying the biosynthesis and 
regulation of mycotoxin production (see Chapter 
8).

F. verticillioides FCC1 protein is a global 
regulator of gene expression that influences both 
secondary metabolism and fungal development; 
fumonisin production and conidiation is impaired 
in fcc1 gene disruption mutants (Shim and 
Woloshuk, 2001). Choi and Shim (2008) used 
2-DE to separate and compare proteins extracted 
from wild-type and fcc1 mutant strains grown 
in liquid media conducive to fumonisin biosyn-
thesis. Proteins from two biological replicates 
(three technical replicates each) of each strain 
were extracted and 1150 proteins were resolved 
(pH 4–7). Forty-eight differential protein spots 
were chosen for MS analysis (MALDI-TOF MS, 
QTOF-MS) that exhibited > 5-fold expression 
differences between strains, but only 37 provided 
sufficient MS data leading to identification. Many 
of the proteins present in higher levels in the 
wild-type strain were associated with protein 
metabolism (e.g. peptidases), leading the authors 
to speculate that post-translational modification 
of proteins may be required for proper regulation 
of secondary metabolism. Surprisingly, none of 
the proteins identified in the wild type were asso-
ciated with fumonisin biosynthesis. EST-based 
microarrays were used previously to compare 
gene expression profiles of wild-type and fcc1-
disrupted strains grown under similar conditions 
(Prittila et al., 2004). The increased abundance 
of stress response proteins detected in the fcc1– 
mutant strain correlated with the previous gene 
expression data. The corresponding genes of 18 
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proteins were chosen for qRT-PCR analysis; 10 
genes did not exhibit expression profiles that cor-
related with the protein expression observed.

When F. graminearum is grown in nitrogen-
depleted but carbon-rich liquid media, the 
fungus produces trichothecene mycotoxins and 
other secondary metabolites. The crude fungal 
filtrate extracted from these cultures is much 
more toxic to cells than the trichothecenes 
alone (S. Gleddie, personal communication). 
As trichothecenes are also induced during plant 
infection, we chose to determine protein profiles 
during trichothecene-inducing liquid culture 
to partially mimic plant infection conditions 
(Taylor et al., 2008). Thus, we may identify 
protein changes during the switch to mycotoxin 
biosynthesis as well as other proteins potentially 
important for pathogenicity.

A non-gel-based quantitative shotgun pro-
teomics method was chosen to maximize the 
number of proteins identified. iTRAQ (isobaric 
tags for relative and absolute quantification) 
allows relative quantification of peptides and pro-
teins between multiple samples (Aggarwal et al., 
2006). Three biological replicates of F. gramine-
arum proteins were extracted from mycelia at four 
time points (time 0, 4 days, 9 days, 12 days) in the 
nitrogen-depleted liquid cultures (Taylor et al., 
2008). After TCA precipitation, protein samples 
underwent reducing and denaturing, cysteine 
blocking, trypsin digestion and labelling with one 
of four isobaric tags. Peptide separation by strong 
cation exchange (SCX) chromatography was 
followed by MS/MS analysis and data analysis 
using Applied Biosystems ProteinPilot software. 
Five proteins directly involved in trichothecene 
biosynthesis were identified in at least one rep-
licate and were increased in abundance over the 
time course; however, only FGSG_07986 (tri-
chothecene 3-O-acetyltransferase) was observed 
in all three replicates. A core set of 435 F. gramine-
arum proteins was identified in at least two of the 
three biological replicates and statistical analysis 
revealed 130 proteins that exhibited significant 
differential expression between time points. The 
most down-regulated proteins over the time 
course mainly fell into the primary metabolism, 
protein translation and protein chaperone cat-
egories. Up-regulated proteins also included 

FGSG_08077 (part of a co-regulated gene cluster 
predicted to be required for butenolide biosynthe-
sis), predicted secreted proteins and homologues 
of other fungal virulence proteins. 2-DE was also 
performed with proteins extracted from time 0 and 
4d samples grown under the same trichothecene-
inducing liquid culture conditions to validate 
results of the iTRAQ experiments. Fourteen 
protein spots that appeared more abundant in the 
4 day gel than in the 0 day gel were excised and 
subjected to LC-MS/MS. Ten proteins showed 
up-regulation in both iTRAQ and 2-DE, three 
proteins were not identified by iTRAQ, and the 
abundance of one protein did not agree between 
the two methods. Of the proteins found in greater 
abundance over time in the trichothecene-pro-
ducing media, 99% are encoded by genes known 
to be expressed in planta.

It is often difficult to reproduce proteomics 
experiments between laboratories as protein 
extraction methods can vary and are often briefly 
described in publications. Pasquali and associates 
have produced a video demonstrating a protocol 
for growing F. graminearum cultures under toxin-
inducing conditions and subsequent protein 
extraction, based on the protein extraction method 
of Taylor et al. (2008), with some modifications 
(Pasquali et al., 2010). This provides a visual guide 
for researchers new to protein extraction and adds 
value to a written protocol.

Protein phosphorylation events are involved 
in the signalling pathway regulating trichothecene 
biosynthesis in F. graminearum. Experiments 
monitoring changes in the phosphoproteome 
under mycotoxin-inducing conditions will be 
reviewed in the subsequent section on post-
translational modification events.

In planta proteomics
The majority of the Fusarium proteomics experi-
ments are conducted in vitro as the complexity of 
the proteome is greatly increased when extract-
ing both fungal and plant proteins. Often, the 
high ratio of plant to fungal biomass means that 
it is hard to detect all but the most abundantly 
expressed fungal proteins. However, the availabil-
ity of full genomic sequence for three Fusarium 
species has proven invaluable to identify fungal 
proteins in infected plant tissue samples.
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Using protein extracts from F.  graminearum- 
infected wheat heads sampled 1 to 3 days after 
inoculation, Zhou and coworkers (2006) 
detected about 1380 protein spots on 2-DE gels 
stained with SyproRuby. Of 41 protein spots 
that were differentially regulated and analysed 
further with LC-MS/MS, eight were identified 
as Fusarium proteins. These abundant fungal 
proteins included proteins with predicted func-
tion in primary metabolism (oxidoreductase, 
fructose aldolase, glyceraldehyde 3-phosphate 
dehydrogenase), translation initiation (IF5A), 
protein folding (peptidyl prolyl cis–trans isomer-
ase), signal transduction (small GTPase) and 
defence response (superoxide dismutase). Yang 
et al. (2010) obtained similar results when using 
a gel-based strategy to look at changes in protein 
levels in a susceptible barley cultivar infected with 
F. graminearum. Of 80 protein spots that showed 
an increased level in the water-soluble albumin 
fraction in response to F. graminearum, nine were 
fungal proteins and included two superoxide dis-
mutases, an l-xylose reductase, a peptidyl prolyl 
cis–trans isomerase, a triosephosphate isomerase, 
and proteins of unknown function.

Paper et al. (2007) identified about 120 fungal 
proteins (based on two or more peptides each) 
in the apoplastic fluid of F. graminearum-infected 
wheat heads sampled at 4–14 days after inocula-
tion using vacuum filtration. The two largest 
classes were secreted cell wall-degrading enzymes 
and proteases. All of the 26 cell wall-degrading 
enzymes, including twenty-one glycosyl hydro-
lases, one lyase and two esterases, had signal 
peptides. Eleven of the 15 proteases contained a 
signal peptide. Of the 120 fungal proteins identi-
fied, about 44% had no predicted signal peptide, 
including at least thirteen proteins predicted to 
be involved in primary metabolism. To check if 
the vacuum filtration treatment used to extract 
the in planta secretome was responsible for the 
higher percentage of proteins lacking canonical 
signal peptides, these researchers extracted pro-
teins from mycelial mats using vacuum filtration. 
The mycelial mats yielded forty-seven identified 
proteins, 94% of which had signal peptides, sug-
gesting that vacuum filtration was not causing 
an inordinate amount of tissue damage and 
non-secreted protein extraction. Whether or not 

the proteins without signal peptides are actively 
secreted by the fungus remains a point of debate.

Although we have conducted shotgun pro-
teomics through iTRAQ analysis of maize and 
wheat infected with F. graminearum, fungal pro-
teins were not identified (L. Harris and T. Ouellet, 
unpublished results). The Paragon algorithm used 
to analyse iTRAQ data is designed to identify 
related peaks present in all samples. Since we were 
mainly interested in relative protein quantification 
between uninoculated and inoculated suscep-
tible and tolerant cereal lines, our experiments 
compared mock- and fungal-inoculated samples. 
Consequently, the software did not recognize 
fungal proteins as they were present in only half 
of the samples.

Proteomic studies of sexual 
reproduction
The MAT locus is a master regulator for sexual 
reproduction in many ascomycetes, controlling 
sexual initiation to ascospore production. To 
complement microarray transcriptional profiling 
studies investigating which genes are controlled by 
the MAT locus or associated signalling pathway, a 
proteomics approach was used to compare wild-
type and MAT gene deletion strains (Lee et al., 
2008). A self-fertile wild-type progenitor strain 
as well as a self-sterile transgenic strain deleted 
for the MAT1-1 mating-type gene were grown 
on carrot agar plates under perithecia-inducing 
conditions. Six days after perithecial production 
in the wild-type strain, proteins were extracted 
from perithecia (wild type) or mycelia (mat1-1 
deletion) and 380 protein spots were resolved on 
2D gels. Three technical replicates of two biologi-
cal replicates of each strain were compared and 13 
proteins were significantly differentially expressed 
(P < 0.05; ≥ 3-fold change between strains) and 
identified using either MALDI-TOF or ESI-MS/
MS. Many of these proteins were cell wall-local-
ized or cell wall biogenesis proteins, suggesting 
that the MAT locus may directly or indirectly 
regulate formation of the perithecial cell wall. 
A different set of cell wall-associated genes were 
also identified during the previous transcriptomic 
study (Lee et al., 2006), demonstrating the value 
of conducting both proteomics and transcriptom-
ics analysis.
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Proteomics of Fusarium/viral and 
bacterial interactions
Infection of F. graminearum with double-stranded 
RNA mycoviruses is associated with slower 
growth rate, hypovirulence, increased pigmenta-
tion and decreased trichothecene production 
(Chu et al., 2002). How mycoviruses affect the 
fungal cell is unknown; however, Kwon and 
associates (2009) chose to use protein profiling 
to investigate what effect F. graminearum virus-
DK21 (FgV-DK21) has on its host cell. Mycelial 
proteins were extracted from virus-free and 
FgV-DK21-infected strains after 5 days’ growth 
in complete media (CM) broth and their protein 
profiles compared in 2-DE (three biological rep-
licates, three technical replicates of each). They 
were able to reproducibly visualize 470 spots and 
followed up with in-gel digestion and ESI-MS/
MS of thirty-three protein spots that consistently 
showed a ≥3-fold difference in intensity between 
virus-free and virus-infected strains. Ten protein 
spots could not be identified due to poor MS data 
or the presence of contaminating keratin while 
one up-regulated spot was putatively identified as 
an FgV-DK21 viral protein. Six up-regulated pro-
teins were identified, implicated in differentiation, 
protein synthesis, glycolysis, and purine metabo-
lism. The 16 identified proteins down-regulated 
in virus-infected cells are mainly involved in 
glycolysis and antioxidant activities. The authors 
will focus on the proteins affected by mycovirus 
infection to determine whether they play a role in 
hypovirulence or other viral-related symptoms.

The non-pathogenic F. oxysporum MSA 35 
describes a fungus associated with a suite of rhizo-
bacteria and has been used as a biocontrol agent to 
suppress Fusarium wilt. In the absence of the asso-
ciated rhizobacteria, the F. oxysporum isolate is 
virulent on lettuce. To investigate this fungal/bac-
terial interaction, Moretti et al. (2010) extracted 
protein from F. oxysporum MSA 35 mycelia grown 
on potato dextrose agar media. They performed 
both 2-DE followed by MALDI-TOF/TOF MS 
and 1-DE with LC-ESI-MS/MS to maximize 
protein identification. A total of 197 fungal and 
162 bacterial proteins were identified with ~20% 
overlap between methods. To reveal which 
proteins were differentially expressed between 
the F. oxysporum/bacterial consortium and the 

same F. oxysporum strain cured of the associated 
rhizobacteria, 2-DE and MALDI_TOF MS/MS 
was applied. This proteomic approach provided a 
rich database of candidate proteins contributing 
to understanding the interactions of a microbial 
community with biocontrol applications.

Proteomics of specific post-
translational modifications
Proteins can undergo more than 300 different 
kinds of post-translational modifications (PTMs), 
including acetylation, methylation, phospho-
rylation, and simple and complex glycosylation, 
providing a higher level of complexity to the cel-
lular proteome. Proteomic techniques have been 
developed to enrich for and study PTMs, to allow 
studies into how PTMs regulate cellular activities 
(Zhao et al., 2009b).

Treating Fusarium cultures with either the 
phosphatase inhibitor okadaic acid or the kinase 
inhibitor staurosporine demonstrated that protein 
phosphorylation impacts trichothecene biosyn-
thesis in F. graminearum (Rampitsch et al., 2010). 
Spiking liquid cultures with the phosphatase 
inhibitor led to increased DON production 
while the kinase inhibitor had the opposite effect. 
Consequently, Rampitsch and co-workers (2010) 
used three different strategies to describe the 
phosphoproteome of F. graminearum under myco-
toxin-inducing conditions. Using ProQ Diamond 
to stain phosphorylated proteins, 2-DE was used 
to resolve proteins from time 0, which represents 
the switch from growth in a nutrient-rich medium 
to a nitrogen-poor medium (trichothecene-
inducing conditions) and then every two days 
until day 8. Since only twenty phosphoproteins 
were identified with this approach although many 
more phosphoproteins were visualized in the gels, 
the researchers moved on to higher throughput 
GeLC-MS and gel-free methods. They chose 
to sample earlier after induction to optimize the 
opportunity to observe signalling events and 
examined proteins from time 0, 6 and 12 hours 
after induction. In all, 241 phosphoproteins were 
identified, containing 348 putative phosphoryla-
tion sites. Many of the phosphopeptides identified 
contain target phosphorylation sequences recog-
nized by yeast or mammalian kinases. Proteins 
which were only detected after induction included 
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six transcription factors and six protein kinases 
that exhibited differential phosphorylation over 
the time course; these proteins and others identi-
fied in this study are candidates for future studies 
into trichothecene regulation.

In a subsequent project (Rampitsch et al., 
2012), a high-throughput proteomic analysis was 
conducted of phosphopeptides from F. gramine-
arum strain DAOM233423 (derived from strain 
GZ3639) grown in vitro without nutritional 
limitation to obtain a base profile of the phospho-
proteome. Using a combination of strong-cation 
exchange (SCX) and immobilized metal affinity 
chromatography (IMAC) followed by LC-MS/
MS, 2902 putative phosphopeptides were identi-
fied with homologous matches to 1496 different 
proteins. Functional classification of the anno-
tated protein set revealed that phosphopeptides 
from nuclear proteins with ATP-binding function 
were the most abundant. There are indications that 
phosphorylation sites from well-characterized 
phosphoproteins representing diverse biological 
processes are conserved in F. graminearum.

The generation of reactive oxygen species 
by fungal NADPH oxidases (NOX) is required 
for rice blast disease development (Egan et al., 
2007). NOX catalyses the oxidation of NADPH 
to yield superoxide, and Egan and associates 
(2007) proposed that this reactive oxygen spe-
cies promotes protein cross-linking to strengthen 
cell walls, essential for appressorial development. 
As the disruption of NADPH oxidase genes in F. 
graminearum has a significant effect on virulence 
in wheat (R. Subramaniam, unpublished data), 
FHB disease development may also be dependent 
on redox signalling in F. graminearum. NOX activ-
ity can lead to the oxidative PTM of cysteine thiol 
residues to create disulfide bridges. Subramaniam 
and Rampitsch (unpublished data) are using 
two complementary strategies (gel-based and 
non-gel-based) to define the redox peptidome 
of F. graminearum under nitrogen-starved con-
ditions by comparing proteins extracted from 
wild-type and nox mutants. In both approaches, 
free cysteine thiol groups are blocked, followed 
by breakdown of disulphide bridges. As the 
thiol-specific fluorophore monobromobimane 
(mBBr) fluoresces after conjugation with free 
thiol groups, it was added to extracted proteins 

to distinguish between reduced and oxidized 
cysteine residues prior to 2-DE separation. In 
the non-gel-based (or shotgun) strategy (method 
described by McDonagh et al., 2009), the pep-
tides whose cysteine thiol groups are tagged with 
biotin are enriched on a streptavidin-Sepharose 
resin column before undergoing LC-MS/MS to 
identify cross-linked proteins. These approaches 
have led to the identification of ~ 15 bimane-
labelled proteins using 2-DE and ~ 50 proteins 
using the shot-gun approach, with some overlap 
between datasets. Further optimization of these 
techniques will allow us to expand our knowledge 
of how PTMs influence the regulation of myco-
toxin biosynthesis and other processes impacting 
pathogenicity.

Proteomics vs. transcriptomics
The emphasis during the genomics era has been 
on analysing global gene expression data to tackle 
biological questions. However, we know that 
there are numerous post-transcriptional regula-
tion strategies that can affect protein abundance 
and transcript expression profiles can not always 
be depended upon to consistently predict protein 
abundance (reviewed in Nie et al., 2007; Maier et 
al., 2009). Experiments with yeast (Saccharomyces 
cerevisiae) have suggested that protein and gene 
transcript turn-over, translational regulation, as 
well as experimental error are major contribu-
tors to the lack of correlation. Protein turn-over 
is considered to be the most important feature 
influencing the correlation between transcrip-
tomic and proteomic datasets and is dependent 
on protein stability, post-translational processes 
such as ubiquitination and phosphorylation, and 
cellular localization (Wu et al., 2008). Stronger 
correlations of gene and protein abundance are 
seen, however, when the transcript exhibited 
high ribosomal occupancy (high percentage of 
ribosome-bound mRNAs). Hence, the data and 
results obtained from a proteomic approach can 
certainly complement any transcriptomic data 
collected from the same samples.

Web-based resources for protein 
identification
The successful identification of proteins depends 
on the accuracy of the protein database. Fusarium 
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graminearum strain PH-1 was sequenced to 
10-fold coverage in 2003 and annotation efforts 
led to an initial set of 11,640 predicted genes 
(Cuomo et al., 2007). The genome assembly and 
comparative genomics of F. verticillioides and F. 
oxysporum have improved Fusarium gene annota-
tion (Ma et al., 2010). Assembly version FG3.1 
of F. graminearum at the Broad Institute is in 31 
supercontigs and a combination of automated 
and manual annotation has predicted 13,332 
genes. In addition, MIPS has annotated 13,826 
protein coding genes including greater than 1900 
genes that either have a different exon/intron 
structure or are not present in the Broad gene set 
(FGDB v3.2, http://mips.helmholtz-muenchen.
de/genre/proj/FGDB/; Wong et al., 2011). The 
first genome sequenced from the ‘Fusarium solani 
species complex’ is Nectria haematococca mating 
population VI (asexual stage Fusarium solani) and 
this genome has 15,707 predicted genes (annota-
tion release version 2.0; Coleman et al., 2009). 
The gene calling will improve with the genome 
sequencing of additional Fusarium genomes and 
the use of RNASeq expression data to amend 
exon/intron predictions. F. graminearum has 
a remarkably low number of high identity par-
alogous proteins; only two pairs of proteins share 
greater than 80% identity (Cuomo et al., 2007). 
This lack of high identity paralogues greatly 
increases the probability of unambiguous protein 
identification.

To optimize protein identification of MS data, 
it is important to construct a highly relevant and 
inclusive protein database based on the most 
recent gene calls. The searched protein database 
should also contain common contaminating pro-
teins (e.g. keratin). An estimation of false positives 
should always be conducted to ensure parameters 
are sufficient to yield high quality results. We have 
found it useful to randomize or reverse all the pro-
tein sequences contained in the search database 
and add these randomized sequences to the file of 
forward sequences so that both types of sequences 
are searched simultaneously. This provides a quick 
estimation of the rate of false positives so that 
search parameters can be modified if necessary.

Researchers in the Fusarium community and 
beyond have developed web-based tools and data-
bases useful for Fusarium proteomics studies.

1 Fusarium predicted protein databases can be 
found at the following websites.
a MIPS Fusarium graminearum genome 

database (Güldener et al., 2006; Wong 
et al., 2011): http://mips.helmholtz-
muenchen.de/genre/proj/FGDB/.

b Fusarium comparative database (Ma et 
al., 2010): http://www.broadinstitute.
org/annotation/genome/fusarium_
group/MultiHome.html

c JGI Nectria haematococca Mating 
Population VI (MPVI) (Fusarium 
solani) genome database (Coleman et 
al., 2009): http://genome.jgi-psf.org/
Necha2/Necha2.home.html

2 Blastx annotations and a non-redundant set 
of fungal proteins with subcellular localiza-
tions assigned were used to train a classifier 
program (FGsub) to predict where 12,786 F. 
graminearum proteins may be localized (Sun 
et al., 2010). Although none of the predic-
tions were verified in the lab, localization 
predictions for 12,786 proteins can be found 
at http://csb.shu.edu.cn/fgsub/.

3 Choi and associates have constructed a fungal 
secretome database (http://fsd.snu.ac.kr/), 
which uses a three-layer classification rule 
(based on nine prediction programs) to cat-
egorize putative secretory proteins in fungal 
and oomycete genomes (Choi et al., 2010).

4 Protein–protein interactions (PPI) have 
been predicted by identifying F. graminearum 
protein orthologues in seven organisms (S. 
cerevisiae, S. pombe, C. elegans, D. melanogaster, 
H. sapiens, M. musculus and E. coli) and 
integrating this information with public 
interactome datasets for the seven organisms 
as well as data based on predicted domain–
domain interactions (Zhao et al., 2009a). A 
core high-confidence PPI set was compiled 
which contained 27,102 interactions between 
3745 proteins. To verify their predictions, 
the researchers chose twelve PPI (including 
three high-confidence PPI) to test using 
the yeast two-hybrid assay and confirmed 
the interaction of one high-confidence pair 
(FGSG_06103 and FGSG_07404). Thus, 
this dataset can provide predicted PPI 
data but will undoubtedly contain many 
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false positives and any PPI will need to be 
independently verified. The F. graminearum 
protein–protein interaction (FPPI) 
database is available on an interactive web 
server (http://csb.shu.edu.cn/fppi) and 
also contains homology information on F. 
verticillioides and F. oxysporum.

Conclusions
Coupled with structural genomics, transcriptom-
ics, metabolomics, and mathematical modelling, 
proteomics is an essential facet of systems biology, 
a multidisciplinary approach to tackling complex 
biological questions. The intricacy of plant–path-
ogen interactions will require the integrative 
analysis of systems biology to lead to a deeper 
understanding of fungal infection and plant 
resistance mechanisms. At this time, research-
ers have captured brief snapshots of Fusarium 
proteomes at different development stages 
and environmental conditions and of different 
genotypes. The increased adoption of non-gel-
based high-throughput proteomic technologies 
will broaden the depth and resolution of these 
proteomes. Many more proteomics experiments 
will be required to gain a broad understanding of 
Fusarium proteomes. As more fungal researchers 
incorporate proteomics into their studies, we 
can all learn from their improvements in sub-
cellular extraction methods and experimental 
design. With the increased sensitivity and devel-
oping applications of MS and accelerated genome 
sequencing, Fusarium researchers should certainly 
consider including proteomics in their repertoire 
of tools to dissect the plant–Fusarium interaction.
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Abstract
Multiple mechanisms control genome stability 
in filamentous fungi. To limit the expansion of 
repeated DNA, e.g. transposable elements (TEs), 
a group of filamentous ascomycetes make use of 
a duplication-dependent mutator system, called 
‘repeat-induced point mutation’ (RIP). This 
phenomenon was the first eukaryotic genome 
defence system identified and characterized in 
the 1980s by Selker and colleagues in pioneer-
ing studies with Neurospora crassa. RIP detects 
gene-sized duplications and aligns homologous 
copies by an unknown homology search mecha-
nism during pre-meiosis. Transition mutations 
(C:G to T:A) are introduced, typically into both 
or all copies of the DNA segments. In 2007, RIP 
was first described in Gibberella zeae (anamorph: 
Fusarium graminearum) by Kistler and colleagues. 
Here we review previous experiments and add 
our recent data, which confirm that RIP occurs 
at relatively high frequencies in this homothallic 
species. We show that the G. zeae rid homologue is 
required for RIP, as had been found in N. crassa. In 
contrast to N. crassa, DNA methylation does not 
seem to be a common consequence of RIP. Lastly, 
we discuss potential evolutionary consequences 
of RIP in heterothallic and homothallic fungi.

Mechanisms that maintain 
genome stability in filamentous 
fungi
Fungal genomes, like those of other eukaryotes, 
harbour repetitive sequences that can range from 
short simple sequence repeats (Karaoglu et al., 
2005; Kim et al., 2008; Labbe et al., 2010; Murat 

et al., 2010), families of transposable elements 
(Aleksenko and Clutterbuck 1996; Daboussi, 
1997; Hua-Van et al., 2000; Daboussi and Capy, 
2003; Clutterbuck, 2004; Galagan et al., 2005; 
Wortman et al., 2009), or functional gene duplica-
tions to partial or entire chromosome duplications 
(Miao et al., 1991). Fungi also can acquire or 
evolve ‘dispensable’, ‘lineage-specific’, or ‘B’ chro-
mosomes (Miao et al., 1991; Ma et al., 2010; Rep 
and Kistler, 2010). Repetitive sequences within 
genomes of a single species are plastic. They 
can move or be moved around, change in copy 
number and actively contribute to rearrangements 
of non-repeat sequence (Daviere et al., 2001; Rep 
et al., 2005; Bergemann et al., 2008; Ogasawara et 
al., 2009; Carr et al., 2010).

Multiple mechanisms to control the expansion 
of repeats have been discovered in eukaryotes, the 
first in the ascomycete Neurospora crassa by Selker 
and colleagues (Selker et al., 1987). This fungus 
utilizes a genome-wide, DNA-based homology 
search process that occurs only during the sexual 
cycle after fertilization but before karyogamy (Fig. 
6.1A; reviewed in Selker 1990). The phenomenon 
was first spotted by Southern analyses as a mixture 
of gene-sized deletions and restriction fragment 
length polymorphism (RFLP) that revealed puta-
tive genome instability, and thus initially referred 
to as ‘rearrangements induced premeiotically’ 
(Selker et al., 1987). Subsequently it was shown 
that premeiotic recombination events can be 
separated from the mechanism responsible for 
the observed RFLPs and that duplications of 
gene-sized regions were required (Selker and 
Garrett 1988). A DNA pairing-dependent protein 
complex was hypothesized to introduce the many 
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Figure 6.1 Expected differences in RIP in (A) heterothallic and (B) homothallic fungi. In heterothallic fungi (A), 
mating of two strains is required to generate a heterokaryon. RIP occurs between fertilization and karyogamy 
and affects only nuclei in which duplications occur. After meiosis, four meiotic products contain segregated 
copies of the duplications. The black boxes indicate wild-type alleles and shaded grey boxes indicate 
differentially mutated alleles. If the mutated gene is recessive and if mutation is severe enough to cause 
phenotypes, two phenotypically wild-type and two phenotypically mutant alleles are recovered after a cross 
(adapted from (Selker et al., 1987; Cambareri et al., 1989; Selker 1990; Singer et al., 1995)). In homothallic 
fungi (B), no mating partner is required. After initiation of the sexual phase all nuclei are subject to RIP, but 
it remains unclear at precisely what stage of development the homology search and mutagenesis occurs. If 
mutation is severe enough, all four meiotic products are expected to express mutant phenotypes (various 
shades of grey and white boxes). In both schemes RIP events will escape detection if mutation is light and 
phenotypes are not easily discernible. DNA sequencing is the only method by which the extent of RIP can 
be truly quantified.



RIP in Gibberella zeae | 95

transition mutations, always C:G to T:A, which 
were observed, and this observation resulted in a 
new moniker, ‘repeat-induced point mutation’, or 
RIP (Cambareri et al., 1989). Previously unmeth-
ylated DNA segments that underwent RIP were 
often found to also acquire methylated cytosines 
(Selker et al., 1987; Selker and Garrett, 1988; 
Singer et al., 1995).

One potential function for RIP is as a defence 
mechanism against the amplification of transpos-
able elements (TE). So far, only one active TE 
has been identified in Neurospora, the LINE-like 
element Tad that exists in more than ten copies 
in a strain from the Ivory Coast, Adiopodoumé 
(Kinsey, 1989, 1993; Kinsey and Helber, 1989; 
Cambareri et al., 1994). RIP of TE coding 
sequences is expected to inactivate the TE rep-
licative machinery, as shown with studies on 
Tad (Kinsey et al., 1994; Anderson et al., 2001). 
Moreover, any region-specific mutator similar 
to RIP will reduce TE repeat homology, e.g. of 
terminal repeats, and thus may compromise their 
ability to align. This would be expected to reduce 
the frequency of homologous recombination 
between TEs that are dispersed throughout the 
genome in non-homologous regions. Thus, the 
overall effect of highly effective RIP in TEs should 
be a significant increase in overall genome stabil-
ity, although this has not yet been addressed by 
careful laboratory evolution experiments. Below 
we will discuss the expected repercussions of this 
mutator phenomenon. While negative effects of 
RIP on genome evolution have been emphasized 
more recently (Galagan and Selker 2004), even 
the first paper on RIP (Selker et al., 1987) sug-
gested that potential benefits may be derived from 
accelerated sequence diversification.

In the ascomycete Ascobolus immersus and the 
basidiomycete Coprinus cinereus, de novo cytosine 
DNA methylation can occur within repeats that 
are longer than ~400 bp (Zolan and Pukkila 1986; 
Goyon and Faugeron 1989; Faugeron et al., 1990; 
Rhounim et al., 1992; Freedman and Pukkila 
1993). The timing of the methylation events is sim-
ilar to RIP, in that they occur after fertilization and 
development of specialized dikaryons but prior to 
meiosis, and has thus been referred to as ‘methyla-
tion induced premeiotically’, or MIP (Rhounim et 

al., 1992). The newly acquired, mainly CpG meth-
ylation is subsequently maintained through many 
mitoses and has been directly shown to effectively 
block recombination between methylated repeats 
(Rhounim et al., 1992; Colot et al., 1996; Goyon et 
al., 1996; Maloisel and Rossignol, 1998). Thus, in 
each sexual cycle repeat detection prior to karyo-
gamy followed by cytosine methylation (MIP) or 
by a combination of mutagenesis and subsequent 
cytosine methylation (RIP) serves to reduce the 
potentially harmful effects of mobile TEs and 
other repetitive sequences that were introduced 
during vegetative growth.

Additional RNA-directed pathways that 
silence expression from repetitive DNA and may 
thus serve as genome defence mechanisms have 
been described in filamentous fungi and have 
been recently reviewed (Li et al., 2010). Both 
RNA interference-like ‘quelling’ (Romano and 
Macino, 1992; Pickford et al., 2002; Hammond 
et al., 2008; Tinoco et al., 2010), found in the 
vegetative stage of the life cycle, and ‘meiotic 
silencing’ (Aramayo and Metzenberg, 1996; 
Shiu et al., 2001; Shiu and Metzenberg, 2002), a 
meiosis-specific phenomenon that relies on the 
presence of unpaired DNA, are able to silence 
transgenes. Both phenomena require a similar 
and minimal set of proteins that have been impli-
cated in RNA-based regulatory phenomena in 
fungi and other organisms. These include Dicer, 
Argonaute and in many – but not all – cases 
RNA-dependent RNA polymerases (Pickford et 
al., 2002; Shiu and Metzenberg, 2002; Galagan 
et al., 2003; Hammond and Keller, 2005; Ma et 
al., 2010). Additional factors have been identi-
fied by both genetic and biochemical analyses 
(Li et al., 2010). Several additional pathways 
have now been identified by which (presumably 
regulatory) small RNA species can be generated, 
at least in Neurospora (Lee et al., 2010).

Currently there is little – if any – evidence to 
suggest that small RNA generated during quelling 
or meiotic silencing have an impact on RIP, de 
novo or maintenance cytosine DNA methylation, 
or silenced chromatin states, at least in Neurospora 
(Freitag et al., 2004). This topic has not yet been 
addressed in sufficient depth in other filamentous 
fungi, however.
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Repeat-induced point mutation 
(RIP) in heterothallic and 
homothallic fungi
RIP is not restricted to Neurospora, as additional 
filamentous fungi, i.e. Podospora anserina (Graia et 
al., 2001), Magnaporthe grisea (Ikeda et al., 2002), 
Leptosphaeria maculans (Idnurm and Howlett 
2003), Gibberella zeae (Cuomo et al., 2007), and 
Nectria haematococca (Coleman et al., 2009) 
have been experimentally shown to produce the 
hallmarks of RIP, i.e. reporter gene inactivation, 
generation of RFLPs and/or cytosine methyla-
tion after a cross (Table 6.1). RIP or MIP have not 
been discovered outside of the filamentous fungi, 
which correlates with the distribution of a family 
of DNA methyltransferase-like genes that appear 
to be restricted to the filamentous fungi (see 
below). At the same time, not all filamentous fungi 
use RIP or MIP, as studies in Aspergillus nidulans 
(Selker 1990; Lee et al., 2008), Sordaria macros-
pora (Nowrousian et al., 2010) and Cochliobolus 
heterostrophus (Selker 1990) showed no evidence 
for either process.

What made the discovery of RIP in G. zeae 
especially interesting was the fact that this spe-
cies is homothallic, which has repercussions on 
the genetic diversity of mutated elements. In 
heterothallic species (e.g. N. crassa), fertilization 
between strains of two different mating types 
is required to form a heterokaryotic strain (Fig. 
6.1A). RIP occurs after fertilization but before 
karyogamy and will generate transition mutations 
only in the nucleus that carries duplicated copies 
of gene-sized segments. If a certain element is 
present in only one of the mating partners, if RIP 
is severe, and if the gene in question is recessive, 
the four meiotic products will segregate as two 

mutant and two wild-type alleles (Fig 6.1A). 
Conversely, in a homothallic species that does not 
require a partner, one would expect RIP to act on 
all copies present in the original homokaryotic 
dikaryon to generate heterokaryotic states by dif-
ferential mutagenesis of all copies (Fig. 6.1B). If 
again RIP is assumed to be severe and the gene is 
recessive, all recovered strains should be mutant. 
Thus, in the most extreme case, one would expect 
that all progeny issuing from a G. zeae cross with 
duplications in an essential or selectable gene 
should be mutated and non-viable. This is not 
observed, however, largely because RIP is hardly 
ever severe enough to affect all alleles to the point 
of complete inactivation, and segregation during 
meiosis will generate duplication strains with one 
active and one inactivated copy.

While we understand RIP as a phenomenon 
and as a tool for mutagenesis, we still lack insight 
into the mechanisms of the homology search 
and pairing mechanism, as well as the details 
of the actual mutagenesis. As biochemistry is 
difficult to carry out on the tissues in question, 
many attempts have been directed towards the 
isolation of RIP mutants in laboratory settings or 
by screening of a large library of wild-collected 
Neurospora strains. At least three wild-collected 
strains appear to be at least partially defective 
for RIP, one of those the Adiopodoumé strain 
(Noubissi et al., 2000), which also carries the only 
known active Neurospora transposon, Tad. One of 
the difficulties inherent in a mutagenesis scheme 
in the heterothallic N. crassa is the fact that most 
induced RIP mutants will be recessive and thus 
complemented by the mating partner after het-
erokaryon formation subsequent to fertilization. 
This will result in the isolation of alleles that are 

Table 6.1 Organisms in which RIP has been observed by experiment

Organism Duplications tested First reference

Neurospora crassa Many Selker et al. (1987)
Podospora anserina mat cosmid Graia et al. (2001)
Magnaporthe grisea hph Ikeda et al. (2002)
Leptosphaeria maculans hph Idnurm and Howlett (2003)
Gibberella zeae hph Cuomo et al. (2007)
Nectria haematococca hph Coleman et al. (2009)
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for the most part dominant or semi-dominant. 
Homothallic fungi do not need mating partners, 
thus a second, more utilitarian, aspect of homoth-
allism is worth noting here. In the homothallic G. 
zeae, mutagenesis should yield strains that, when 
selfed, may generate progeny in which RIP defects 
can be directly observed even when alleles are 
recessive.

Direct evidence for RIP in G. 
zeae
The homothallic G. zeae relies on disseminated 
ascospores to cause head blight of wheat, thus 
giving it ample opportunity to accumulate 
mutations caused by RIP in consecutive sexual 
cycles that are part of its natural annual life cycle. 
Sequencing of the G. zeae PH1 genome revealed a 
number of repetitive elements (e.g. Fot1fg) with 
many RIP-type transition mutations (Cuomo 
et al., 2007). Strains with two copies of the hph 
gene, encoding hygromycin phosphotransferase 
that confers resistance to hygromycin (Hyg), 
had been generated for a different study (Seong 
et al., 2005) and were selfed to experimentally 
confirm that RIP occurs (Cuomo et al., 2007). A 
high percentage (42%) of progeny had no Hyg 
resistance (HygR) when two copies of hph were 
present, while all progeny with a single copy of 
hph retained resistance. This suggested that dupli-
cated hph genes were highly unstable. The size of 
the unlinked hph duplication was above the limits 
described for RIP in Neurospora, where ectopi-
cally inserted tandem and unlinked repeats of 
>400 and 1000 base pairs (bp), respectively, can 
be efficiently detected and mutated (Selker 1990; 
Watters et al., 1999). The hph alleles from five 
Hyg-sensitive (HygS) G. zeae progeny strains were 
cloned and sequenced to determine whether loss 
of resistance could be attributed to point muta-
tions or some other cause. In the five alleles, a total 
of 348 mutations were identified, 99% of which 
were C:G to T:A transition mutations (Cuomo et 
al., 2007). In addition, these mutations primarily 
occurred in the CpA dinucleotide context, similar 
to what had been observed in N. crassa (Selker 
1990).

Deletion of G. zeae rsp1, a homologue of the 
Roundspore locus of N. crassa that has been widely 

used for studies on meiotic silencing, triggered 
abnormal ascospore development during self-
ing (Son et al., 2011). Outcrosses between the 
mutant and wild-type strains also resulted in 
ascospores with mutant phenotype. When strains 
with one additional copy of rsp1 were selfed, they 
mostly produced normal ascospores but very few 
ascospores (<1%) were abnormal. Both endog-
enous and ectopically integrated genes contained 
numerous RIP-type point mutations. This study 
showed that G. zeae has functional meiotic silenc-
ing, which is triggered by unpaired DNA as in N. 
crassa. It also showed that G. zeae RIP occurs at 
relatively low frequency.

We have since assayed for RIP in many addi-
tional G. zeae strains that were derived from 
multiple independent transformations of the 
PH1 wild type strain with a vector conferring 
hygromycin resistance (Fig. 6.2A). While many 
single-spore isolates harboured only one copy of 
the plasmid, a significant number showed tandem 
integrations or mixtures of linked and unlinked 
copies of hph by PCR or Southern analyses (data 
not shown). HygR strains were purified by single 
spore isolation, selfed on carrot agar (Pasquali 
and Kistler 2006), and the ratio of HygR to HygS 
progeny determined. In summary, we found 
variable RIP frequencies, ranging from 10% to 
39% (Table 6.2). In addition, we also examined 
many of our HygS progeny and found evidence of 
RFLPs in hph alleles after digest of genomic DNA 
with the RsaI restriction endonuclease followed 
by Southern analyses (see example in Fig. 6.2B). 
Although RIP was clearly occurring at a significant 
frequency that was much higher than observed for 
rsp1 (Son et al., 2011), it was not as frequent as in 
N. crassa where linked duplications can undergo 
RIP at frequencies between 60–95% and unlinked 
duplications show RIP frequencies of 30–50% 
(Selker, 1990; M. Freitag, unpublished data).

To prove active RIP one needs to examine 
the sequence of presumably mutated alleles and 
show presence of C:G to T:A mutations. As an 
example we show here the results from sequenc-
ing of partial mixed hph alleles from 14 progeny 
that were obtained after selfing of FMF60 (7 HygR 
and 7 HygS strains) and compared them to the hph 
alleles obtained from FMF60. We found 0 to 33 
C:G to T:A transition mutations per kilobase (Fig. 
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6.3A). We next examined the dinucleotide context 
of the C:G to T:A mutations and found that 48% 
occurred at CpAs and 47% at CpGs (Fig. 6.3B and 
Table 6.3), suggesting less CpA bias than in the 
previous study (78%; Cuomo et al., 2007) or in N. 
crassa (74%; Selker 1990, and M. Freitag, unpub-
lished data). The frequency of C to T versus G to A 
mutations is not random, suggesting that RIP acts 
processively on a single strand of each repeat copy 
at one time (Selker 1990; Watters et al., 1999). In 
further support of this hypothesis, we found one 
hph allele (XJW7–25) with 26 mutations that 
were all C to T changes on one strand, while the 
other alleles discussed here had mixtures of C:G 
to T:A transitions (data not shown).

DNA methylation of sequences 
mutated by RIP in G. zeae
We next examined progeny from selfings for 
potential RIP-induced cytosine DNA methyla-
tion. In N. crassa, DNA methylation is often – but 
not always – a consequence of RIP (Selker et 
al., 1987; Singer et al., 1995). There is an almost 
perfect correlation between AT-rich regions of 
the genome that bear the signature of RIP (high 
TpA/ApT content and low CpA content) and 
the distribution of DNA methylation (Selker et 
al., 2003; Lewis et al., 2009; Smith et al., 2011). 
DNA methylation in Neurospora is catalysed by a 
single cytosine DNA methyltransferase, DIM-2 
(Kouzminova and Selker 2001). In pioneering 
studies, Selker and colleagues showed that cyto-
sine methylation depends on histone H3 lysine 
9 trimethylation (H3K9me3) catalysed by the 
SET domain histone methyltransferase DIM-5 
(Tamaru and Selker, 2001; Tamaru et al., 2003). 
The Heterochromatin Protein 1 (HP1) binds to 
trimethylated H3K9 (Freitag et al., 2004) and 
serves as a platform for DIM-2 binding (Honda 
and Selker 2008). Just like DIM-2, DIM-5 
and HP1 are essential for DNA methylation 
in Neurospora (Kouzminova and Selker 2001; 
Tamaru and Selker 2001; Freitag et al., 2004). 
Homologues for the three proteins are present in 
all sequenced Fusarium species (Ma et al., 2010), 
F. fujikuroi (B. Tudzynski and M. Freitag, unpub-
lished data) and Nectria haematococca (Coleman 
et al., 2009), lending support to the idea that the 
DNA methylation machinery is present in these 
species. Transcript and protein levels of DIM-2, 
DIM-5, and HP1 have not been studied in detail 
in any Fusarium species, however, and there are no 
recent reports on levels of DNA methylation in G. 
zeae.

We first investigated methylation of RIP inac-
tivated hph duplications in progeny obtained 
from selfing of FMF60 by Southern analyses 
of genomic DNA that had been digested with 
5-methylcytosine sensitive (Sau3AI) and insensi-
tive (DpnII) isoschizomers (Fig. 6.4). We found 
no evidence for DNA methylation in any of the 
hph alleles that had undergone RIP. In Neurospora 
heavy RIP induces DNA methylation, while less 
severely mutated alleles remain unmethylated 
(Singer et al., 1995). The degree of RIP in the 

Figure 6.2 RIP of hph duplication in G. zeae PH1. (A) 
Generation of a duplication strain. A transformant 
(FMF69; T) was generated by ectopic transformation 
with an hph gene driven by the A. nidulans trpC 
promoter. Genomic DNA was prepared (Pomraning 
et al., 2009), digested with BglII, separated in a 1% 
agarose gel and analysed by Southern blot (Miao et 
al., 2000). Blots were probed with the hph cassette 
and three copies at most likely two insertion sites 
were detected in the transformant (T) compared to 
WT. (B) RFLPs suggest RIP. Genomic DNA of wild 
type PH1 (WT), the transformant FMF60 (T) and 11 
progeny (1 to 11) were digested with RsaI, separated 
in a 1.0% agarose gel, blotted to nylon membrane 
and probed with the hph cassette. In T only a single 
band from three hph copies is detected. In the 
progeny, numerous RFLPs, presumably caused by 
RIP, were identified.
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Table 6.2 Strains used in this study to assay RIP frequencies. In all cases the RIP frequency (RIP%) is based 
on tests for hygromycin resistance (HygR) on rich YPD medium with 50–100 µg/ml Hyg, typically in 48-well 
plates. The RIP% is calculated as the number of Hyg sensitive (HygS) colonies divided by the total number of 
strains examined. Failure to isolate HygS strains is denoted as ‘not detected’. Duplications are indicated as 
‘Dup’, followed by the name of the duplicated gene (hph) and the number of ectopic copies. Single ectopic 
integrations are labelled as ‘hphec’

Strain Genotype Assay % RIP (HygS/total) Notes

IS1 Dup(hph2ec) HygR 42% (108/256) Cuomo et al. (2007)
IN10 hphec HygR Not detected (0/256) Cuomo et al. (2007)
FMF60 Dup(hph3ec) HygR 39% (38/98) This study
KRP#7 Dup(hph4ec) HygR 32% (7/22) This study
JWT1–7 Dup(hph2ec) HygR 37% (29/79) This study
LRCX9–1 Dup(hph2ec) HygR 11% (8/72) This study
KRP#8 hphec, ∆rid::hph+ HygR Not detected (0/81) This study
KRP#9 Dup(hph2ec), ∆rid::hph+ HygR Not detected (0/47) This study
FMF96 Dup(hph2ec), ∆rid::neo+ HygR Not detected (0/128) This study
FMF97 Dup(hph2ec), ∆rid::neo+ HygR Not detected (0/116) This study
FMF98 Dup(hph2ec), ∆rid::neo+ HygR Not detected (0/173) This study

Figure 6.3 Sequence analysis of hph in progeny from a selfing of an hph duplication strain. (A) Position of 
mutations along the sequenced region of the hph duplication. DNA sequencing of seven HygS strains showed 
variable numbers of mutations. Only half of the hph duplications (~800 bp of the ~1.6 kb duplication) were 
analysed. In all but XJW7–25, the results are likely from mixed alleles, as often sequencing resulted in mixed 
nucleotide read-outs. The genomic location of the duplication was not determined and PCR amplification 
may have occurred on both alleles. In XJW7–25, all mutations were homozygous (only one nucleotide was 
detected by sequencing), suggesting that the sequence is derived from a single allele. (B) Tabulation of the 
number and dinucleotide context of the mutations found in the sequenced portion of hph alleles shown 
above. These results suggest that CpA bias is not always as strong as suggested by previous results with G. 
zeae (Cuomo et al., 2007) or in N. crassa (Selker 1990).
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alleles we tested here was relatively light, even 
in the most heavily mutated allele investigated 
(33 transitions/kb). This level of RIP is typically 
associated with de novo DNA methylation in 
Neurospora (Singer et al., 1995). Frequency of 
mutation is not the only determinant for de novo 
methylation in Neurospora, however. Studies on 
Neurospora DNA methylation signals suggest that 
AT content and enrichment for TpA dinucleo-
tides, even in short, ~230 bp fragments increases 
the likelihood of de novo methylation (Miao et 
al., 2000). The best signals for DNA methylation 

are regions enriched for TAAA or TTAA repeats 
(Tamaru and Selker 2003). In our study, the wild 
type hph gene was 60% GC, while the wild-type 
Neurospora am gene was 54% GC (Singer et al., 
1995). Even in our most heavily mutated hph 
allele, the GC content was only slightly reduced, 
from 60% to 56.5%. Based solely on their AT con-
tent and TpA enrichment, we would expect that 
our mutated hph alleles would also not be methyl-
ated in Neurospora. Further studies on the fate of 
DNA subjected to RIP in G. zeae are warranted.

Genome wide DNA methylation 
in G. zeae
The results obtained with hph alleles that were 
mutated by RIP encouraged us to examine the 
levels of genome-wide cytosine methylation 
in G. zeae. We used two methods to check for 
global cytosine methylation. First, we performed 
MeDIP-seq (Pomraning et al., 2009) on the 
sequenced PH1 reference strain to isolate regions 
of the genome enriched for 5-methylcytosine. 
This method did not reveal regions of enrich-
ment above background outside of the heavily 
repeated rDNA, suggesting little – if any – cyto-
sine methylation in this species (data not shown). 
To validate this result, we probed Southern blots 
of genomic DNA digested with the 5-methylcy-
tosine sensitive (Sau3AI) and insensitive (DpnII) 
isoschizomers with a fragment of the rDNA 
untranscribed spacer, which is typically methyl-
ated in fungi that have cytosine methylation (e.g. 
N. crassa). We found very little DNA methylation 
in these regions (Fig. 6.5), and the ethidium 
bromide-stained DNA showed no global DNA 
methylation, which would have been noticed as 
a high-molecular weight fraction in the Sau3AI 

Table 6.3 Dinucleotide context of RIP mutations in G. zeae (F. graminearum). The number of transition 
mutations in all sequenced alleles available was calculated and tabulated. Overall, CpA and CpG are by far 
the preferred contexts in G. zeae

Context CpA CpT CpG CpC Total Study

Mutations 109 10 106 3 228 This study
% 47.8 4.4 46.5 1.3
Mutations 136 0 39 0 175 Cuomo et al. (2007)
% 77.7 0 22.3 0

Figure 6.4 Mutations caused by RIP did not result 
in DNA methylation in G. zeae. Genomic DNA 
was digested with the 5-methylcytosine sensitive 
Sau3AI (S) and insensitive DpnII (D) isoschizomers, 
separated in a 1% agarose gel and analysed by 
Southern blot. Blots were probed with the hph 
cassette used for transformation. While RFLPs 
are discernible in most strains when DNA was 
digested with these enzymes (e.g. XJW7–19, -28, 
-14, -25, -27, -31), in no case did we observe 
differences in the Sau3AI- and DpnII-digested DNA, 
which suggests that RIP mutagenesis was either 
not severe enough to generate a de novo DNA 
methylation signal, or that DNA methylation is not 
a consequence of RIP in G. zeae.
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lanes (data not shown). The same was found for 
two different widely used strains, GZ3639, and a 
mating type deletion strain derived from GZ3639 
(Lee et al., 2003). Overall, our results suggest that 
there is little, or no DNA methylation in G. zeae.

We also examined the levels of two post-trans-
lational modifications of core histones that are 
markers for heterochromatic silencing, histone 

H3K9 di- and trimethylation, by ChIP in combina-
tion with high-throughput sequencing, following 
previously described protocols (Pomraning et 
al., 2009, Smith et al., 2010). To our surprise we 
found very little H3K9 methylation in the G. zeae 
genome, while a modification associated with 
transcription, H3K4me2, was found overlapping 
with promoters of active genes (L.R. Connolly, 
K.M. Smith and M. Freitag, in preparation). 
This suggests that silent ‘heterochromatin’ of the 
type previously studied in Neurospora appears 
restricted to few regions in the G. zeae genome. 
To further expore this, we constructed strains 
in which the G zeae homologues of Neurospora 
DIM-5 and HP1 have been deleted. In our analy-
ses (L.R. Connolly, K.M. Smith and M. Freitag, 
in preparation), we did not detect the obvious 
growth and developmental phenotypes that were 
previously observed in Neurospora dim-5 and hpo 
mutants (Tamaru and Selker, 2001, Freitag et al., 
2004), and that were reported recently for a G. 
zeae HP1 deletion strain (Reyes-Dominguez et 
al., 2011).

RID is essential for RIP in G. 
zeae
The molecular mechanism of RIP is still poorly 
understood, partly because it has been difficult 
to isolate RIP mutants and because biochemical 
studies on the limited amount of essentially non-
synchronized fertilized tissue is difficult to carry 
out. Important insights were gained from studies 
on homologues of DNA methyltransferases of A. 
immersus, N. crassa and A. nidulans, however. In 
Ascobolus, Rossignol and colleagues discovered a 
DNA methyltransferase-like protein they called 
Masc1 (Malagnac et al., 1997). Inactivation 
of the masc1 gene resulted in a block of sexual 
development in homozygous crosses and absence 
of MIP in heterozygous crosses, which led to 
the conclusion that masc1 may encode the DNA 
methyltransferase required for MIP (Malagnac 
et al., 1997). Maintenance of pre-existing DNA 
methylation was not affected in masc1. The 
Neurospora Masc1 homologue, RID, is essential 
for RIP as shown by homozygous crosses with rid 
alleles that had been inactivated by RIP (Freitag 
et al., 2002). In contrast to Masc1, RID is not 

Figure 6.5 Little rDNA methylation in G. zeae. 
A. RFLPs in untranscribed rDNA spacer regions 
of PH1 and Z3639. Genomic DNA from three 
different G. zeae strains (PH1; Z3639, ‘Z36’; Z3639-
deribed transformant, ‘Z-T’) was digested with 
the 5-methylcytosine-sensitive Sau3AI (S) and 
insensitive DpnII (D) isoschizomers, separated in 
a 1% agarose gel and blotted to nylon membrane. 
Blots were probed with a fragment of the rDNA 
untranscribed spacer derived by PCR of DNA 
between the large and small ribosomal subunits. 
Very little DNA methylation was detected (arrows). 
B. Comparison of rDNA methylation levels in G. zeae 
and N. crassa. Genomic DNA of G. zeae PH1 and 
N. crassa OR74A was treated as in (A). Gibberella 
(Fg) and Neurospora (Nc) samples were run on 
the same gel and blotted together, membranes 
were cut after transfer and hybridized with rDNA 
untranscribed spacer probes derived by PCR from 
Gibberella or Neurospora genomic DNA. Blots in (B) 
were stripped and re-probed with Gibberella and 
Neurospora hH3 fragments to assess complete 
digestion (data not shown).
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involved in sexual development. It is also not 
involved in DNA methylation in the vegetative 
phase. Heterozygous rid crosses showed repro-
ducibly diminished RIP frequencies, ~10–15% 
lower than those observed with wild-type alleles, 
which suggested that the rid alleles recovered were 
recessive (Freitag et al., 2002; K. R. Pomraning 
and M. Freitag, unpublished results).

These results lend support to two hypotheses 
for how RIP may cause mutations. Mutations may 
be generated by either (1) methylation of cytosine 
to 5-methylcytosine by a DNA methyltransferase, 
which is followed by enzymatic deamination to 
thymine, or (2) direct deamination of cytosine 
to uracil (Selker 1990). Both hypotheses require 
that DNA is replicated from T:G to T:A, or U:G 
to U:A to T:A before any repair of presumed mis-
matches occurs. Support for the first hypothesis 
stems from the finding that DNA methyltrans-
ferase homologues are essential for both MIP and 
RIP. Nevertheless, biochemical activity for Masc1 
and RID has not yet been shown with extracts 
or purified proteins. Curiously, a Masc1 homo-
logue from A. nidulans, DmtA, is also defective 
in sexual development (Lee et al., 2008), but this 
fungus does not use either MIP or RIP, and has 
no measurable DNA methylation in vegetative 
tissues. Support for the second hypothesis comes 
from work in bacteria where direct deamination 
of C to U has been detected as a result of DNA 
methyltransferase activity in the presence of 
low S-adenosylmethionine levels (Shen et al., 
1992; Yebra and Bhagwat, 1995; Macintyre et 
al., 2001). In summary, the requirement of DNA 
methyltransferase-like homologues for MIP in 
A. immersus (Malagnac et al., 1997) and RIP in 
N. crassa (Freitag et al., 2002) support the notion 
that DNA methylation is somehow involved in 
RIP or that the substrate goes through an import-
ant DNA methylation intermediate during RIP.

The putative DNA methyltransferase RID 
was identified by reverse genetics (Freitag et al., 
2002). Homologues of masc1 or rid genes are 
present in many ascomycete genomes and form 
a distinct group of eukaryotic DNA methyltrans-
ferases (Colot and Rossignol, 1999; Freitag et 
al., 2002; Goll and Bestor, 2005). In our recent 
studies, we disrupted the G. zeae rid homologue 
(FGSG_08648.3) by two independent methods, 

and in two independent strains derived from 
wild-type PH1, to assess RID function. In the 
first approach, transformation of strain XJW7–19 
replaced rid with a gene encoding neomycin 
phosphotransferase, which provides resistance to 
the antibiotic G418 (strain FMF96–98; Fig. 6.6). 
Strain XJW7–19 had been previously generated 
by transformation of PH1 with a vector confer-
ring resistance to hygromycin and was found to 
contain two or three copies of the hph gene. In the 
second approach, transformation of PH1 replaced 
rid with the hph gene. PCR and Southern analyses 

Figure 6.6 Deletion of the G. zeae rid homologue. 
Genomic DNA from G. zeae wild type PH1, three 
independently derived single spore isolates in 
which rid had been replaced with neo (FMF96, 
97, 98) and an independent transformant with an 
ectopic neo integration (X9–1) was digested with 
BglII, separated in a 1% agarose gel and blotted to 
nylon membrane. Blots were successively probed 
with fragments containing the whole coding regions 
of rid, neo or hph and the 5′ flank of rid. Expected 
sizes for fragments after correct replacement of 
rid with neo are shown at right. Note the small 
difference between the fragment size obtained with 
the 5′ rid flank probe (5.7 kb in wild type compared 
to 5.3 kb in replacement strains). Both the control 
strain X9–1 and the ∆rid replacement strains have 
two copies of hph. We assessed RIP frequency of 
hph in selfings of these strains (see Table 6.2).
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of single spore isolates obtained from primary 
transformants showed that rid was replaced with 
a single copy of hph (e.g. KRP#8) while in other 
transformants, a second copy of hph was inserted 
ectopically in addition to replacing rid with hph, 
(e.g. KRP#9). A third class of transformants 
showed multiple ectopic copies of hph, either by 
tandem integration at one locus or at multiple loci 
without disrupting rid (e.g. KRP#7).

All strains with rid deletions and multiple 
copies of hph (e.g. FMF96, FMF97, FMF98 and 
KRP#9) remained as fertile as the parental or 
PH1 strains. RIP, however, is abolished and all 
progeny obtained from selfings remained resist-
ant to hygromycin (Table 6.2). Neither RFLPs 
nor DNA methylation were detected in any of the 
progeny from rid selfings (data not shown). This 
suggests that the function of the RID homologue 
in G. zeae is akin to that of N. crassa rather than to 
that of A. immersus Masc1 or A. nidulans DmtA. 
Importantly, deletion of a gene that would gener-
ate a recessive mutation in Neurospora resulted 
in easily observable phenotypes in a selfing of 
mutant G. zeae strains. This experiment thus con-
stitutes a proof-of-principle study for the likely 
success of future screens or selections for recessive 
RIP mutants in G. zeae.

Recognition of RIP in 
sequenced genomes
The reference genome of N. crassa OR74A con-
tains long AT-rich tracks of inactivated TEs that 
appear to have been mutated by RIP (Galagan et 
al., 2003; Selker et al., 2003). In these predomi-
nantly pericentric and centromeric regions, and 
in dispersed AT-rich regions degenerate TEs 
carry not just RIP-type transition mutations when 
compared for example to extant Tad elements in 
the Adiopodoumé strain, but also many non-RIP 
transitions, transversions and short insertions or 
deletions (indels), presumably because the DNA 
sequence of TEs, once inactivated, will accumulate 
DNA changes at a rate similar to other non-coding 
genome sequences, i.e. ‘drift’. This makes recogni-
tion of ancient or ancestral RIP by mere sequence 
analysis exceedingly difficult.

The availability of an ever-increasing number of 
genome sequences, particularly from ascomycetes, 

will broaden our perspective of how RIP may 
have affected genome evolution. Genomic repeat 
analysis shows evidence for repetitive AT-rich 
regions in many fungal genomes, many of which 
are likely pericentric or centromeric DNA but 
have not been assembled completely or remain 
unmapped (K.M. Smith, K.R. Pomraning and 
M. Freitag, unpublished data). C to T transitions 
are the most common class of mutations in most 
organisms and would leave much repetitive DNA 
with the TpA/ApT bias observed in Neurospora 
(Selker et al., 2003). In organisms where RIP has 
been directly observed by experiment (Table 6.1) 
a bias has been found for C:T mutations in certain 
dinucleotide contexts such as the CpA context for 
N. crassa (Selker 1990), P. anserina (Graia et al., 
2001) and G. zeae (Cuomo et al., 2007). CpT is 
preferred by M. grisea (Ikeda et al., 2002), while 
L. maculans targets CpAs and CpGs at similar 
frequencies (Idnurm and Howlett 2003), as we 
have observed in our studies with G. zeae (Table 
6.3). There does not seem to be a simple rule for 
dinucleotide context, but in most organisms an 
insufficient number of mutated alleles has been 
examined. Stepwise mutation from CpG first to 
CpA then to TpA, where RIP is supposed to act 
in two successive rounds on CpG dinucleotides is 
one way to explain different dinucleotide bias in 
some species (Braumann et al., 2007; Braumann 
et al., 2008). We do not yet understand if the CpA 
bias in N. crassa and perhaps G. zeae is based on the 
enzymatic activity of RID, although this protein 
is the best candidate for this mutagenic activity. 
Alternatively, preference for CpAs may be caused 
by increased deamination at methylated CpA sites 
relative to other sites, or by lower affinity of the 
DNA repair machinery for CpAs.

Bias in certain contexts has been used to ana-
lyse repeats for evidence of directed mutation 
(i.e. RIP) in many sequenced fungal genomes. 
Results from these analyses – while they should 
be evaluated with caution – suggest that RIP has 
occurred during the evolution of many fungi, 
both species that are currently thought to be 
sexual as well as those with no known sexual stage 
(asexual) (Clutterbuck, 2010). In the absence of 
direct observation of RIP it will remain difficult, 
if not impossible, to determine whether the 
AT-rich nature of repeats was caused by past RIP, 
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spontaneous transition mutation or (most likely) 
a combination of both.

Repeated DNA in the published 
Fusarium genomes
Near complete sequences for the genomes of 
several Fusarium species are now assembled and 
publicly available, including G. zeae (F. gramine-
arum), F. oxysporum f. sp. lycopersici, F. verticillioides, 
and N. haematococca (F. solani MPVI) (Cuomo et 
al., 2007; Coleman et al., 2009; Ma et al., 2010). 
These genomes, together with an increasing 
number of sequences for additional accessions of 
these species, provide an incredible resource and 
will allow unprecedented insights into how sexu-
ality and presumably RIP affects genome content 
and organization. Some hallmarks of the presence 
or absence of continuous RIP are easily discerned. 
For example, the RIP-positive G. zeae has the 
smallest, DNA repeat-poor genome, is homothal-
lic, undergoes sexual reproduction regularly, and 
exhibits efficient premeiotic recombination. In 
stark contrast, F. oxysporum, which is asexual and 
thus presumably lacks active RIP, has a large core 
genome with the highest percentage of repeated 
DNA. The RIP-positive F. verticillioides and N. 
haematococca are intermediate in genome size 
and number of DNA repeats, heterothallic, and 
able to undergo sexual reproduction regularly 
(Selker 1990; Coleman et al., 2009). Dispensable 
or lineage-specific chromosomes observed in F. 
oxysporum f. sp. lycopersici and N. haematococca, 
but lacking in G. zeae, are also extremely enriched 
for repeated DNA when compared to the core 
genome. In most cases the spectrum of TEs is 
different from the core chromosomes and the TEs 
are only distantly related to TEs found on the core 
chromosomes (Cuomo et al., 2007; Coleman et 
al., 2009; Ma et al., 2010).

The absence of large gene families in N. crassa 
and other ascomycetes has been attributed to RIP 
(Galagan et al., 2003; Galagan and Selker 2004), 
which presumably destroys both copies of a dupli-
cated gene. However, RIP is hardly ever complete 
in each sexual cycle, and in many cases all copies 
of a gene duplication or repeated DNA segment 
will only be lightly mutated, even in selfings with 
homothallic species. Spores produced during 

early phases of the sexual cycle are less prone to 
RIP (Singer et al., 1995a), which is expected to 
allow favourable gene duplications to be selected 
for even while purifying selection may apply to 
one copy of the duplication (Fig. 6.7). Examples 
for selection of an unmutated copy of a gene while 
screening for the second, duplicated copy come 
from experiments in Neurospora (Adhvaryu and 
Selker, 2008). In this particular case a GFP-tagged 
copy of the protein phosphatase 1 gene (pp1) was 
only recoverable in the presence of an unmutated 
copy of the wild-type gene.

We and others (Coleman et al., 2009; Ma et 
al., 2010) searched for transcripts in all published 
Fusarium genomes to identify coding regions 
that appear duplicated but show >60% nucleo-
tide identity to find cases where RIP may have 
accelerated evolution. We have not found any 
obvious evidence for this scenario. In our studies 
with G. zeae we found cases in which premeiotic 
recombination appeared extremely active, often 
resulting in loss of several or (amazingly) all 
copies of the duplicated hph gene (L.R. Connolly, 
K.R. Pomraning, J.P. Whalen and M. Freitag, 
unpublished data). Thus, it seems likely that a 
gene may be duplicated and undergo one or suc-
cessive cycles of RIP, after which one (or both) 
copies would be lost. Such changes are currently 
undetectable but may become more obvious as 
high-throughput sequencing of whole genomes 
becomes more accessible so that lab-evolved iso-
lates from multiple generations can be analysed in 
detail.

RIP in nature
Evolutionary costs or benefits of RIP are still 
under debate. Analysis of genome sequences has 
uncovered AT-rich regions that are depleted of 
certain CpN dinucleotides, characteristic of RIP 
(Clutterbuck 2010), even in organisms which 
show no experimental evidence for extant RIP, 
for example A. nidulans (Lee et al., 2008) and 
Trichoderma reesei (K.R. Pomraning and M. 
Freitag, unpublished data). This suggests that 
these fungi may have had RIP at some point in the 
past but have now lost this ability, possibly caused 
by changes in the efficiency of the RIP machinery 
or the sexuality of the fungus (Clutterbuck 2010).
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In N. crassa RIP clearly functions as a genome 
defence mechanism against TEs (Kinsey et al., 
1994; Anderson et al., 2001), perhaps at the cost 
of slowing or halting evolution of new genes 
by gene duplication followed by divergence 
(Galagan et al., 2003; Galagan and Selker 2004). 
Duplication of conserved essential genes that are 
intolerant to changes in amino acid sequence is 
counteracted by RIP. This evolutionary scenario 
appears to apply to N. crassa and G. zeae, which 
both have few paralogues and very little GC-rich 
repetitive DNA (Galagan et al., 2003; Cuomo et 
al., 2007). Accordingly, both P. anserina and M. 
grisea, in which RIP has been observed to be less 
efficient, have more gene duplications that are 
intact (Dean et al., 2005; Espagne et al., 2008). 
Of course there are genomes that do not fit either 
category, as the genome of S. macrospora, which 
does not undergo RIP, is rather repeat-poor 
(Nowrousian et al., 2010). This leaves the pos-
sibility that RIP-dependent divergence of genes 
occurs quickly after duplication by creating a 

multitude of alleles that vary widely between 
unmutated and heavily mutated alleles (Fig. 
6.7). Most mutations are likely to be detrimental 
but the few that are not should be selected for in 
direct competition with sibling spores contain-
ing alternative alleles. Maintenance of a new 
beneficial allele would be difficult to select for in 
subsequent sexual cycles since most additional 
RIP mutations would likely be detrimental, thus 
making a majority of progeny less fit then the 
original parent with the new advantageous allele. 
To get around this conundrum, one copy of the 
originally duplicated gene, likely the copy that is 
not providing a selective advantage, would need 
to be lost prior to the next fertilization event. We 
have some evidence for this scenario in G. zeae, 
where high premeiotic recombination rates seem 
to be the rule, rather than the exception. On the 
whole, this scenario would allow for accelerated 
evolution by RIP without mutating a gene to the 
point where it contained multiple nonsense or 
missense codons. Clearly, detailed lab evolution 

Figure 6.7 Expected effects of RIP on genetic diversity. The cartoon is similar to Figure 6.1. After RIP has 
occurred, meiotic divisions will segregate differentially mutated alleles of gene-sized duplications into nuclei 
of ascospores. In principle, four different classes of alleles are expected. Wild-type alleles may have escaped 
RIP, even in many rounds of premeiotic DNA replication, or they may carry only synonymous mutations. 
Alleles with slightly reduced function may carry some missense mutations in conserved or non-conserved 
regions of proteins but they may not result in easily discernible phenotypes. Loss-of-function alleles result 
in obvious phenotypes, even lethality. This is the class that has been most often studied by use of reporter 
genes, such as hph. Direct gain-of-function mutations have not been observed but are difficult to find. 
Gain-of-function (i.e. increase in pathogenicity) has been observed in field studies as a consequence of 
loss-of-function of an avirulence gene in L. maculans (Fudal et al., 2009). Two important points should be 
stressed: (1) RIP is hardly ever complete, i.e. rarely are all copies of a duplication or repeated DNA segment 
mutated in all progeny, even in selfings with homothallic species. (2) All meiotic products with more than one 
functional copy of each duplication can drift or may be under selection, thus evolution of diversity should be 
accelerated by RIP-type mutator phenomena.
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studies are warranted, and the homothallic G. 
zeae seems an ideal candidate model system for 
this approach.

Of course, RIP does not discriminate 
between functions for DNA sequences, i.e. 
TEs or normally expressed endogenous genes. 
There are, however, few examples of normally 
functional genes that have been subjected to 
RIP after duplication. In Mycosphaerella gramini-
cola, a homologue of the dim-2 gene, which is 
typically present as a single copy in ascomycetes, 
appears to have been duplicated repeatedly, to 
the point where 28 identifiable copies exist in 
the sequenced genome (Dhillon et al., 2010). 
As mentioned above, in Neurospora dim-2 is the 
sole known DNA methyltransferase and essen-
tial for cytosine methylation (Kouzminova and 
Selker, 2001). In M. graminicola all extant copies 
of dim-2 bear transition mutations reminiscent 
of RIP. Not surprisingly, no DNA methylation 
has been detected in this fungus (Dhillon et al., 
2010).

Lastly, RIP can act to inactivate genes that 
are detrimental to the organism under chang-
ing environmental conditions. For example, in 
L. maculans RIP was found to be responsible 
for mutating an avirulence gene in a single year 
during field trials on disease-resistant rapeseed 
(Brassica napus), introducing nonsense codons 
within the gene, thus leading to novel virulence 
(Fudal et al., 2009). Besides the well-documented 
destruction of TEs in N. crassa, this is the first 
direct evidence of a clearly adaptive advantage of 
RIP, in this case for a plant pathogen in the field. 
While the efficiency of RIP was overall low, espe-
cially when compared to complete deletion of the 
avirulence gene aided by recombination between 
flanking retrotransposons (Fudal et al., 2009), the 
frequency would likely be sufficient for survival 
of these strains in nature. The recently published 
L. maculans genome sequence reveals that many 
effector genes are embedded in regions that may 
be heavily mutated by RIP in successive sexual 
cycles (Rouxel et al., 2011). How exactly such 
alleles fare in the long run needs to be addressed 
by laboratory and field experiments that assess 
what types of alleles may allow for selective 
sweeps in the population.
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7The Nitrogen Regulation Network and 
its Impact on Secondary Metabolism 
and Pathogenicity
Philipp Wiemann and Bettina Tudzynski

Abstract
Nitrogen is essential for fungal growth because 
it is a component of both nucleic acids and 
proteins. Fungi have two predominant mech-
anisms to incorporate ammonium into their 
metabolism: 1) the NADP-dependent, 
glutamate-dehydrogenase-catalysed reductive 
amination of 2-oxoglutarate to form glutamate; 
and 2) the ATP-dependent, glutamine synthase-
catalysed fusion of ammonium and glutamate 
to form glutamine. Beside ammonium, fungi 
can also utilize a broad variety of other nitrogen 
sources, such as nitrate, proteins, amino acids, 
uric acid, allantoin and urea. Efficient control 
mechanisms are needed to coordinate activa-
tion/repression of genes and their products that 
are involved in sensing, transporting and/or 
metabolizing nitrogen-containing substances. 
Furthermore, nitrogen availability plays a critical 
role in how fungi interact with plants as patho-
gens and endophytes. Thus, nitrogen limitation 
has been proposed to be a key signal for activat-
ing the expression of virulence-associated genes 
in plant pathogens. Additionally, quality and 
quantity of nitrogen also affects the formation 
of a broad range of secondary metabolites. These 
secondary metabolites often contribute to viru-
lence on the host of the fungus and additionally 
can bare a threat to animal and human health 
when they occur as contaminants of food and 
feed. This chapter will review the genetic basis of 
the nitrogen regulation network with the focus 
on the genus Fusarium which contains some of 
the most devastating plant pathogens.

Introduction: the nitrogen 
circuit
Nitrogen is essential for life because it is a compo-
nent of both nucleic acids and proteins. Although 
elemental nitrogen (N2) is the most abundant 
gas in the earth’s atmosphere, it can be utilized 
by organisms only after it has been reduced to 
ammonia (NH3), which exists as ammonium 
ions (NH4

+) in aqueous solutions. N2 reduction 
is catalysed by the enzyme nitrogenase, which is 
produced by a limited number of prokaryotes: 
Proteobacteria (Rhizobium spp., Azomonas 
spp. and Azotobacter spp.), Cyanobacteria and 
Actinobacteria (Frankia spp.). Fungi can acquire 
ammonium via a specific transport system in 
their cell membrane and subsequently use it in 
amino acid and nucleic acid biosynthesis. Nitrate 
(NO3

−), which can be formed from NH4
+ by some 

Proteobacteria (Nitrosomonas spp. and Nitrobacter 
spp.), is another source of inorganic nitrogen. 
Fungi also have a highly specific system to trans-
port NO3

− from the environment into hyphae. 
Once in hyphae, NO3

− is reduced to NH4
+ by the 

activities of the enzymes nitrate reductase and 
nitrite reductase (Fig. 7.1).

Fungi have two predominant mechanisms to 
incorporate ammonium into their metabolism: 
(1) the NADP-dependent, glutamate dehydro-
genase (GdhA)-catalysed reductive amination of 
2-oxoglutarate to form glutamate (Glu); and (2) 
the ATP-dependent, glutamine synthase (GS)-
catalysed fusion of NH4

+ and glutamate to form 
glutamine (Gln). Except for proline (Pro), which is 
synthesized by reduction of Glu, de novo synthesis 
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Figure 7.1 Conserved metabolic routes of nitrogen uptake, release and incorporation in amino acid 
metabolism: When possible, Fusarium proteins and GenBank accession numbers are stated, otherwise the 
F. verticillioides gene identifiers (Broad Institute) with the highest homology by BLASTX to characterized 
proteins are given in squared brackets. Metabolic routes are deduced from N. crassa (reviewed in Radford, 
2004), A. nidulans and S. cerevisiae. TCA: Tricarboxylic acid cycle. A: Purine transporters. B: Ammonium 
permeases. C: Nitrate transporters. D: Amino acid permeases. 1: Nitrate reductase, NiaD (CAA62232). 
2: Nitrite reductase, FVEG_07298.3 [NIT6 (EAA31119), NiiA (AAA33315)]. 3: NADPdependent glutamate 
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of other amino acids involves incorporation of 
the amino group(s) by the central mechanism of 
transamination (Fig. 7.1). Amino acids are then 
used as the building blocks or precursors for all 
other nitrogen-containing metabolites, including 
proteins and nucleic acids.

Fungi can also utilize a broad variety of organic 
compounds as sources of nitrogen. These com-
pounds are often the waste-products of vertebrates 
and include proteins, uric acid, allantoin and urea. 
Both uric acid and allantoin can be transported 
directly into hyphae where they are converted 
first to urea and then to NH4

+ (Fig. 7.1). Secreted 
enzymes generally break down proteins to smaller 
peptides or individual amino acids that can be 
absorbed into hyphae by peptide and amino acid 
transporters. Amino acids can be catabolized by 
either transamination to produce other amino 
acids or deamination to form NH4

+, which can 
be used to synthesize glutamate or glutamine, by 
GdhA or GS, respectively, and thereby close the 
nitrogen circuit.

It is easy to imagine that efficient control mech-
anisms are needed to coordinate activation and 
repression of the enzymatic processes introduced 
above. This Chapter will review the genetic basis 
of these mechanisms with a focus on Fusarium. 
The nitrogen metabolism network likely plays a 

critical role in how Fusarium interacts with plants 
as a pathogen and endophyte and how the fungus 
synthesizes a broad range of secondary metabo-
lites, of which some can affect plant and human 
health (see Chapters 8 and 9).

Nitrogen availability controls 
virulence factors
When Fusarium and plants encounter each other 
in the presence of sufficient nitrogen, e.g. in soil 
of fertilized fields, their relationship could be 
described as competitive, because they compete 
for the same soil nutrients in order to grow. In 
some cases, e.g. endophytic growth of some 
fusaria, the relationship might even be commen-
salistic or mutualistic, where one or both partners 
benefit from the relationship, respectively. But 
what happens when nitrogen is limited?

Nitrogen limitation has been proposed to 
be a key signal for activating the expression of 
virulence-associated genes in plant pathogens 
(reviewed in Snoeijers et al., 2000). Sufficiently 
fertilized tomato and wheat plants show a 
significant reduction of disease symptoms when 
infected with Fusarium oxysporum f. sp. lyco-
persici and Fusarium graminearum, respectively, 
compared to non-fertilized plants (López-Berges 
et al., 2010; Yang et al., 2010). Lack of nutrients 

dehydrogenase, GdhA (CAJ21196). 4: NAD+dependent glutamate dehydrogenase, GdhB (CAC27837). 5: 
glutamine synthetase, GlnA (CAC27836). 6: Glutaminase, FVEG_02650.3 [ GtaA (BAA86935) (Koibuchi et 
al., 2004)]. 7: Glutamate synthase, GltA (CAJ20840). 8: Acetylglutamate kinase / Nacetylglutamoyl phospho 
reductase, FVEG_02213.3, FVEG_11104.3 and FVEG_09768.3 [ARG6 (EAA35492)]. 9: Pyrroline5carboxylate 
reductase, FVEG_01267.3, FVEG_03747.3 and FVEG_10723.3 [Put2p (AAB68907) (Brandriss and 
Magasanik, 1979); PruA (CAA64836) (Schaap et al., 1997)]. 10: Glutamate kinase, FVEG_08231.3 [PRO4 
(EAA27994)]; Glutamoyl phospho reductase, FVEG_02844.3 [PRO3 (EAA31599)]. 11: Nacetylglutamate 
synthase, FVEG_07306.3 [ARG14 (EAA33088)]; glutamate Nacetyltransferase, FVEG_04728.3 [ARG7 
(CAD70860) (Davis, 1979)]. 12: Acetylornithine transaminase, FVEG_09656.3 [ARG5 (ARG8) (EAA34262 
(Q9P3I3)) (Pauwels et al., 2003)]. 13: Ornithine transaminase, FVEG_06950.3 [OTA (EAA27181), OtaA 
(AAB18259)]. 14: Proline oxidase, FVEG_03607.3 [PrnD (CAC18796)]. 15: Pyrroline5carboxylate reductase, 
FVEG_05327.3 [PRO1 (EAA28126), PrnC (AAF72527)]. 16: Small subunit carbomyol phosphate synthase, 
FVEG_05607.3 [ARG2 (EAA33254)]; large subunit carbomyol phospho synthase, FVEG_01344.3 [ARG3 
(EAA36214)]; ornithine carbamoyltransferase, FVEG_04951.3 [ARG12 (EAA27637)]. 17: Argininosuccinate 
synthase, FVEG_04732.3 and FVEG_11230.3 [ARG1 (EAA34740)]. 18: Argininosuccinate lyase, Arg1 
(BAB40769). 19: Arginase, FVEG_11677.3 [AGA (EAA30523), AgaA (AAB05775) (Borsuk et al., 1999)]. 
20: Urease, FVEG_00443.3 (Strope et al., 2011); urea carboxylyase, FVEG_04571.3 (Strope et al., 2011); 
urea amidolyase, FVEG_11593.3 [Dur1,2p / Dur80p (CAA85172) (Roon et al., 1972)]. 21: Mitochondrial 
aspartate aminotransferase, FVEG_11407.3 [Aat1p (CAA81946) (Morin et al., 1992)]; cytosolic aspartate 
aminotransferase, FVEG_06348.3 [Aat2p (CAA97550) (Verleur et al., 1997)]. 22: Asparaginase, FVEG_03277.3 
[Asp1p (AAB64757) (Sinclair et al., 1994) and Asp3p (AAB67684) (Kim et al., 1988)] and FVEG_01059.3. 23: 
Asparagine synthase, FVEG_02650.3 [ASN1 (EAA31713), Asn1p (CAA88594) and Asn2p (CAA97135) (Dang 
et al., 1996)] and FVEG_01066.3 [ASN2 (EAA32918)].
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is thought to induce a switch in fungal lifestyle 
from non-pathogenic to pathogenic that is medi-
ated by alterations in the transcriptome and 
proteome. In the wheat pathogen F. graminearum, 
distinct differences among several protein kinases 
and transcription factors occur upon nitrogen 
starvation (Rampitsch et al., 2010; see Chapter 
4). Studies of the plant pathogens F. oxysporum f. 
sp. lycopersici, F. graminearum and Cladosporium 
fulvum have established that several genes found to 
be induced during fungal growth in planta are also 
strongly up-regulated under conditions of nitro-
gen limitation, suggesting that nitrogen starvation 
mimics conditions experienced by fungi in planta 
(Coleman et al., 1997; Trail et al., 2003; Divon et 
al., 2005). The up-regulated genes include those 
predicted to function in ammonium, amino acid 
and peptide transport as well as in acquisition 
and metabolism of alternative nitrogen sources 
(Divon et al., 2005). There is further evidence for 
a connection between nitrogen metabolism and 
pathogenicity from the Colletotrichum acutatum 
nitrate reductase gene (nit1), which is preferen-
tially expressed under nitrogen starvation and 
during appressoria formation. Likewise, the gene 
(nir1) encoding the transcriptional activator of 
the nitrate utilization genes, is essential for appres-
sorium formation and wild-type pathogenicity 
on unwounded strawberry plants under nitrogen 
starvation conditions (Horowitz et al., 2006). The 
Colletotrichum gloeosporioides gene encoding GS 
is expressed during infection of tropical legumes, 
but its role in pathogenicity has not been demon-
strated (Stephenson et al., 1997). Inactivation of 
the argininosuccinate synthase gene resulted in 
altered host specificity of Botrytis cinerea (Patel 
et al., 2010). Similarly, deletion of the putative 
argininosuccinate lyase reduced pathogenicity of 
F. oxysporum f. sp. melonis on susceptible melon 
cultivars (Namiki et al., 2001). A forward genetic 
screen for pathogenicity factors of F. oxysporum 
f. sp. lycopersici identified the homologue of the 
Aspergillus nidulans transcription factor MeaB 
(López-Berges et al., 2009). In A. nidulans, deletion 
of meaB confers resistance to methylammonium 
indicating a role in nitrogen metabolism (Polley 
and Caddick, 1996). Interestingly, meaB in A. nid-
ulans, F. oxysporum f. sp. lycopersici and Fusarium 
fujikuroi is expressed preferentially under nitrogen 

abundance, and its deletion in F. oxysporum f. sp. 
lycopersici caused increased vascular wilt symp-
toms of tomato plants when supplemented with 
ammonium (Wong et al., 2007; López-Berges et 
al., 2010; Wagner et al., 2010). Other examples 
of pathogenicity-associated, nitrogen-regulated 
genes are the Magnaporthe oryzae hydrophobin 
(MPG1) and serine protease (SPM1) genes, and 
the C. fulvum avirulence gene Avr9 (Talbot et al., 
1993; Van den Ackerveken et al., 1994; Donofrio 
et al., 2006). Taken together, the accumulated 
data strongly argue for an immediate connection 
between the ability of phytopathogenic fungi to 
sense ambient nitrogen availability as an input 
signal and a determination of non-pathogenic or 
pathogenic lifestyle as an output pathway.

There is also evidence that the connection 
between nitrogen availability and pathogenicity 
can be mediated through production of secondary 
metabolites (e.g. mycotoxins, pigments, and phy-
tohormones) in Fusarium. The best example of 
this is production of the phytohormones gibber-
ellic acids (GAs) by F. fujikuroi. GA production is 
strongly repressed in the presence of high levels of 
nitrogen and is responsible for hyperelongation 
(bakanae disease) of rice seedlings induced by F. 
fujikuroi (Borrow et al., 1964; Bu’lock et al., 1975; 
Tudzynski et al., 1999; Wiemann et al., 2010). 
Production of the mycotoxins fumonisins by F. 
verticillioides and trichothecenes by F. gramine-
arum is repressed by high levels of at least some 
nitrogen sources (Shim and Woloshuk, 1999; 
Gardiner et al., 2009) and contributes to the 
ability of the former to cause foliar symptoms 
on maize seedlings (Williams et al., 2007; Glenn 
et al., 2008) and the latter to cause wheat head 
blight (Bai et al., 2002; Dyer et al., 2005). In add-
ition, production of the polyketides bikaverin, 
nor-bikaverin, nectriafurone, anhydrofusarubin 
lactol and 5-O-methyljavanicin is correlated with 
virulence in the cotton pathogen F. oxysporum f. 
sp. vasinfectum (Bell et al., 2003). Similarly, pro-
duction of bikaverin in F. fujikuroi and fumonisins 
in Fusarium proliferatum are also induced upon 
nitrogen starvation (Linnemannstöns et al., 2002; 
Schönig et al., 2008; Kohut et al., 2009; Wiemann 
et al., 2009), but whether these secondary metab-
olites are involved in pathogenicity remains to be 
elucidated.
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Remarkably, several of the aforementioned 
genes are targets of the same GATA-type zinc 
finger transcription factor. Orthologues of this 
transcription factor have different designations 
in different fungi, e.g. NIT2 in Neurospora crassa 
and AreA in A. nidulans. In the model fungi N. 
crassa and A. nidulans, NIT2/AreA interact with 
the nitrate pathway-specific transcription factor 
NIT4/NirA, and both the NIT2/AreA and 
NIT4/NirA are required for expression of the 
nitrate reductase gene (nit-3/niaD) (Arst and 
Cove, 1973; Tomsett and Garrett, 1980; Burger et 
al., 1991a,b; Yuan et al., 1991; Feng and Marzluf, 
1998; Muro-Pastor et al., 2004). In a variety of 
fungi, mutation of nit-2/areA homologues, the 
gene encoding NIT2/AreA, affects both second-
ary metabolite synthesis and pathogenicity. For 
example, production of the secondary metabolites 
gibberellins and fumonisins is negatively affected 
in areA mutants of F. fujikuroi and F. verticillioides 
respectively (Tudzynski et al., 1999; Kim and 
Woloshuk, 2008). With respect to pathogenicity, 
deletion of the nit-2/areA homologue, Nfr1, in 
the tomato pathogen Cladosporium fulvum, results 
in down-regulation of the avirulence gene Avr9 
(Pérez-García et al., 2001). Deletion of the nit-2/
areA homologues in F. oxysporum f. sp. lycoper-
sici (Fnr1), C. fulvum (Nfr1) and Colletotrichum 
lindemuthianum (CLNR1) results in attenuated 
pathogenicity on their respective host plants 
(Divon et al., 2006; Pérez-García et al., 2001; 
Pellier et al., 2003; López-Berges et al., 2010). 
Furthermore, the gene encoding the pathogenic-
ity factor MeaB was affected in expression in areA 
loss-of-function mutants in F. fujikuroi, F. oxyspo-
rum f. sp. lycopersici and A. nidulans (López-Berges 
et al., 2010; Schönig et al., 2008; Wagner et al., 
2010). Surprisingly, the nit-2/areA homologue, 
NUT1, in Magnaporthe grisea (now M. oryzae) 
is dispensable for pathogenicity on rice even 
though it is required for wild-type expression of 
the hydrophobin-encoding gene MPG1, which 
is required for pathogenicity, and the nitrate 
reductase-encoding gene NIAD during nitrogen 
starvation (Froeliger and Carpenter, 1996; Lau 
and Hamer, 1996; Soanes et al., 2002). Because 
of NIT2/AreA-mediated effects on expression of 
genes encoding virulence factors and on virulence 
itself in multiple plant pathogenic fungi, a more 

thorough review of this GATA-type transcription 
factor is warranted.

A GATA-type transcription 
factor controls many nitrogen-
related metabolic processes
Filamentous fungi can readily utilize the inorganic 
nitrogen source NO3

− but preferentially use ener-
getically more favoured nitrogen sources such as 
NH4

+ and Gln when they are available. In order 
to be utilized, NO3

− has to be transported into the 
cell and converted, via the nitrate–nitrite reduc-
tase system, to NH4

+, which can then enter into 
the nitrogen circuit via GdhA and GS as described 
above. The genes involved in NO3

− uptake and its 
reduction have been identified in several fungi. 
N. crassa has only one nitrate transporter, NIT10 
(Gao-Rubinelli and Marzluf, 2004), whereas A. 
nidulans has two, NrtA (CrnA) and NrtB (Unkles 
et al., 1991, 2001, Wang et al., 2008). Analysis of 
the F. graminearum/F. oxysporum/F. verticillioides 
genome sequence database (Ma et al., 2010) 
identified only one putative nitrate transporter 
per genome. Genes encoding homologues of the 
N. crassa and A. nidulans nitrate reductases NIT3/
NiaD (Fu and Marzluf, 1987a; Maladier et al., 
1989) have also been characterized in F. fujikuroi 
and F. oxysporum (Diolez et al., 1993; Tudzynski et 
al., 1996; de Queiroz et al., 1998; Fujii and Takaya, 
2008). A homologue of the N. crassa and A. nidu-
lans nitrite reductase NIT6/NiiA (Exley et al., 
1993; Johnston et al., 1990) was characterized in 
F. oxysporum (Kobayashi and Shoun, 1995). The 
genes encoding CrnA, NiiA and NiaD are located 
adjacent to each other in A. nidulans, whereas the 
homologues of these genes are at different loci in 
N. crassa and Fusarium ( Johnstone et al., 1990; 
Slot and Hibbert, 2007).

Because the process of NO3
− reduction to 

NH4
+ is energy consuming and the product of the 

nitrate reductase, nitrite (NO2
−), is toxic, it seems 

reasonable to assume that the expression of genes 
involved in these processes would be highly coor-
dinated. Early biochemical studies in N. crassa and 
A. nidulans showed that nitrate reductase activ-
ity is induced by NO3

− and repressed by NH4
+ 

(Kinsky, 1961; Cove, 1966). Random genome 
mutagenesis led to the identification of numerous 
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genes that function during reduction of nitrate to 
NH4

+ in N. crassa and A. nidulans (Perkins, 1959; 
Cove and Pateman, 1963; Sorger and Giles, 1965). 
Growth and biochemical analyses revealed that 
one gene (nit-3/niaD) encodes nitrate reductase, 
another (nit-6/niiA) encodes nitrite reductase, 
five genes (nit-1/cnxABC, nit-7/cnxE, nit8/cnxF, 
nit-9/cnxG and cnxH) are involved in assembling 
the molybdenum-containing cofactor (MoCo) 
required for the nitrate reductase, and two genes 
(nit-4/nirA formerly nit-5/niiB, and nit-2/areA) 
encode transcriptional regulators (Pateman et al., 
1967; Arst and Cove, 1973; Coddington, 1976; 
Garrett and Cove, 1976; Tomsett and Garrett, 
1980, Unkles et al., 1991; 2001, Gao-Rubinelli 
and Marzluf, 2003). Mutagenesis of Fusarium led 
to identification of homologues of all but nit-6/
niiA and nit-2/areA (Klittich and Leslie, 1988; 
Daboussi et al., 1991; Liu and Sundheim, 1996). 
However, homologues of nit-2/areA have since 
been identified in multiple fusaria such as F. fuji-
kuroi (Tudzynski et al., 1999) and F. verticillioides 
(Kim and Woloshuk, 2008).

With the establishment of molecular genetic 
techniques, it was possible to clone and charac-
terize the nit-2 and areA genes in N. crassa and 
A. nidulans respectively (Caddick et al., 1986; Fu 
and Marzluf, 1987b). Subsequent cross-genus 
complementation showed that nit-2 and areA are 
functional orthologues (Davis and Hynes, 1987). 
Analyses of the predicted amino acid sequences 
of NIT2 and AreA revealed a high homology 
of the C-terminus to mammalian trans-acting 
regulators of the GATA-type zinc finger transcrip-
tion factor family known to bind DNA (Fu and 
Marzluf, 1990a; Fu and Marzluf, 1990b; Kudla et 
al., 1990). GATA-type transcription factors occur 
in fungi, metazoans and plants, where the DNA-
binding domain consists of four cysteine (Cys, C) 
residues that coordinate one zinc atom (reviewed 
in Scazzocchio, 2000). In N. crassa and A. nidulans, 
NIT2/AreA binds preferentially to at least two 
5′HGATAR DNA motifs located within 30 bp of 
each other (Feng et al., 1993; Chiang and Marzluf, 
1994; Ravagnani et al., 1997). The N-terminal 
region of the NIT2/AreA-encoding sequence is 
highly variable and is dispensable for function in 
A. nidulans (Caddick et al., 1998). The significant 
sequence identity shared by nit-2 and areA has 

facilitated the identification of orthologous genes 
in other Ascomycetes, including Fusarium (areA, 
Fnr1 and nnu) (Dickmann and Leslie, 1992; 
Tudzynski et al., 1999; Divon et al., 2006; Kim 
and Woloshuk, 2008), Penicillium (nre) (Haas et 
al., 1995), Magnaporthe (NUT1) (Froeliger and 
Carpenter, 1996), Metarhizium (nrr1) (Screen et 
al., 1998), Cladosporium (Nrf1) (Pérez-García et 
al., 2001), Colletotrichum (CLMR1) (Pellier et al., 
2003) and Microsporium (dnr1) (Yamada et al., 
2006). So far, the ability of Fusarium AreA to bind 
to two adjacent GATA motifs has been demon-
strated experimentally only in F. fujikuroi (Mihlan 
et al., 2003).

In contrast to filamentous Ascomycetes, 
regulation of nitrogen utilization in Saccharomyces 
cerevisiae involves four GATA-type transcription 
factors: Gln3, Gat1, Dal80 and Gzf3. In response 
to limitation of NH4

+ or Gln, Gln3 and Gat1 (= 
Nil1) are responsible for activation of genes that 
allow utilization of energetically less favoured 
nitrogen sources like NO3

−. Both proteins show 
homology to NIT2/AreA homologues from fila-
mentous fungi. In the presence of NH4

+ or Gln, 
two other GATA-type transcription factors, Dal80 
(= Uga43) and Gzf3 (= Nil2 and Deh1) repress 
the same set of genes, most likely by binding to 
the same 5′GATA motifs and thereby preventing 
binding of Gln3 and Gat1 (reviewed in Magasanik 
and Kaiser, 2002; Fig. 7.2).

Nitrate utilization
The role of NIT2/AreA and NIT4/NirA in the 
nitrate assimilation pathway is understood best 
in N. crassa and A. nidulans. In both fungi, NO3

− 
utilization requires the presence of NIT2/AreA 
as well as NIT4/NirA, a Zn(II)2Cys6 binuclear, or 
C6 zinc, cluster transcription factor (Burger et al., 
1991b; Yuan et al., 1991). NIT2/AreA is induced 
by absence of favoured nitrogen sources such 
as NH4

+ or Gln (Pateman et al., 1967; Arst and 
Cove, 1973; Coddington, 1976) whereas NIT4/
NirA is induced by NO3

− (Sorger and Giles, 1965; 
Pateman and Cove, 1967; Hurlburt and Garrett, 
1988). The gene coding for NIT4/NirA was 
cloned in N. crassa and A. nidulans (Burger et al., 
1991a; Yuan et al., 1991) and complementation 
of a F. oxysporum nitrate non-utilizing mutant 
with the A. nidulans nirA suggests the presence 
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of a functional NirA homologue in Fusarium 
(Daboussi et al, 1991). (Burger et al., 1991b; Yuan 
et al., 1991). Most C6 zinc cluster transcription 
factors bind to palindromic or repetitive DNA 
sequences (Schjerling and Holmberg, 1998). In 
A. nidulans, NirA binds as a homodimer to the 
motif 5′CTCCGHGG in the bidirectional pro-
moter region of niiA and niaD (Punt et al., 1995; 
Strauss et al., 1998). Apart from NO3

− as a signal 
that causes retention of NirA in the nucleus by 
disrupting its association with the nuclear export 
protein KapK (Bernreiter et al., 2007), DNA 
binding by NirA also requires AreA (Narendja 
et al., 2002; Muro-Pastor et al., 2004; Berger et 
al., 2006). Although AreA is involved in histone 
H3 acetylation leading to loss of positioned 
nucleosomes, NirA alone is able to compensate 
for AreA-dependent chromatin remodelling in 
an areA loss-of-function mutant when nrtA and 
nirA are constitutively expressed thus resulting 
in the ability to utilize NO3

− (Narendja et al., 
2002, Berger et al., 2006, Berger et al., 2008). 
Astonishingly, the original observation of NirA 
acting independently of AreA to induce nitrate 
and nitrite reductase activities was made almost 
30 years ago (Rand and Arst, 1978).

In Fusarium, expression of niaD is repressed by 
Gln and induced by NO3

− in an AreA-dependent 
manner (Tudzynski et al., 1999, Divon et al., 
2006; Schönig et al., 2008) such that areA mutants 
exhibit severe growth defects when NO3

− and 
NO2

− are the sole nitrogen source (Kim and 
Woloshuk, 2008; Divon et al., 2006; Teichert et al., 
2006; López-Berges et al., 2010). The observation 
that a nirA homologue exists in F. oxysporum indi-
cates that nitrate metabolism is also co-regulated 
by NirA and AreA in Fusarium (Daboussi et al., 
1991; Fig. 7.2C). Whether the regulatory mech-
anisms that control nitrate utilization in Fusarium 
are similar to those that exist in A. nidulans awaits 
further elucidation.

Involvement in purine utilization
The utilization of other non-preferred nitrogen 
sources related to the degradation products of 
purine nucleotides (e.g. hypoxanthine, xanthine, 
uric acid, allantoin, allantoate and urea) is often 
under the control of a similar system requiring 
substrate-inducing conditions and absence of the 

preferred nitrogen sources NH4
+ or Gln. Seminal 

work in A. nidulans on the genetics, biochemistry 
and regulation of purine utilization revealed that 
the C6 zinc cluster transcription factor UaY medi-
ates induction by uric acid (Suárez et al., 1995) 
in conjunction with AreA in order to allow maxi-
mum gene transcription (reviewed in Scazzocchio, 
1994). Briefly, azgA, uapA, uapC code for hypox-
anthine, xanthine and uric acid transporters 
respectively (Gorfinkiel et al., 1993; Diallinas 
et al., 1995; Cecchetto et al., 2004). After move-
ment into the cell, these materials are degraded 
to allantoin by HxA, the MoCo-dependent 
xanthine oxidase (Glatigny and Scazzocchio, 
1995), HxB, the MoCo-activator (Sealy-Lewis 
et al., 1978; Amrani et al., 1999), XanA, the 
MoCo-independent xanthine oxidase (Cultrone 
et al., 2005, 2007) and UaZ, the urate oxidase (or 
uricase) (Oestreicher and Scazzocchio, 1993). 
UapC is induced and localized in the plasma 
membrane in response to its substrate uric acid, 
and it is repressed and internalized in response 
to NH4

+ and Gln, all of which are dependent 
on UaY and AreA (Valdez-Taubas et al., 2000, 
2004). However, UaY and AreA-independent 
expression of the UapC-encoding gene uapC was 
observed during conidiospore germination in A. 
nidulans, suggesting that additional regulatory 
mechanisms are involved (Amillis et al., 2004). In 
N. crassa, abundance and activity of uricase is also 
repressed by NH4NO3 but exhibits a basal level 
of activity even under nitrogen starvation (Nahm 
and Marzluf, 1987). NIT2 was shown to bind to 
double GATA motifs in the promoter region of 
alc-1, the gene encoding allantoin oxidase and 
that is also repressed by Gln (Lee et al., 1990a,b). 
Interestingly, the gene encoding urease, which 
catalyses the last step of the purine salvage path-
way resulting in free NH4

+ ions, seems not to be 
regulated by NIT2 and nitrogen availability in N. 
crassa (Reinert and Marzluf, 1975) (Fig. 7.1). In 
A. nidulans, urease (UreB) activity is reduced by 
NH4

+ and Gln (Mackay and Pateman, 1982), but 
whether AreA or UaY are involved in the regula-
tion is not clear. The growth reduction observed 
in areA loss-of-function mutants on urea as the 
sole nitrogen source (Pellier et al., 2003) could be 
explained by the dependency of ureA, coding for 
the high-affinity urea transporter, on AreA (Abreu 
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Figure 7.2 Model of key components of the nitrogen regulation network in Fusarium fujikuroi and F. oxysporum 
f. sp. lycopersici under different nitrogen regimes: A: Under nitrogen starvation the intracellular Gln level is 
low (white square). TOR is inactive which leads to a reduced cell cycle. The limited Gln concentration is 
putatively sensed by the active GS which putatively transduces this signal by interaction with other factors. 
AreA is active represses meaBL and induces expression of a variety of genes including nmr, glnA and mepB. 
Nmr interacts with AreA thereby putatively modifying its activity. AreA leads to transcriptional activation of 
virulence factors (e.g. gibberellin (GA) genes). MepB is highly abundant and functions as a putative sensor 
that transduces signals from the environment by putative protein/protein interactions. B: Under Gln excess, 
specific amino acid permeases (Aaps) and the general amino acid permease (Gap) facilitate transport into 
the cell. The intracellular Gln level is high (black square). TOR is active resulting in activation of the cell 
cycle and a reduction of virulence. The high Gln concentration is putatively sensed by the GS and other 
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Table 7.1 Growth of nit-2/areA deletion mutants of various ascomycetes compared with the corresponding 
wild type on different nitrogen sources

N. crassaa A. nidulansb F. fujikuroic F. graminearumd F. oxysporume F. verticillioidesf

Adenine – –
Alanine +/– –
Ammonium + + – – – +/–
Arginine + – + +/–
Asparagine – +/–
Aspartate +/– – –
Citrulline + +/–
Glutamate – – – + –
Glutamine + + + + + +
Glycine –
Histidine – – –
Hypoxanthine – – –
Nitrate – – – – – –
Nitrite – – – –
Ornithine – – –
Phenylalanine – – – –
Proline – – +/– +
Serine – – –
Threonine – –
Tryptophan – –
Urea +/– +/– +
Uric acid – – –
Valine – – –

+, Wild-type-like growth; +/–, restricted growth; –, no growth.
aReinert and Marzluf (1975), Coddington (1976), Facklam and Marzluf (1997).
bArst and Cove (1973), Pellier et al. (2003).
cTudzynski et al. (1999), Wagner et al. (2010); our unpublished data
dDickman and Leslie (1992).
eDivon et al. (2006), López-Berges et al. (2010).
fKim and Woloshuk (2008).

sensors and results in low areA mRNA levels. The absence of an active AreA leads to reduced GA (and 
fumonisin) gene expression and induction of meaBL expression. MeaBL itself is involved in repression of 
bikaverin (BIK) gene expression and virulence. C: Under NO3

− excess, the nitrate transporter NrtA provides 
NO3

− influx into the cell. The high NO3
− concentration is sensed by so far unidentified sensors that transduce 

this signal resulting in nirA and areA expression. NirA and AreA activate expression of genes essential 
for NO3

− reduction to NH4+ (e.g. niaD, niiA) as well as nmr. As the level of Nmr protein increases AreA is 
putatively modulated by direct interaction. Additionally, AreA activates virulence genes, e.g. GA genes. NiaD 
and NiiA convert NO3

− into NH4+ which is finally incorporated into Gln by the GS, building up an increasing 
intracellular Gln level (black and white square). This intracellular level perceived and leads to activation of 
TOR resulting in cell cycle activation and repression of virulence. Furthermore, increasing Gln concentration 
might be sensed by the GS which directly or indirectly inactivates AreA activity.
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et al., 2010). The slight reduction in intracellular 
Glu levels in areA loss-of-function mutants grown 
with urea compared to the wild type (Berger et al., 
2008) does not support the hypothesis that AreA 
is responsible for UreA and UreB activity.

In F. oxysporum f. sp. lycopersici the uricase-
encoding homologue to uaZ was induced under 
nitrogen starvation conditions in an AreA-
dependent manner (Divon et al., 2005; Divon 
et al., 2006). Additionally, the expression of two 
distinct homologues of hxA in F. fujikuroi (xdh1 
and xdh2) and a gene (ncs1) with homology 
to putative allantoin transporters were induced 
under nitrogen starvation and were AreA depend-
ent (Schönig et al., 2008). Recent phylogenetic 
analyses of four sequenced Fusarium species 
revealed the existence of two putative urease 
encoding genes. Genes putatively encoding 
enzymes for another salvage pathway of urea (urea 
carboxylase and urea amidolyase) are present 
in the genus Fusarium (Strope et al., 2011) (Fig. 
7.1). Since N. crassa and A. nidulans have only one 
urease-encoding gene, to utilize urea as the sole 
nitrogen source (Strope et al., 2011), this could 
account for the observed growth differences on 
urea of the respective nit-2/areA mutants when 
compared to Fusarium areA mutants (Table 7.1). 
So far, no specific C6 zinc cluster transcription 
factor homologous to the A. nidulans UaY has 
been characterized in Fusarium, which in addition 
to AreA, might be involved in regulation of purine 
salvage pathways. Initial investigations on urease, 
urea carboxylase and urea amidolyase regulation 
should be expanded, as these enzymes catalyse 
crucial step(s) in NH4

+ acquisition from urea 
derived from purines or degradation of arginine 
(Arg), aspartate (Asp), Pro, Glu and asparagine 
(Asn) (Fig. 7.1).

Involvement in amino acid 
metabolism
Although areA loss-of-function mutants of A. 
nidulans, N. crassa as well as various Fusarium spe-
cies have severe growth defects on multiple amino 
acids (see Table 7.1 and references therein), the 
involvement of AreA at a molecular level has 
been investigated best for proline utilization in A. 
nidulans. Here, five clustered genes are involved in 
proline catabolism (Hull et al., 1989). The gene 

prnA encodes a C6 zinc cluster transcription factor 
that binds to 5′CCGG repeats in the bidirectional 
promoter of prnB and prnC (Gómez et al., 2002). 
The genes prnB, prnD and prnC encode a proline 
transporter, a proline oxidase and a pyrroline-
5-carboxylate reductase, respectively ( Jones et 
al., 1981; Sophianopoulou and Scazziocchio, 
1989). Expression of all genes requires proline 
and a functional PrnA protein (Sharma and Arst, 
1985). Repression of prnB occurs under nitrogen 
and carbon sufficiency mediated by the absence 
of AreA and the presence of CreA, a Cys2/His2 
zinc finger transcription factor, respectively (Arst 
and Cove, 1973; Arst et al., 1980; Gómez et al., 
2003), whereas subsequent repression of prnC 
and prnD is due to exclusion of the inducer Pro 
resulting from down-regulation of the permease 
encoding gene prnB (Cubero et al., 2000). 
Furthermore, chromatin remodelling is involved 
in induction and repression of prnB (García et 
al., 2004; Reyes-Dominguez et al., 2008). A link 
between the metabolic pathways of Pro, Arg and 
Glu is represented by the ornithine transaminase 
that catalyses the conversion between ornithine 
and glutamate-5-semialdehyde. In this metabolic 
route, Arg can be converted to Pro and Glu. 
In A. nidulans a similar involvement of AreA 
in regulation of otaA, coding for the ornithine 
transaminase, as seen in prnB gene expression 
under carbon repressing and nitrogen inducing 
conditions, is suggested (Dzikowska et al., 1999).

In F. fujikuroi, a putative prnD homologue was 
repressed in the areA deletion mutant compared 
to the wild type under nitrogen starvation in the 
presence of glucose, indicating that AreA also 
plays a role in proline metabolism in Fusarium 
(Schönig et al., 2008). Apart from the highly 
complex effects of AreA on Pro and Arg catabo-
lism in A. nidulans, an intriguing observation 
can be made, when comparing growth tests on 
different amino acids as sole nitrogen sources 
(see Table 7.1 and references therein). The major 
growth defect on several amino acids in Fusarium 
spp. could be explained by data obtained from 
microarray results comparing wild type and areA 
deletion mutants in F. oxysporum f. sp. lycopersici 
and F. fujikuroi that identified several amino acid 
and peptide transporters as well as all three NH4

+ 
permeases as AreA target genes (Divon et al., 
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2006; Teichert et al., 2008; Schönig et al., 2008). 
The observation that all areA mutants show wild-
type-like growth on Gln indicate that anabolism 
of all other amino acids from Gln and Gln uptake 
into the cells is functional. In contrast, growth on 
other nitrogen sources is strongly impaired. What 
is so unique about Gln compared to the other 
amino acids? One answer to this question is that 
there is only one enzyme, GS, to synthesize Gln 
from Glu and free NH4

+ in an ATP-dependent 
reaction. All other amino acids can be derived 
from their respective α-keto acid by transamina-
tion from Glu or Gln. As there is strong growth 
impairment of F. fujikuroi and F. oxysporum areA 
mutants on Glu (see Table 7.1 and references 
therein), there are three possible explanations: 
(1) Glu cannot be transported into cells, (2) GS 
is inactive and/or (3) there are no free NH4

+ ions 
available as substrate for GS. Results obtained in 
F. fujikuroi showing that the GS-encoding gene 
glnA is a target gene of AreA support our second 
hypothesis. However, transcriptional levels of 
glnA are not fully repressed in the areA deletion 
mutant, indicating an effect of AreA on glnA 
translation and\or post-translational activation 
of the GS (Teichert et al., 2004; Teichert et al., 
2006; Schönig et al., 2008). In the basidiomycete 
Agaricus bisporus, a post-translational modifica-
tion of the GS is suggested, as enzyme activity 
does not correlate with mRNA levels upon Gln or 
NH4

+ addition (Kersten et al., 1997). The involve-
ment of NIT2/AreA homologue in this process is 
unknown. In A. nidulans, elegant work measuring 
the intracellular Gln level in an areA loss-of-func-
tion mutant also indicates impairment of the GS, 
as the Gln level is drastically reduced (Berger et 
al., 2008).

In N. crassa, the transcription factor CPC1 is a 
central component mediating the transcriptional 
up-regulation of genes involved in amino acid 
metabolism under conditions of amino acid imbal-
ance (Carsiotis and Jones, 1974; Barthelmess and 
Kolanus, 1990; Tian et al., 2007). In F. fujikuroi, 
the cpc1 homologue is up-regulated when amino 
acids are imbalanced (i.e. inhibition or deletion of 
GS) but is down-regulated under nitrogen starva-
tion (Teichert et al., 2004; Schönig et al., 2009). 
Furthermore, expression of several genes involved 
in amino acid metabolism are dependent on cpc1 

transcription indicating that it has similar func-
tions as CPC1 in N. crassa (Schönig et al., 2009). 
Remarkably, under nitrogen starvation condi-
tions, cpc1, but none of the Cpc1 target genes, is 
highly over-expressed in the areA deletion mutant 
in F. fujikuroi (Schönig et al., 2008, 2009). This 
suggests that amino acid imbalance occurs in the 
areA deletion mutant (as discussed above), and 
that a functional AreA is required for induction of 
expression of Cpc1-target genes. Interestingly, in 
A. nidulans, a binding sequence motif for CPC1 
is present in the prnB promoter that is also regu-
lated by AreA (Tazebay et al., 1997). Elucidating 
the mechanisms by which AreA is interconnected 
with Cpc1 and GS will lead to a major advance 
in understanding the role of AreA in amino acid 
metabolism.

Involvement in secondary 
metabolism
A characteristic feature of many fungi is their 
ability to produce secondary metabolites, small 
molecules that are not absolutely required for 
growth (reviewed in Keller et al., 2005). The 
products of secondary metabolism in Fusarium 
are diverse and can contribute to virulence on 
host plants. F. fujikuroi is known for its ability to 
produce gibberellins, a group of diterpenoid plant 
hormones (reviewed in Bömke and Tudzynski, 
2009) that significantly contribute to virulence 
during plant infection (Carter et al., 2008; Karov 
et al., 2009; Wiemann et al., 2010). The growth-
promoting function of gibberellins has been 
exploited extensively by agri- and horticulture 
biotechnology industries (Rademacher, 1997). 
Fermentation of F. fujikuroi for gibberellin pro-
duction delivers highest yields under nitrogen 
limiting conditions (Borrow et al., 1964; Bu’lock 
et al., 1975). Remarkably, the GATA-type tran-
scription factor AreA is essential for gibberellin 
production under nitrogen starvation (Tudzynski 
et al., 1999; Mihlan et al., 2003). These findings 
are unusual, as most AreA-dependent genes are 
involved in nitrogen utilization and gibberellins 
cannot serve as nitrogen source for the fungus. 
In F. verticillioides, fumonisin production is also 
dependent on AreA under nitrogen limiting 
conditions (Shim and Woloshuk, 1999; Kim and 
Woloshuk, 2008) although the direct promotion 
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of fumonisin cluster genes transcription by AreA 
has not yet been demonstrated. In P. chrysogenum, 
penicillin production is repressed under nitrogen 
excessive conditions (Kolar et al., 1991; Feng et 
al., 1994). Although the AreA homologue NRE is 
able to bind to promoter regions of the penicillin 
biosynthetic genes (Haas and Marzluf, 1995), the 
direct involvement of the GATA-type transcrip-
tion factor in penicillin production remains to be 
proven experimentally.

Surprisingly, when NO3
− is present in high 

concentrations as the only nitrogen source, 
gibberellin biosynthetic gene repression is not 
abrogated, although AreA must be functional in 
order to utilize NO3

− (Wiemann et al., 2010). 
These data suggest that (1) an essential co-
activator is missing, (2) different conformations 
of AreA can have distinct functions and/or (3) a 
repressing element circumvents AreA binding to 
gibberellin gene promoters. Astonishingly, gene 
expression and concomitant production of the 
red polyketide pigment bikaverin is also induced 
under nitrogen starvation conditions, but inde-
pendently of AreA (Wiemann et al., 2009). Taken 
together, these findings substantiate the hypoth-
esis that nitrogen response regulatory elements 
in addition to AreA are involved in regulation of 
secondary metabolism in Fusarium.

Regulation of NIT2/AreA 
in response to nitrogen 
conditions
Now that the gene targets that respond to nitro-
gen quality and quantity in dependence of NIT2/
AreA have been defined, an important question 
is: how is NIT2/AreA activity itself regulated? 
The diversity of NIT2/AreA dependent out-put 
pathways mentioned before already suggests that 
this regulation is complex, as active forms of the 
transcriptional activator must be present under 
different conditions including the complete 
absence of nitrogen as well as the presence of 
specific nitrogen sources. General modulation of 
activity can be achieved by several mechanisms 
including, transcriptional control, transcript 
stability, post-translational modification, protein 
allocation and protein–protein interaction.

Transcriptional control and mRNA/
protein stability
In A nidulans, strong transcriptional induction of 
several distinct transcripts of areA under nitrogen 
starvation conditions is partially dependent on 
autogenous activation (Langdon et al., 1995). 
Recent studies show that areA transcription is 
induced by NO3

− and is inversely correlated with 
intracellular Gln levels (Schinko et al., 2010). In N. 
crassa, a similar but far less pronounced induction 
of transcription of the areA homologue nit-2 is 
not autogenously controlled by its product under 
nitrogen starvation conditions (Fu and Marzluf, 
1987b). In F. fujikuroi three distinct areA tran-
scripts are present under nitrogen starvation and 
NO3

− abundant conditions, but like in A. nidulans, 
the distinct transcripts cannot be detected under 
nitrogen repressive conditions (Wiemann et al., 
2010). When NO3

− is present as the sole nitrogen 
source, induction of areA transcription also occurs 
in F. oxysporum f. sp. lycopersici (López-Berges et 
al., 2010). Whether areA in Fusarium is subject to 
autogenous activation is so far unknown. Other 
essential questions to be answered are (1) How 
can the fungi differentiate between the differ-
ent nitrogen sources (e.g. expression of areA is 
induced with NO3

− and repressed by Gln)? (2) 
What mediates repression under Gln conditions; 
(3) How can the fungi sense the availability of 
nitrogen or the complete absence of a nitrogen 
source, and (4) How are these different signals 
correctly coordinated?

In A. nidulans, areA transcript stability is 
dependent on Gln and NH4

+ availability and is 
mediated by the 3′ untranslated region (3′UTR) 
(Platt et al., 1996; Morozov et al., 2000). 
Interestingly, Gln-mediated areA degradation is 
dependent on a functional AreA product, while, 
in contrast, NH4

+-mediated degradation occurs 
independently of AreA (Morozov et al., 2001). In 
both N. crassa and F. fujikuroi, transcripts of areA 
seems to be stable under NO3

− and Gln conditions 
over time (Tao and Marzluf, 1999; Tudzynski et 
al., 1999). In F. fujikuroi, transcription of niaD is 
undetectable upon Gln addition, despite a stable 
areA transcript (Tudzynski et al., 1999), indicat-
ing either a direct destabilizing effect of Gln on 
the niaD transcript or an indirect effect mediated 
by a post-translationally modified AreA protein in 
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response to Gln (Fig. 7.2C). In A. nidulans, niaD 
transcript is destabilized by deadenylation follow-
ing addition of Gln, but whether this is dependent 
on areA destabilization itself or a modified AreA 
protein remains to be determined (Caddick et al., 
2006). In N. crassa and A. nidulans, stability of the 
NIT2/AreA protein appears to be unaffected by 
addition of Gln and NH4

+, suggesting another 
level of regulation of NIT2/AreA activity on 
output pathways (Tao and Marzluf, 1999; Todd 
et al., 2005). Whether protein stability of AreA is 
effected under different nitrogen conditions is a 
question still to be answered for Fusarium.

Modulation of NIT2/AreA by NMR1/
NmrA
In N. crassa, mutants, referred to as MS5, were 
identified that exhibit an increased nitrate reduc-
tase activity under repressing conditions mediated 
by NH4

+, Gln and Glu (Premakumar et al., 1980). 
NO3

− and NO2
− induction is still needed for 

nitrate and nitrite reductase activity, and although 
repression by NH4

+, Gln and Glu still occurs, the 
repression is alleviated and NIT3 was present in 
higher concentrations, suggesting that the muta-
tion acts post-translationally rather than on the 
level of transcription (Dunn-Coleman, et al., 
1981; Tomsett et al., 1981). Complementation 
and subsequent sequence analyses revealed that 
two independent MS5 mutants had a single point 
mutation leading to one amino acid substitution 
in the same gene, nmr-1 ( Jarai and Marzluf, 1990; 
Young et al., 1990). Transcriptional regulation of 
nmr-1 seems to be constitutive in different nitro-
gen conditions and in nit-2 and nmr-1 mutants 
(Fu et al., 1988). Furthermore, the nmr-1 muta-
tion in strain MS5 does not lead to altered nit-2 
expression and only slightly derepresses nit-3 tran-
scription in the presence of Gln (Fu and Marzluf, 
1988).

Yeast two hybrid analyses showed that NIT2 
and NMR1 interact with each other at two spe-
cific C-terminal regions of NIT2 and that binding 
of NIT2 to DNA in vitro is most likely inhibited 
by interaction with NMR1 (Xiao et al., 1995). 
Deletion of a C-terminal region of NIT2 resulted 
in enhanced NIT3 activity in the presence of 
NO3

− and Glu, and does not show interaction 
with NMR1 (Pan et al., 1997). Deletion and 

overexpression of the A. nidulans nmr-1 homo-
logues gene, nmrA, had a similar affects on some 
output pathways of AreA under NH4

+ and Gln 
repressing conditions, respectively, e.g. nitrate 
reductase activity and amdS-lacZ reporter gene 
expression (Adrianopoulos et al., 1998; Wong 
et al., 2007; Wagner et al., 2010). In A. nidulans, 
expression of nmrA is derepressed in the areA 
mutant under nitrogen starvation and generally 
more pronounced when NH4

+ or Gln is present, 
but does not influence expression of areA (Wong 
et al., 2007; Wagner et al., 2010). Nuclear localiza-
tion of NmrA was more pronounced under NH4

+ 
conditions than in nitrogen starved cells (Zhao 
et al., 2010). From in vitro experiments there 
is evidence that NmrA binds to AreA, whereas 
the C-terminal region of NmrA is more crucial 
for binding than the nine extreme C-terminal 
residues of AreA, and that the affinity of AreA 
to 5′GATA motif-containing DNA is stronger 
than to NmrA (Lamb et al., 2004). Furthermore, 
NmrA, which belongs to the short-chain dehy-
drogenase/reductase (SDR) superfamily, was 
shown to bind NAD+ and NADP+, but not NH4

+ 
or Gln, challenging its role as the direct sensor 
of intracellular nitrogen (Stammers et al., 2001; 
Lamb et al., 2003). Also, neither binding of NAD+ 
nor NADP+ changes interaction of NmrA with 
AreA in vitro, but binding of NAD+ suppresses 
proteolytic cleavage of NmrA, thereby stabilizing 
AreA-binding capability (Lamb et al., 2004; Zhao 
et al., 2010). Surprisingly, in F. fujikuroi deletion of 
the nmr-1/nmrA homologues gene nmr does not 
result in a derepression of gibberellin gene expres-
sion under nitrogen sufficient conditions (60 mM 
Gln), although nmr complements the respective 
mutants of N. crassa and A. nidulans (Mihlan et 
al., 2003, Wagner et al., 2010). This might also be 
explained by significantly reduced areA expres-
sion under these conditions independently of 
the presence or absence of Nmr (Wiemann et 
al., 2010; unpublished data). When Gln con-
centrations are lower (6 mM Gln) expression of 
gibberellin genes starts earlier in the nmr deletion 
mutant compared to the wild type (Schönig et al., 
2008). Overexpression of nmr results in enhanced 
resistance to ClO3

− in the presence of 60 mM Gln, 
suggesting a reduced nitrate reductase activity 
(Mihlan et al., 2003; Schönig et al., 2008; Wagner 
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et al., 2010; Fig. 7.2). Similar to the situation in 
N. crassa, NO3

−-dependent induction of niaD 
was not overcome in the nmr deletion mutant in 
F. fujikuroi, but niaD expression was even slightly 
increased (Schönig et al., 2008). Although Nmr 
and AreA in F. fujikuroi are able to interact in yeast 
two hybrid experiments (Schönig et al., 2008), the 
accumulated data suggest that there is a discrep-
ancy between different AreA out-put pathways 
in F. fujikuroi (Fig. 7.2). Whereas the regulation 
of the nitrate utilization pathway seems to be 
similar to regulation in N. crassa and A. nidulans, 
with respect to AreA and Nmr, the gibberellin 
production pathway seems to require additional 
regulator(s) and is only partially dependent on 
NmrA-mediated nitrogen metabolite repression 
of AreA. As transcript stability of areA seems 
not to be affected by NO3

− and Gln addition 
(Tudzynski et al., 1999), the protein stability of 
AreA under these conditions and the potential 
role of NmrA therein should be investigated in the 
future. A striking difference between F. fujikuroi 
and A. nidulans is that expression of nmr in F. fujik-
uroi is not inverse to areA expression. In addition, 
nmr expression in F. fujikuroi is not constitutive 
under different nitrogen conditions as in N. crassa 
but is abundant under nitrogen starvation condi-
tions in an AreA-dependent manner (Wagner et 
al., 2010).

The accumulated data from filamentous fungi 
on the interconnection between NIT2/AreA 
and NMR1/NmrA are so far insufficient to form 
a general model for a role in a fungal response 
to environmental nitrogen signals. Although the 
genetic components seem to be conserved in 
each fungus, the response to the same in-put is 
different among fungi. However, in response to 
NO3

− and its subsequent utilization, Neurospora, 
Aspergillus and Fusarium all have a common regu-
latory mechanism: the conserved transcription 
factor NIT2/AreA acts as positive element when 
NO3

− is available and NMR1/NmrA acts as a 
negative regulator under Gln or NH4

+ sufficiency. 
Unusual results from N. crassa, demonstrating that 
nitrate reductase activity oscillates independently 
of the clock regulators White Collar 1 (WC1) 
and Frequency (FRQ), suggest that during NO3

− 
utilization a negative feedback loop takes place 
in which the nitrate reductase activates its own 

repressor (Christensen et al., 2004). Obviously, 
NO3

− triggers nit-2/areA expression/activity, 
which is required for NO3

− utilization to subse-
quent amino acids, specifically Gln. Expression/
activation of nmr-1/nmrA seems to be either 
dependent on AreA (in Fusarium) or repressing 
nitrogen sources, such as Gln (in Aspergillus). By 
binding to NIT2/AreA, NMR1/NmrA is sug-
gested to inactivate its activity, thereby shutting 
down its own positive signal (Fig. 7.2). This of 
course, is a highly speculative and generalized 
model that needs experimental proof in the future. 
And furthermore, the identification of sensors 
that mediate NO3

− and Gln signals is of crucial 
interest in order to be able to explain the observed 
responses. The fact that the AreA-dependent 
gibberellin out-put pathway in F. fujikuroi is not 
similarly affected by Nmr as the NO3

− utilization 
out-put pathway, argues for additional nitrogen 
response regulators that are integrated into the 
transduction network.

Additional factors involved 
in the nitrogen transduction 
network
Resistance to toxic methylammonium ions (MA) 
in A. nidulans in the presence of NO3

−, referred 
to as meaR, can arise through mutations at one of 
two genetic loci (Arst and Cove, 1969). Analysis 
of mutations at meaA suggested that it plays a role 
in transport (Arst and Page, 1973) while muta-
tion of meaB leads to derepression of nitrogen 
repressed genes indicating a role in regulation 
(Arst and Cove, 1973; Polley and Caddick, 1996). 
Almost 30 years later the protein encoded by 
meaA was characterized as a high capacity NH4

+ 
transporter which is expressed AreA-dependently 
under NH4

+-sufficient and starvation conditions 
(Monahan et al., 2002; 2005). In F. fujikuroi the 
high capacity NH4

+ transporter encoding gene, 
mepB, is preferentially expressed under starva-
tion conditions in an AreA-dependent manner. 
In contrast to A. nidulans, MepB also serves as a 
NH4

+ sensor which is able to transduce repressing 
signals towards nitrogen-dependent secondary 
metabolite production pathways (see below) 
(Teichert et al., 2008).

Sequence analyses of meaB revealed that it 
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likely encodes a protein belonging to the bZIP 
transcription factor family. In A. nidulans, meaB is 
preferentially expressed under nitrogen sufficient 
and repressed under nitrogen starvation condi-
tions in an AreA-dependent manner (Wagner 
et al., 2010). The observation that meaB/areA 
double mutants display additional phenotypes in 
F. fujikuroi as compared to an areA single mutant 
indicate that meaB is involved in processes inde-
pendently of AreA (Wagner et al., 2010; Fig. 7.2B). 
Efforts to delineate these processes have been met 
with mixed success. Recent work in A. nidulans 
revealed contradictory results on whether MeaB 
binds to the nmrA promoter, thereby inducing 
transcript synthesis under nitrogen surplus, which 
would lead to decreased AreA activity. It has been 
reported by Wong et al. (2007) that meaB binds 
to the nmrA promoter, thereby activating nmrA 
transcription, while only slight or no effect of 
MeaB on nmrA expression in A. nidulans and F. 
fujikuroi, respectively was observed by Wagner et 
al. (2010). Furthermore, meaB was shown to be 
almost constitutively expressed independently of 
AreA in A. nidulans (Wong et al., 2007) while two 
transcripts are produced in an AreA- and nitrogen-
dependent manner in F. fujikuroi. The reason for 
these contrasting results remain unclear.

The complicated role played by meaB in F. 
fujikuroi is partially mediated by the synthesis of 
two distinct transcripts, depending on the nitro-
gen status. When nitrogen is depleted, a second, 
smaller meaB transcript (meaBS) is initiated from 
a second transcriptional start that resides within 
the first intron of the full length meaB open read-
ing frame (ORF). Evidence suggests that meaBS 
is not translated into a protein. The production of 
meaBS has been proposed to be induced by AreA 
and/or one of its downstream effectors which 
concomitantly blocks transcription of the large, 
full-length transcript (meaBL). The latter occurs 
under Gln sufficiency in the wild type or in the 
areA mutant independent of nitrogen availability. 
In contrast to nmr mutants, meaB mutants exhibit 
increased sensitivity towards ClO3

− and NO2
− in 

the presence of NH4
+, and show reduced expres-

sion of glnA, suggesting independent functions 
for these two proteins. Strikingly, the F. fujikuroi 
meaB/areA double deletion mutant shows severe 
growth defects when Gln is the only nitrogen 

source, whereas single deletion mutants can grow 
wild-type-like, respectively (Wagner et al., 2010). 
These data suggest that despite their preferred 
transcription under different nitrogen condi-
tions, AreA and MeaB coordinately affect amino 
acid metabolism. Furthermore, expression of the 
AreA-independently/nitrogen-dependently con-
trolled bikaverin genes is absolutely derepressed 
in the meaB/areA double mutant even under Gln 
surplus conditions (Wagner et al., 2010). Whether 
this is a direct affect or simply a general stress 
response due to the restricted growth caused by a 
Gln utilization deficit is unresolved.

The distinct role of MeaB in NO3
− utilization 

and secondary metabolism is also so far unresolved 
in Fusarium. Growth defects of F. oxysporum f. sp. 
lycopersici meaB mutants on NO3

− suggest an acti-
vating effect on AreA or NirA (López-Berges et 
al., 2010). On the other hand, the meaB deletion 
mutant revealed increased expression of AreA-
dependent gibberellin and AreA-independent 
bikaverin genes in F. fujikuroi under nitrogen 
limiting conditions suggesting a repressing effect 
on a regulator different from AreA (Wagner et al., 
2010). Further experiments will be essential to 
allow an unambiguous integration of MeaB into 
the established regulation network.

Another locus involved in nitrogen regula-
tion in A. nidulans was identified based on the 
discovery of mutants that suppress the areA 
mutant phenotype (Arst et al., 1989). This locus, 
called areB, is predicted to encode three different 
proteins, all containing an N-terminal GATA zinc 
finger domain and a C-terminal leucine zipper 
domain with moderate homology to the nega-
tive acting nitrogen response regulators Dal80p/
Uga43p and Gzf3p/Nil2p/Deh1p from S. cerevi-
siae (Conlon et al., 2001). AreB loss-of-function 
mutants exhibit derepression of the otaA gene 
involved in Arg metabolism under certain carbon 
limiting conditions, suggesting a role as a repress-
ing element (Dzikowska et al., 2003). Deletion 
and overexpression of areB in an A. nidulans 
fmdS-lacZ reporter strain support this role due to 
enhanced and repressed β-galactosidase activity 
under nitrogen starvation in the respective strains 
(Wong et al., 2009). However, deletion of areB 
did not increase growth on unfavoured nitrogen 
sources such as NO3

− and alanine (Ala) (Wong 
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et al., 2009). Analyses of the P. chrysogenum areB 
homologue, nreB, found that its transcription is 
repressed by the favoured nitrogen source Gln and 
that nreB overexpression leads to reduced niaD and 
niiA transcription, but does not alter nre (areA) 
expression (Haas et al., 1997). In F. fujikuroi, 
expression of areB is repressed by high amounts of 
Gln and NO3

−. This is in contrast to areA, which 
is repressed by Gln but not by NO3

− (Wiemann 
et al., 2010). This difference in repression of AreA 
and AreB indicates that AreB does not participate 
in NO3

− utilization. Elucidation of how AreB 
functions within the nitrogen regulation network 
will be challenging but necessary. Defining out-
put pathways and investigating influence on and 
by other known and so far cryptic factors will aid 
in defining the role of AreB more precisely.

Despite all the information regarding the 
factors known to regulate the different out-put 
pathways upon varying nitrogen situations that 
fungi can face in their lifestyles, one essential 
question remains: How do fungal cells sense dif-
ferent nitrogen qualities and quantities in order to 
achieve a coordinate response? To examine this 
question, three potential sensory systems under 
investigation in Fusarium will be presented: nitro-
gen permeases, the TOR kinase and GS.

Are ammonium permeases 
and other nitrogen permeases 
potential sensors?
The nature of the chemical signals that define the 
nitrogen status of the fungal cell as well as the 
character of sensors are not well understood. In 
S. cerevisiae, several plasma membrane-localized 
sensors obtain information from the extracellular 
environment, including the availability of amino 
acids, ammonium and glucose (Forsberg and 
Ljungdahl, 2001; Bahn et al., 2007). Thus, within 
certain fungal species, one of the highly conserved 
ammonium permeases has evolved a regulatory 
function and probably induces a set of genes via 
a yet unidentified signal transduction cascade. 
Examples of homologues of this permease include 
Mep2p (S. cerevisiae and Candida albicans), Amt1 
(Hebeloma cylindrosporum), and Ump2 (Ustilago 
maydis), all of which are required for the induc-
tion of filamentous growth under low-nitrogen 

conditions (Biswas and Morschhauser, 2005; 
Holsbeeks et al., 2004; Marini et al., 2003; Lorenz 
and Heitman, 1998; Van Nuland et al., 2006; 
Rutherford et al., 2008). One general hypoth-
esis is that these members of the Amt/Mep/Rh 
protein family act as transceptors that regulate 
downstream effector molecules (Lorenz and 
Heitman, 1998). Transceptors bind and/or trans-
port nutrients as part of their sensing mechanism, 
and mutations that affect transport would also 
affect growth phenotypes, such as pseudohyphal 
differentiation, that are influenced by nitrogen 
status. In contrast, if the absence of ammonium 
were the signal for Mep2 to act as a sensor, then 
mutations that prevent Mep2 from binding or 
transporting ammonium might activate pseu-
dohyphal growth. These opposing models were 
tested by mutational analysis of residues D186, 
H194, and H348 in Mep2 of S. cerevisiae which are 
involved in transport function and are conserved 
throughout the Mep/Amt/Rh family ( Javelle et 
al., 2004; Boeckstaens et al., 2007; Rutherford et 
al., 2008). While the Mep2H194A protein has a sig-
nificantly reduced ability to transport ammonium, 
the Mep2H348A protein shows full transport cap-
acity. Although both Mep2H194A and Mep2H348A 
proteins were stably expressed and correctly local-
ized, neither transport-defective cells expressing 
the Mep2H194A protein nor transport-proficient 
cells expressing H348A proteins were able to 
undergo pseudohyphal growth in response to low 
ammonium, indicating that binding but not trans-
port is sufficient for signalling (Rutherford et al., 
2008).

Another interesting finding is that the abil-
ity of Mep2 to induce pseudohyphal growth 
is dependent on its expression levels (Biswas 
and Morschhäuser, 2005; Rutherford et al., 
2008). Thus, MEP2 expression from a high copy 
plasmid resulted in more robust pseudohyphal 
growth compared with expression from a low 
copy plasmid. MEP2 overexpression enhances 
differentiation even under normally repressive 
conditions and induces a transcriptional profile 
that is consistent with activation of the mitogen-
activated protein (MAP) kinase pathway and the 
downstream acting Ste12 transcription factor 
(Rutherford et al., 2008). Together, these data 
strengthen the model that the lack of ammonium 
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in the environment is not the initiating signal for 
pseudohyphal growth as has been proposed, and 
that the importance of Mep2 does not relate to its 
influence on the internal levels of nitrogen.

F. fujikuroi has three ammonium permeases 
(MepA, MepB and MepC) that were functionally 
characterized via phenotypic and methylamine 
uptake studies with S. cerevisiae mutants (Teichert 
et al., 2008). The genome sequences of F. gramine-
arum, F. oxysporum and F. verticillioides include 
genes encoding closely related homologues of 
MepA, MepB and MepC. MepB is probably the 
high capacity ammonium permease in F. fuji-
kuroi, and deletion of the corresponding gene, 
mepB, results in significant growth reduction on 
media with low concentrations of ammonium as 
well as in derepression of multiple genes that are 
normally repressed at higher concentrations of 
ammonium. For example, the GA and bikaverin 
biosynthetic genes were strongly up-regulated in 
∆mepB mutants in early stages of culture when 
ammonium levels were still high (Fig. 7.2A). The 
peptide transporter gene mtd1 and the amino 
acid permease gene aap8, which are normally 
repressed by high levels of ammonium, were also 
derepressed at early stages of growth of ∆mepB 
mutants (Teichert et al., 2008). In addition, some 
genes (e.g. ddr48 and cipC) that are down regulated 
in the glutamine synthetase mutant (∆glnA) were 
significantly up-regulated in the ∆mepB mutants 
(Teichert et al., 2004; 2008). To determine 
whether this derepression was due to a nitrogen-
sensing defect rather than reduced ammonium 
transport capacity, the second high capacity trans-
porter, MepC, was overexpressed in the ∆mepB 
background. Although the strong growth defect 
was partially overcome, the derepression of the 
nitrogen-repressed genes mentioned above was 
not affected. These findings suggest a sensing or 
regulatory role of MepB in addition to a permease 
function. However, downstream signalling com-
ponents mediating the signal from MepB have not 
yet been identified.

Another question to be answered is the role 
of amino acid permeases (AAPs), e.g. that of the 
general amino acid permease (GAP), in nitrogen 
sensing. As members of the Mep/Amt/Rh family, 
AAPs are located at the surface of cells to relay 
nutritional information. In S. cerevisiae, one of 

the 20 AAPs, GAP, has a dual function as amino 
acid transporter and receptor (transceptor) that 
is able to transduce a signal reflecting amino acid 
availability. The detection of extracellular amino 
acid deficiency leads to up-regulation of proteins 
involved in biosynthesis and transport of the defi-
cient amino acid(s) (Donaton et al., 2003). Recent 
studies of amino acid transporters in fruit flies and 
mammalian cell lines revealed similar transceptor 
functions: AAPs sense and signal amino acid avail-
ability to the target of rapamycin (TOR) pathway 
in a manner similar to yeast (Hundahl and Taylor, 
2009). Not much is yet known about a dual role of 
AAPs in filamentous fungi. Among the 68 amino 
acid permease identified in the recently sequenced 
genome of F. fujikuroi, only one, the GAP homo-
logue has been identified by complementation of 
the respective S. cerevisiae mutant (B. Schönig and 
B. Tudzynski, unpublished; Fig. 7.2B).

In S. cerevisiae, the activity of at least six distinct 
nitrogen permeases is regulated by a nutrient-
regulated protein kinase, the nitrogen permease 
reactivator protein Npr1. Under conditions of 
nitrogen sufficiency, Npr1 promotes post-Golgi 
sorting of GAP1 and the three ammonia per-
meases, MEP1/2/3, to the plasma membrane 
and their retention in the membrane. Inversely, 
Npr1 promotes ubiquitination and subsequent 
degradation of the GAP, but not of MEP1/2/3, 
under nitrogen sufficiency (De Craene et al., 
2001; Crespo et al., 2004). There seems to be 
another way for Npr1 to affect the activity of 
these proteins. Thus, expression and membrane 
localization of the ammonium permease Mep2 is 
not altered in Δnpr1 mutants of S. cerevisiae and 
Candida albicans, while the transport activity is 
strongly inhibited, possibly through loss of Npr1-
mediated conformational changes (Neuhäuser et 
al., 2011; Rutherford et al., 2008). In F. fujikuroi, 
three Npr1 homologues have recently been iden-
tified, and the functional characterization of the 
single and double deletion mutants is currently 
under investigation (B. Schönig, D. Wagner and B. 
Tudzynski, unpublished).

It is not clear what nitrogen sources Fusarium 
can sense and how the fungus can differentiate 
between different nitrogen sources. To address the 
question of whether ammonium acts as an effec-
tor of nitrogen metabolite repression in Fusarium 
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or if repression of nitrogen catabolite repression 
(NCR) target genes by ammonium is due to its 
conversion to glutamate and/or glutamine, the F. 
fujikuroi gdhA deletion mutant, which is unable to 
assimilate ammonium through reductive synthe-
sis of glutamate from 2-oxoglutarate, was treated 
with the specific GS inhibitor l-methionine-
dl-sulfoximine (MSX) to abolish GS-mediated 
ammonium assimilation. Northern blot analyses 
demonstrate that ammonium itself can be sensed, 
probably by MepB, and causes strong nitrogen 
metabolite repression of NCR target genes with-
out being metabolized to glutamate or glutamine 
(Teichert et al., 2008).

The special role of the 
glutamine synthetase (GS) in 
the nitrogen regulation network
Assimilation of different nitrogen sources, such as 
nitrate, urea, or am1ino acids, results in formation 
of NH4

+ which is subsequently converted first to 
Glu via glutamate dehydrogenase and then to Gln 
via glutamine synthetase (GS). There are three 
distinct GS enzyme families which can easily be 
distinguished by length: GSI with 360 amino 
acids on average, GSII with 450 and GSIII with 
730 (Van Rooyen et al., 2011). All three form 
multimeric proteins containing double-ringed 
quaternary structures composed of identical 
units: GSI- and GSIII-type enzymes contain 12 
identical subunits of which the two hexameric 
rings of GSIII-type GS face each other the oppo-
site way compared to GSI-type enzymes, whereas 
GSII- enzymes consist of an octamer composed of 
two tetramers placed back-to-back (Llorca et al., 
2006). However, recent crystal structure analyses 
of mammalian and S. cerevisiae GSs indicate that 
the eukaryotic GSII has a decamer structure of 
two pentameric rings showing the same orienta-
tion as the GSI rings (Krajevski et al., 2008; He et 
al., 2009). Recent molecular studies and genome 
projects have shown that the genes of GSI, GSII 
and GSIII families are broadly distributed among 
prokaryotes and eukaryotes suggesting that the 
GS family members arose prior to the divergence 
of prokaryotes and eukaryotes.

Based on experimental data in various fungi, 
it has been suggested that Gln, and not NH4

+, 

NO3
− or Glu, is the key effector of nitrogen 

metabolite repression that ensures preferential 
utilization of reduced nitrogen sources, such as 
NH4

+, over more complex ones, such as NO3
−, 

urea, purines, and proteins, when multiple nitro-
gen resources are available (Arst and MacDonald, 
1975; Dunn- Coleman and Garrett, 1980, 1981; 
Wiame et al., 1985; Caddick, 1994; Platt et al., 
1996). For plant pathogenic fungi, nitrogen 
may be a limiting nutrient during early stages 
of infection, such as during spore germination 
and penetration. In support of this hypothesis, 
GS-encoding genes are highly expressed in C. 
gloeosporioides and Blumeria graminis during plant 
infection (Stephenson et al., 1997; Zhang et al., 
2005). Further, an increase in cytosolic levels 
of Gln and GS-encoding mRNAs in bean leaves 
upon infection by C. lindemuthianum suggest 
that nitrogen mobilization also plays a key role 
in the host during plant–pathogen interactions 
(Pageau et al., 2006). Two isoenzymes of GS in 
arbuscular mycorrhiza (AM) fungi of the phylum 
Glomeromycota were highly up-regulated during 
symbiotic interactions and appear to be important 
for nitrogen uptake and translocation by the fungi 
and for fungus-to-plant transfer of nitrogen (Tian 
et al., 2010).

Recent studies with A. nidulans showed a 
50% drop in Gln concentration within 5 min of 
transfer of mycelia into a nitrogen-free medium 
as compared to media with ammonium (Berger et 
al., 2008). The levels of most other amino acids 
were not significantly different in the two media. 
Accordingly, both the Gln level and GS activity are 
strongly regulated to maintain a constant nitrogen 
status. Taken together, these data suggest that 
Gln is indeed the marker for the nitrogen status 
(Berger et al., 2008). The question to be asked is 
whether Gln itself is the key corepressor of many 
metabolic processes as proposed by Premakumar 
et al. (1979) and Margelis et al. (2003), or whether 
GS has an important role not only in providing 
Gln and regulating intracellular Gln levels, but 
also as key control point in the nitrogen regula-
tory network as shown for N. crassa (Mora, 1990; 
Dunn-Coleman and Garrett, 1980, 1981). In a S. 
cerevisiae mutant with reduced GS activity due 
to a mutation in the GS structural gene, GLN1, 
expression of both the nitrogen-regulated gene 
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GDH2 (NAD-linked glutamate dehydrogenase) 
and the defective GLN1 gene was similar to that 
in cells lacking the repressor Ure2 of the positively 
acting GATA transcription factor Gln3. Similarly, 
treatment with the GS inhibitor MSX leads to 
increased expression of nitrogen-regulated genes 
in cells grown on a preferred nitrogen source 
(Crespo et al., 2002; Magasanik, 2005). It is, 
however, not clear if the drop in the intracellular 
concentration of Gln or reduced GS activity is 
responsible for the release of Gln3 from its asso-
ciation with the repressor Ure2.

A regulatory role for GS has been also pos-
tulated for F. fujikuroi as a result of efforts to 
increase GA production by lowering intracellular 
Gln levels by deletion of glnA, the GS-encoding 
gene (Teichert et al., 2004). Deletion of glnA was 
expected to up-regulate both GA and bikaverin 
biosynthetic genes but instead significantly 
down-regulated the genes, even under nitrogen-
limiting conditions, and blocked production of 
both secondary metabolites (Fig. 7.2). Inhibition 
of GS activity with MSX also down-regulated 
GA and bikaverin biosynthetic genes. Together, 
these results support the hypothesis that GS 
plays a regulatory role (Teichert et al., 2004). 
HPLC analysis of the wild type and the ΔglnA 
mutant confirmed that glnA deletion significantly 
reduced intracellular glutamine levels even when 
exogenous Gln was fed to the mutant (G. Mey and 
B. Tudzynski, unpublished data). Under nitrogen 
starvation, the expression of GA and bikaverin 
genes was induced in the wild type but not in the 
mutant even though the intracellular Gln pool 
was exhausted to the same extent in both strains. 
These data further support our hypothesis that GS 
plays an important role in nitrogen regulation.

To determine whether loss of starvation-
induced expression of nitrogen-repressed genes 
(e.g. GA and BIK – bikaverin biosynthetic genes) 
in the glnA mutant is mediated by the cross path-
way control regulator, CPC1, gene expression 
was examined in a Δcpc1 mutant of F. fujikuroi 
that was treated with MSX to inhibit GS activity 
(Schönig et al., 2009). If up-regulation of CPC1 
under glutamine starving conditions was involved 
in down-regulation of secondary metabolism, this 
effect would be abolished in the Δcpc1 mutant. 
However, the absence of CPC1 did not restore 

wild-type like expression of GA and BIK genes 
in MSX-treated cultures, indicating that CPC1 is 
not involved in this GS-specific down-regulation 
of secondary metabolite production (Schönig et 
al., 2009). In contrast, amino acid starvation and 
subsequent up-regulation of CPC1 in A. nidulans 
results in down-regulation of penicillin (second-
ary metabolite) production and favours metabolic 
flux of precursors towards amino acid biosynthe-
sis (Busch et al., 2003).

To determine whether glnA deletion spe-
cifically affects genes involved in biosynthesis of 
secondary metabolites, a macroarray approach 
was used to compare transcriptional profiles of 
wild-type F. fujikuroi with the glnA mutant. This 
analysis revealed a set of additional genes that 
are strongly up or down-regulated in the mutant, 
including genes involved in nitrogen metabolism 
(uricase, CPC1), in translation control (eEF1α; 
eIH5a), stress response (ddr48; cipC), ribosome 
biogenesis, glyoxylate cycle (isocitrate lyase), and 
histone modification (histone acetyltransferase) 
(Teichert et al., 2004) indicating that the GS 
plays a major role in regulating different processes 
beside secondary metabolism

Interestingly, sequence and structural 
analyses indicated that prokaryotic GSI and 
eukaryotic GSII enzymes are highly conserved 
and share a similar catalytic mechanism sug-
gesting a common evolutionary origin (He et 
al., 2009). This hypothesis is supported by the 
presence of GSI and GSII enzymes in some 
prokaryotes, such as Streptomyces, Rhizobium and 
Agrobacterium (Reuther and Wohlleben, 2007). 
Complementation of the F. fujikuroi glnA deletion 
mutant with either the GSI and GSII genes (glnA 
and glnII respectively) from Streptomyces coelicolor 
(kindly provided by W. Wohlleben, University of 
Tübingen) further supports a common catalytic 
mechanism for GSI and GSII. Restoration of both 
glutamine synthesis and production of secondary 
metabolites in the F. fujikuroi glnA mutant with 
bacterial GS genes was surprising since regula-
tion of GS activity in S. coelicolor is regulated by 
bacteria-specific posttranslational modifications 
such as adenylation in response to ammonium 
concentration, and by interacting transcription 
factors. Despite the fact that the corresponding 
adenylyltransferase GlnE as well as homologues 
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of those transcription factors are missing in fungal 
systems, the bacterial GS proteins were active in 
the fungal background.

In Bacillus subtilis, GSI has a regulatory role in 
nitrogen metabolism and transmits the nitrogen 
signal to two transcription factors, TnrA and GlnR 
(Wray and Fisher, 2008, 2010). In this case, GS 
activity is regulated by a Gln feed-back inhibition, 
whereby Gln-bound GS is inhibited and regulates 
DNA binding of GlnR and TnrA. Mutations in 
GS that disrupt a seven-residue loop or replace 
Glu304 resulted in high levels of resistance to 
glutamine and to the GS-specific inhibitor MSX 
and lead to constitutive expression of genes regu-
lated by GlnR and TnrA (Wray and Fisher, 2010). 
Alignment of amino acid sequences of GSs from 
bacteria, plants, mammals and fungi revealed a 
high level of sequence conservation of the seven-
residue loop. Site-directed mutagenesis of these 
conserved residues in the F. fujikuroi GS are cur-
rently under investigation.

The role of the TOR pathway
How fungi sense their intracellular nitrogen status 
and what kinds of nitrogen sources they sense has 
been best studied in S. cerevisiae, where a drop in 
intracellular levels of Gln provides the stimulus 
for expression of genes regulated by the AreA 
homologue Gln3 (Crespo et al., 2002; Magasanik, 
2005). Likewise, in plants, internal pools of amino 
acids, mainly Gln, may provide a signal for nitro-
gen status and allow for regulation of the uptake of 
nitrate, ammonium, and amino acids (Miller et al., 
2007). In bacteria, Gln provides a signal for nitro-
gen status under nitrogen sufficient conditions, 
whereas 2-oxoglutarate can provide a signal for 
nitrogen starvation conditions because it accumu-
lates when ammonium is limited (Wisedchaisri et 
al., 2010).

The ability to sense the intracellular nitrogen 
status ensures that the energetically demanding 
process of reducing nitrate to ammonium occurs 
only when a limited amount of ammonium is avail-
able. Besides transmembrane localized permeases 
which have transport and sensing functions, 
intracellular sensors that can sense the amount 
and quality of nitrogen in intracellular pools must 
also exist. All living organisms sense and respond 

to nutrient-derived signals to adapt their physiol-
ogy to promote survival. In eukaryotic organisms 
ranging from yeasts to humans, the TOR (target 
of rapamycin) kinase and the downstream TOR 
signalling pathway are global regulators of cell 
growth. The central components of this signal-
ling cascade are the TOR protein kinases, which 
are activated by amino acid-derived signals and 
stimulate a set of anabolic processes, including 
translation, transcription, and ribosome biogen-
esis (for review see Rohde et al., 2008).

Rapamycin is an antitumour and immunosup-
pressant macrocyclic lactone that has the ability 
to bind the peptidylisoprolyl isomerase FK506-
binding protein (FKBP12). When bound to 
FKBP12, rapamycin causes inactivation of TOR 
kinases, which in turn triggers a series of events 
such as G1 cell cycle arrest, protein synthesis inhi-
bition, glycogen accumulation, and autophagy 
that also occur in response to stress and nutrient 
starvation (Rubio-Texeira, 2007).

In S. cerevisiae, TOR proteins form two distinct, 
evolutionary conserved multimeric protein com-
plexes known as TOR complex 1 and 2 (TORC1 
and TORC2). Each complex mediates distinct 
physiological processes in response to nutrient 
availability: the rapamycin-sensitive TORC1 
regulates temporal processes of growth, whereas 
the rapamycin-insensitive TORC2 is thought to 
control spatial aspects of growth such as actin 
polarization (Rohde et al., 2008).

Genome-wide transcriptional analysis 
revealed a remarkable set of TORC1 controlled 
genes, including transcriptional regulators of 
rapamycin-sensitive genes (Rohde and Cardenas, 
2004). However, the mechanisms by which sig-
nals of nutrient availability are sensed by TORC1 
and transduced to transcription factors to elicit a 
response are not fully understood. In S. cerevisiae, 
TORC1 regulates two highly conserved phos-
phatases, Sit4 and PP2A, which in turn regulate 
cellular localization of the two positively acting 
GATA type transcription factors, Gln3 and Gat1. 
Both, Gln3 and Gat1, are responsible for expres-
sion of nitrogen catabolite repressed (NCR) genes 
needed for utilization and metabolism of alterna-
tive nitrogen sources when Gln or NH4

+ are not 
available. Under nitrogen sufficient conditions, 
Gln3 and Gat1 are cytoplasmic, and NCR genes 
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are not expressed. Under nitrogen starvation or 
rapamycin treatment, both transcription factors 
are translocated to the nucleus and transcription 
of NCR genes is derepressed. However, Sit4 and 
PP2A affect subcellular localization of Gln3 and 
Gat1 differently (Tate et al., 2010). While nuclear 
localization of Gat1 is absolutely dependent on 
PP2A, Gln3 dephosphorylation and subsequent 
expression of NCR-sensitive genes is dependent 
mainly on Sit4.

Much less is known on the role of TOR kinase 
in filamentous fungi. In contrast to yeast, the 
sequenced genomes of filamentous fungi contain 
only one TOR homologue. Genes (e.g. torA, fprA, 
jipA, sitA, and tapA) encoding putative compo-
nents of the TOR pathway have been identified 
in the genomes of A. nidulans and other fungi 
(Fitzgibbon et al., 2005). Despite the presence of 
these putative homologues, there is currently no 
clear evidence that TOR signalling acts through 
regulating subcellular localization of the GATA 
factors AreA and AreB (homologues of Gln3 and 
Gat1) by phosphorylation/dephosphorylation 
in response to nitrogen availability or rapamycin 
treatment. Although phenotypes of A. nidulans 
mutants suggest that the TOR pathway plays only 
a minor role in regulating nitrogen metabolism, 
transcriptome analysis in F. fujikuroi revealed a 
role of TOR in regulating expression of NCR 
genes. A first indication for the presence of a 
functional TOR protein in F. fujikuroi was the 
high level of sensitivity to rapamycin (100 ng/
ml) of a wild-type strain of the fungus, suggest-
ing an interaction of the rapamycin–FKBP12 
complex with an active TOR homologue in this 
fungus (Teichert et al., 2006). Addition of rapa-
mycin to wild-type cultures resulted in partial 
deregulation of GA and bikaverin biosynthetic 
genes, but also of some other NCR genes, e.g. 
the ammonium permease gene mepC. This partial 
deregulation was obtained only with nitrogen 
concentrations less than 10 mM (Fig. 7.2). In 
contrast, genes encoding the ribosome biogen-
esis protein 40S26E and the translation initiation 
factor eIF4A, which are highly expressed under 
nitrogen sufficiency, were down-regulated by 
rapamycin. Deletion of the FKBP12-encoding 
gene, fpr1, in F. fujikuroi resulted in rapamycin 
resistance and no change in gene expression 

profiles in the presence and absence of rapamy-
cin, indicating that the interaction of rapamycin 
and FKBP12 observed in yeast also occurs in 
Fusarium (Teichert et al., 2006). Macroarray 
experiments comparing growth in 10 mM ammo-
nium nitrate with or without rapamycin treatment 
identified additional genes whose expression 
is affected by rapamycin treatment. Among 
rapamycin-affected genes were those involved in 
stress response, ribosome biogenesis, translation 
initiation/elongation, autophagy, cross-pathway 
control, tricarboxylic acid and glyoxylate cycles, 
and secondary metabolism. Like in yeast, ribo-
some biogenesis genes (e.g. encoding both 40S 
and 60S subunits) and translation initiation (e.g. 
eIF1A and eIF4A) are down-regulated by rapa-
mycin whereas genes involved in autophagy (idi4 
and idi7) and protection against oxidative stress 
(thioredoxin- and peroxiredoxin-encoding genes) 
are up-regulated by rapamycin. Interestingly, the 
FKBP12-encoding gene fpr1 was also shown to be 
up-regulated by rapamycin.

In contrast to yeast, the nitrogen repression of 
NCR genes in F. fujikuroi cannot be overcome by 
rapamycin-mediated TOR inhibition at high Gln 
or NH4

+ concentrations (100 mM), probably due 
to an alternative nitrogen-sensing mechanism 
(Teichert et al., 2006; Fig. 7.2). It is also not 
clear whether TORC1 regulates the subcellular 
localization and thereby the activity of the GATA 
factors AreA and/or AreB in response to nitro-
gen availability or rapamycin through the action 
of TOR-regulated phosphatases as it has been 
shown for Gln3 and Gat1 in S. cerevisiae (Tate et 
al., 2009).

In the tomato pathogen F. oxysporum cello-
phane penetration, a virulence-related process, 
also requires an active TOR cascade. Although 
NH4

+ represses cellophane penetration in wild-
type F. oxysporum, this repression is reversed by 
rapamycin, presumably through inhibition of 
TOR (López-Berges et al., 2010). Interestingly, 
NH4

+ did not repress cellophane penetration by 
a ∆areA mutant of F. oxysporum, indicating that 
AreA is not required for cellophane penetration 
but instead may repress penetration. Nitrogen 
source and TOR also control other virulence-
related functions, such as vegetative hyphal fusion 
and root adhesion in F. oxysporum (López-Berges 
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et al., 2010). Similar to F. fujikuroi, rapamycin 
treatment increased transcript levels of three 
AreA target genes (niaD, niiA and mepB) in F. 
oxysporum. This up-regulation was also observed 
in a ∆meaB mutant, indicating that TOR may act 
independently of MeaB during nitrogen repres-
sion. By contrast, rapamycin failed to up-regulate 
these three NCR-sensitive genes in the ∆areA 
mutant, suggesting that TOR mediates nitrogen 
catabolite repression through inhibition of AreA 
(López-Berges et al., 2010).

Conclusions
Fungi have acquired an extensive network of ana-
bolic and catabolic pathways to utilize structurally 
diverse nitrogen sources. They are able to respond 
to quantitative and qualitative changes in nitrogen 
through complex regulatory mechanisms that 
include (1) sensing nitrogen availability, (2) 
transducing the signal to transcription factors 
and/or other regulatory proteins, (3) interactions 
between transcription factors, (4) formation of 
regulatory protein complexes, and, finally, (5) 
binding transcription factors to DNA to affect 
transcription. The most prominent nitrogen regu-
lator is the conserved GATA factor AreA. This 
protein is responsible for activating the transcrip-
tion of a set of nitrogen-regulated genes when 
preferred nitrogen sources, such as glutamine or 
ammonia, are limited or when only non-preferred 
nitrogen sources, such as nitrate, are available. 
Although significant progress has been made 
in understanding how AreA functions, much 
remains unknown. For example, although AreA 
likely interacts with numerous proteins, only one 
such protein, Nmr, has been identified. In add-
ition, AreA phosphorylation sites and the protein 
kinases that regulate AreA activity have not yet 
been identified. Complicating the story even 
further is the observation that regulation of sub-
cellular localization of AreA in filamentous fungi 
is different than for the yeast AreA homologue 
Gln3. For future studies, it will be important to 
define output pathways for each of the aforemen-
tioned factors in order to elucidate their role in 
the nitrogen regulation network. The role of other 
factors, such as MeaB and AreB, in these out-put 
pathways is just emerging.

Some years ago, Boris Magasanik, who stud-
ied nitrogen regulation for most of his scientific 
career, wrote ‘Although we understand many 
of the molecular details of how transcription of 
nitrogen-regulated genes is controlled, we know 
relatively little about the nature and origin of the 
intracellular signals that govern the activity of the 
transcription factors’ (Magasanik, 2005). Work 
on S. cerevisiae has provided insights into funda-
mental aspects of the nitrogen regulation network 
beginning with nitrogen sensing, signal transduc-
tion, and subsequent transcriptional response, 
particularly with respect to the role of the TOR 
complex in the network (reviewed in Georis et 
al., 2009). Comparable knowledge in filamentous 
fungi is decidedly lacking, and a direct link of 
the TOR complex and AreA activity in Fusarium 
and other filamentous fungi has not yet been 
demonstrated. However, there is evidence that 
the Fusarium GS acts as an intracellular nitrogen 
sensor and plays an important role in regulation of 
secondary metabolism (Teichert et al., 2004; and 
unpublished data) (Fig. 7.2).

Except for the sensing function of MepB in F. 
fujikuroi, little is known in Fusarium about the role 
of nitrogen permeases in sensing their substrates 
and about regulation of permease stability by 
Npr1-like protein kinases as shown in S. cerevisiae 
(De Craene et al., 2001). Identifying intra- and 
extracellular nitrogen sensors and connecting 
them to downstream processes that result in coor-
dinated responses of out-put pathways will be a 
major topic of future research. Such efforts will be 
aided by the ever-increasing number of Fusarium 
genome sequences and the application of func-
tional genomics, proteomics, transcriptomics, 
metabolomics and bioinformatics. Already, 
microarray analysis has been used to identify 
AreA and nitrogen-regulated genes in F. fujikuroi 
and F. oxysporum (Schönig et al., 2008; Divon 
et al., 2005), a phosphoproteome has been used 
to identify F. graminearum proteins expressed 
under nitrogen-limiting conditions (Rampitsch 
et al., 2010), and a genome-wide bioinformatic 
approach has been used to identify known and 
novel regulatory motifs in gene promoter regions 
of four Fusarium genome sequences (Kumar et al., 
2010). Future application of these and other tech-
nologies should provide a clear understanding not 
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only of the functions of individual components 
of the nitrogen regulation network in Fusarium 
but also of the entire network, from nitrogen 
signal sensing to changes in gene expression and 
protein activity, as well as cross-talk between the 
nitrogen network and other metabolic networks 
such as carbon metabolism and stress responses 
(Fig. 7.2). Because of the importance of nitrogen 
regulation in pathogenicity and secondary metab-
olism, a thorough understanding of the nitrogen 
metabolic network should provide insights into 
how to control plant diseases and mycotoxin con-
tamination problems caused by Fusarium.
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8Diversity of Polyketide Synthases in 
Fusarium
Daren W. Brown and Robert H. Proctor

Abstract
Fusarium can produce a structurally diverse 
array of secondary metabolites (SMs) with a 
range of biological activities, including pigmen-
tation, plant growth regulation, and toxicity to 
humans and other animals. Contamination of 
grain-based food and feed with toxic SMs pro-
duced by Fusarium is associated with a variety of 
diseases in plants and animals and results in loss 
of millions of dollars in grain commodities each 
year. Many SMs are formed via the activities of 
a family of large enzymes called polyketide syn-
thases (PKSs) that consist of between five and 
eight functional domains. This Chapter reviews 
the structures and functions of Fusarium PKSs 
present in four species, Fusarium verticillioides, 
Fusarium graminearum, Fusarium solani and 
Fusarium oxysporum. Each genome has between 
11 and 16 PKS genes. Re-examination of inferred 
phylogenetic relationships of deduced amino 
acid sequences provides insight into how this 
gene family evolved. The geneaologies suggest 
that collectively the Fusarium PKSs represent 36 
distinct sets of PKS homologues, where each set 
catalyses synthesis of a structurally distinct poly-
ketide. Variation in Fusarium PKS genes is due to 
both ancient and recent gene duplications, gene 
loss events, gain-of-function due to the acquisi-
tion of new domains, and of loss-of-function due 
to nucleotide mutations. The significant number 
and variety of evolutionary changes reflects a vast 
biosynthetic potential this gene family provides 
fungi and that may help them adapt to changing 
environmental conditions. Understanding how 
fungal polyketides are synthesized should lead to 
better methods to control their production and 

thereby reduce their negative impact on human 
endevors.

Introduction
Collectively, fungi produce thousands of structur-
ally diverse natural products (Fig. 8.1) with a wide 
range of biological activities. Some have beneficial 
pharmaceutical activities, others are toxic to ani-
mals and/or plants, others can alter plant growth, 
and still others are brightly coloured pigments 
(Cole et al., 2003). Because most of these natural 
products are not required for life, they are consid-
ered to be secondary metabolites (SMs) (Keller et 
al., 2005). Some of the earliest research on fungal 
SMs employed mycelial and spore pigments as 
taxonomic characteristics to distinguish between 
fungi. However, the fungal SM with the greatest 
impact on humanity during the 20th century was 
the antibiotic penicillin, produced by various 
Penicillium species (Fig. 8.1, insert). The medi-
cal and commercial success of this ‘miracle drug’ 
resulted in a remarkable increase in SM research 
on fungi in order to identify SMs with pharam-
ceutical properties. Two of the most important of 
these are the cholesterol-lowering drug lovastatin 
and the immunosuppresing drug cyclosporin.

In contrast to the fungal SMs noted above, 
the most well known Fusarium SMs (Fig. 8.1) 
have a detrimental impact on humanity because 
of their toxicity and, as a result, are referred to 
as mycotoxins. Consumption of grain-based 
food and feed contaminated with the Fusarium 
mycotoxins fumonisins, zearalenone and deox-
ynivalenol (DON) have been associated with a 
variety of diseases in humans and other animals 
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(Glenn, 2007; Morgavi and Riley, 2007). The 
economic impact of these mycotoxins on health 
of humans and livestock as well as on international 
trade is estimated to be in the 100s of millions of 

US dollars each year (Glenn, 2007; Morgavi and 
Riley, 2007; Wu, 2007). Fumonisin-induced dis-
eases are linked to the ability of these mycotoxins 
to inhibit ceramide synthase, a critical enzyme in 

Figure 8.1 Chemical structures of polyketide-derived secondary metabolites produced by Fusarium. The 
NR-PKS and R-PKS abbreviations next to the metabolite names indicate whether a reducing or non-reducing 
PKS, respectively, synthesize the polyketide precursor of the metabolite. R-PKS-NRPS indicates that the 
R-PKS includes an NRPS module, while NRPS indicates that an NRPS, rather than a PKS, is required for 
synthesis of the metabolite. The two metabolites shown in the box inset are produced by fungi other than 
Fusarium. Abbreviations for the Fusarium species or other fungi that can produce the metabolites are also 
indicated next to the metabolite names: Fv = F. verticillioides; Fg = F. graminearum; Fo = F. oxysporum; Fh=F.
heterosporum; Fl=F.langsethiae; Asp = Aspergillus; Pen = Penicillium.
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sphingolipid metabolism. Fumonisin consump-
tion can result in acute toxicity in some mammals 
(e.g. leucoencephalomalacia in horses), whereas 
more chronic exposure can lead to cancer in other 
mammals (e.g. laboratory rodents) (Howard et 
al., 2001; Sydenham et al., 1990). In humans, 
ingestion of fumonisin-contaminated food has 
been epidemiologically associated with neural 
tube defects and oesophageal cancer (Marasas et 
al., 2004; Seefelder et al., 2003; Voss et al., 2007). 
The multiple harmful health effects (e.g. vomit-
ing and gastrointestinal haemorrhaging) caused 
by consumption of trichothecene-contaminated 
grain likely result from the ability of these myco-
toxins to inhibit protein synthesis (Alexander et 
al., 2009). The detrimental health effects caused 
by consumption of zearalenone-contaminated 
grain include impaired reproduction and altered 
sexual development in livestock and result from 
the estrogenic properties of this mycotoxin (Fink-
Gremmels and Malekinejad, 2007; Morgavi and 
Riley, 2007).

In most cases, the role of SMs in the ecology 
of fungi that produce them is poorly understood. 
The energy required for production, maintenance 
of genetic material required for synthesis, regula-
tion and transport, and structural diversity suggest 
that SMs provide a selective advantage to the 
producing organisms. Nevertheless, roles of some 
SMs have been determined in some organisms 
and include contributions to virulence on plants 
and to competition with bacteria, insects or other 
fungi (see Chapter 9) (Srobarova et al., 2002; 
Wicklow et al., 2009; Wicklow and Poling, 2009; 
Xu et al., 2008). Briefly, trichothecene production 
is critical for the ability of Fusarium graminearum 
to cause the wheat disease head blight, or scab, 
presumably by inhibiting protein synthesis and 
thereby interfering with plant defence responses 
(Proctor et al., 1995). Mutants of F. graminearum 
in which trichothecene production is blocked 
can infect a single floret (wheat flower) and cause 
disease but are unable to spread to neighbouring 
florets in the same head. In Fusarium fujikuroi, 
gibberellin production contributes to the ability 
of the fungus to cause bakanae disease of rice by 
inducing hyper-elongation of stems and abnormal 
development, which result in reduced grain yield 
(Bomke and Tudzynski, 2009). A number of 

heretofore unknown Fusarium verticillioides SMs 
have been suggested to reduce disease severity in 
maize caused by Ustilago maydis (Lee et al., 2009) 
and A. flavus (Wicklow et al., 1988).

The majority of fungal SMs characterized to 
date are derived from a family of enzymes called 
polyketide synthases (PKSs). Fungal PKSs are 
large proteins with multiple domains, each of 
which may function in the sequential or iterative 
condensation of simple carboxylic acids to form 
a carbon chain. This Chapter reviews Fusarium 
PKSs and polyketide-derived SMs and examines 
the phylogenetic relationships of 62 PKS genes 
present in publicly available genome sequences of 
four fusaria: F. graminearum, Fusarium oxysporum, 
Fusarium solani and F. verticillioides. Accumulation 
of knowledge of fungal PKSs has provided insights 
into how to predict the structures of polyketides 
synthesized by novel PKSs and insights into the 
diversity and evolution of this important class of 
enzymes in a fungal genus that is of significant 
concern to agricultural production as well as food 
and feed safety. Because of the potential role of 
polyketide-derived SMs in plant pathogenesis and 
because mycotoxin contamination is often most 
severe in diseased crops, knowledge of Fusarium 
PKSs could lead to the identification of SMs that 
contribute to the ability of Fusarium to cause 
disease. Such SMs are potential targets for devel-
opment of novel strategies that limit both crop 
disease and mycotoxin contamination caused by 
Fusarium.

PKS domain structure and 
function
The multidomain structure and enzymatic mecha-
nism of fungal PKSs are similar to mammalian 
fatty acid synthases (FASs). FASs initiate synthesis 
by catalysing the condensation of an acetyl group 
(the starter or primer unit) and a malonyl group 
(the extender unit) to form a four-carbon chain 
with carbonyl (keto) functions at carbons 1 and 
3 (C-1 and C-3) and with the release of carbon 
dioxide (Wakil, 1989). Three FAS domains are 
required for the condensation: an acyl carrier 
protein (ACP) domain to which all acyl inter-
mediates bind; an acyl transferase (AT) domain 
that transfers the starter unit (acetyl group) from 
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acetyl-CoA to the ACP and the extender unit 
(malonyl group) from malonyl-CoA to the ACP; 
and a β-ketoacyl synthase (KS) domain that first 
receives the acetyl group from the ACP and then 
catalyses the condensation reaction with the malo-
nyl group bound to ACP. While the condensation 
product, β-ketoacyl, is bound to the ACP, three 
other FAS domains catalyse the successive reduc-
tion of the C-3 carbonyl (β-keto) to a covalent 
carbon-carbon single bond: the keto reductase 
(KR) domain reduces the β-keto to a hydroxyl; 
the dehydratase (DH) domain reduces the result-
ing hydroxyl to an enoyl (carbon–carbon double 
bond); and the enoyl reductase (ER) domain 
reduces the enoyl to a carbon-carbon single bond. 
Fatty acid synthesis then continues when the 
four-carbon acyl derivative, with a keto only on 
C-1, is then transferred from the ACP to the KS 
where it undergoes condensation with another 
ACP-bound malonyl group followed by reduc-
tion of the resulting β-keto to a carbon-carbon 
single bond. FASs involved in constitutive fatty 
acid synthesis repeat the cycle of condensation 
and β-keto reduction eight or nine times to form 
the saturated fatty acids palmitic acid (16-carbon 
chain) or stearic acid (18-carbon chain). In fungi, 
synthesis is terminated via hydrolysis by the FAS 
thioesterase (TE) domain.

Fungal PKSs function in the same manner 
as FASs in that they include an AT, KS and ACP 
domain and catalyse the condensation of simple 

carboxylic acids to form carbon chains. The 
enormous structural diversity of polyketides, in 
contrast to fatty acids, arise from a huge degree 
of choices made by the PKS that are tightly pro-
grammed by each enzyme. First and foremost, 
PKSs often contain additional domains either 
internal (e.g. methyltransferase domain) or at the 
amino or carboxyl terminus (e.g. non-ribosomal 
peptide synthase domains). Second, different 
fungal PKSs catalyse between two and nine con-
densations. Third, some PKSs utilize different 
length starter units and finally, some PKSs regulate 
the reduction of the β-keto group (Hopwood and 
Khosla, 1992; Hopwood and Sherman, 1990).

Fungal PKSs can be divided into two groups 
based on whether they reduce or do not reduce 
the β-keto of condensation products: reducing 
(R-PKS) and non-reducing (NR-PKS) PKSs 
(Fig. 8.2) (Kroken et al., 2003). R-PKSs average 
between 2,200 to >4,000 amino acids and, like 
FASs, generally have KR, DH and ER domains 
that catalyse reduction of each β-keto to form a 
saturated carbon chain. The saturated polyketide 
backbone of fumonisins (Fig. 8.1) is synthesized 
by an R-PKS. Some R-PKSs have a non-functional 
ER domain and synthesize products with an 
unsaturated carbon chain. The unsaturated carbon 
backbone or skeleton of fusarins is synthesized by 
an R-PKS with a non-functional ER domain (Fig. 
8.1). Fungal R-PKSs can also differ from FASs by 
not having a TE domain and by the presence of 

Figure 8.2 Domain organization of typical fungal nonreducing (NR-PKS) and reducing (R-PKS) PKSs. Domain 
abbreviations are as follows: SAT = starter unit acetyltransferase, KS = keto synthase, MAT = malonlytransferase, 
PT = product template domain, ACP = acyl carrier protein, TE = thioesterase, AT = acyltransferase, 
DH = dehydratase, ME = methyltransferase, ER = enoyl reductase, and KR = ketoreductase. Some R-PKSs 
include all or a portion of non-ribosomal peptide synthase (NRPS) module, while others have a carnitine 
acyltransferase (CAT) domain at the carboxy terminus. AA values indicate the range in number of amino 
acids for each group of PKS proteins.
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functional domains that are not present in FASs. 
For example, all fungal R-PKSs characterized to 
date have an S-adenosyl methionine-dependent 
methyltransferase (ME) domain that catalyses 
methylation of the polyketide chain at one or 
more positions (Kroken et al., 2003). The methyl 
groups present in fumonisins and fusarins are 
formed via the activity of R-PKS ME domains. 
Although all known fungal R-PKSs include con-
served sequences indicative of a ME domain, 
some ME domains lack amino acid residues 
critical for ME activity and as a result are non-
functional. Phylogenetic analysis of fungal PKSs 
indicate that the acquisition of an ME domain 
occurred only once such that all ME-containing 
fungal PKSs have evolved from an ancient R-PKS 
progenitor (Kroken et al., 2003). Some R-PKSs 
also have a non-ribosomal peptide synthase 
(NRPS) module that catalyse condensation of 
the polyketide and an amino acid and release the 
resulting hybrid polyketide-amine molecule. The 
NRPS module spans ~1400 AA and consists of 
four functional domains that include a conden-
sation domain (Con), an adenylation domain 
(A), an ACP domain and a TE domain. The 
nitrogen-containing moiety of fusarins (Fig. 8.1) 
is the result of condensation of a polyketide and 
an amino acid, possibly homoserine, catalysed by 
a NRPS module in the fusarin PKS (Song et al., 
2004).

In contrast to FASs and R-PKSs, fungal 
NR-PKSs lack KR, DH and ER domains (Fig. 
8.2) and cannot catalyse β-keto reductions. As a 
result, the carbonyl functions on alternating car-
bons (hypothetical poly-β-lactone; see Fig. 8.6) 
synthesized by NR-PKSs, facilitate the formation 
of polycyclic aromatic compounds that are medi-
ated by the product template domain (PT). PT 
domains are unique to NR-PKSs and are located 
adjacent to the ACP domain (Fig. 8.2A) (Crawford 
et al., 2008; Li et al., 2010). Aurofusarin, bikaverin 
and fusarubin (Fig. 8.1) are examples of Fusarium 
multi aromatic SMs formed from NR-PKS-
derived polyketides. Because of the absence of the 
KR, DH and ER domains, NR-PKSs are usually 
smaller than R-PKSs, ranging in size from 2000 
to 2300 amino acids. NR-PKSs also have two AT 
domains that flank the KS domain. The first AT 
domain, referred to as the starter unit acyl-carrier 

protein transacylase (SAT) domain, transfers the 
starter unit, a two-, four- or six-carbon acyl com-
pound, to the ACP domain (Crawford et al., 2006, 
2008). The second AT domain, referred to as the 
malonyl acyltransferase (MAT) domain, transfers 
the extender unit (malonyl) to the ACP domain 
after transfer of the starter unit to the KS domain. 
NR-PKS KS domains then catalyse condensa-
tion of the starter and extender units in the same 
manner as FASs and R-PKSs. Similar to R-PKSs, 
individual NR-PKSs catalyse a fixed number of 
condensations until the final poly-β-lactone chain 
is formed.

Once formed, the polyketide products of 
fungal R- and NR-PKSs typically undergo struc-
tural modifications catalysed by other enzymes. 
Such enzymes are typically encoded by genes 
that are located adjacent to or near one another 
as well as the PKS gene. These groupings of genes 
required for synthesis of the same SM are collec-
tively referred to as SM biosynthetic gene clusters 
and can also include (1) one or more genes that 
encode proteins involved in transport of SMs or 
their biosynthetic precursors across intracellular 
membranes or the cell membrane; (2) genes that 
encode transcription factors that regulate expres-
sion of all genes in the same cluster; and (3) genes 
that encode proteins involved in self protection of 
fungi from toxic SMs (Keller and Hohn, 1997). 
A comparative genomic analysis of four Fusarium 
genomes revealed that 67% of PKS genes were 
located within putative gene clusters with an aver-
age of eight genes per cluster (Ma et al., 2010).

Fusarium polyketides synthase 
genes

Early identification
The first Fusarium PKS genes were identified 
as part of research aimed at elucidating biosyn-
thetic pathways for several polyketide-derived 
mycotoxins and pigments and at a time when 
there were no genome sequence data available 
for the fungi. Identification strategies employed 
knowledge of the previously characterized SMs 
to identify PKS genes, one gene at a time. The 
first Fusarium PKS gene (FUM1) that was identi-
fied and functionally characterized encodes an 
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R-PKS required for synthesis of fumonisin in F. 
verticillioides (Proctor et al., 1999). Initially, a frag-
ment of FUM1 was amplified by PCR using (1) 
degenerate primers designed based on conserved 
sequences within the KS domain of other PKSs 
and (2) a cDNA template generated from RNA 
extracted from a culture of F. verticillioides that 
was producing fumonisins (Proctor et al., 1999). 
The discovery and characterization of FUM1 
quickly led to the identification of a cluster of 16 
co-regulated genes flanking FUM1. Most genes in 
the cluster have since been shown to play a role 
in fumonisin synthesis (Alexander et al., 2009; 
Proctor et al., 2003). A differential display/PCR 
approach with F. fujikuroi was used to identify the 
second Fusarium PKS gene (pks4/BIK1), which 
encodes an NR-PKS required for synthesis of the 
red pigment bikaverin (Linnemannstons et al., 
2002). Subsequent work identified a cluster of 
five genes flanking BIK1 that are also involved in 
bikaverin synthesis (Wiemann et al., 2009). The 
third Fusarium PKS gene (pksN/PKSN) that was 
identified encodes an NR-PKS involved in syn-
thesis of an uncharacterized red pigment present 
in perithecial walls of F. solani (Graziani et al., 
2004). PKSN was identified by complementation 
analysis of a mutant that produced unpigmented 
perithecia with a cosmid library. Analysis of 
sequence flanking PKSN identified four genes 
with predicted functions consistent with SM syn-
thesis; one of these genes is predicted to encode 
a cytochrome P450 monooxygenase and is 
required for production of pigmented perithecia 
(Vasnier et al., 2005). The fourth Fusarium PKS 
gene (fusA/FUS1) identified encodes an R-PKS 
in F. moniliformis and F. venenatum involved 
in synthesis of the toxin fusarin C (Song et al., 
2004). Degenerate PCR primers designed based 
on conserved amino acids in the ME domain were 
used to identify FUS1 (Song et al., 2004). Analysis 
of sequence flanking FUS1 identified a number of 
putative genes with predicted activities that are 
consistent with SM synthesis.

Identification in the era of whole-
genome sequences
Currently, whole-genome sequence data are 
publicly available for four Fusarium species: the 
F. solani sequence at the Joint Genome Institute 

(http://genome.jgi-psf.org/) and the F. gramine-
arum, F. oxysporum and F. verticillioides sequences 
at the Broad Institute (http://www.broadinsti-
tute.org/annotation/genome/Fusarium_group/
MultiHome.html). The F. graminearum genome 
sequence was the first of these to be released (in 
2005) and quickly led to the identification of 
15 PKS genes based on homology to previously 
characterized PKS genes (Cuomo et al., 2007; 
Gaffoor et al., 2005). Subsequently, each gene 
was inactivated by integrative gene disruption 
to determine its function (Gaffoor et al., 2005). 
This led to elucidation of the role of five of the 
genes in polyketide/secondary metabolite bio-
synthesis: ZEA1 and ZEA2 (two adjacent PKS 
genes) are required for zearalenone production; 
FUS1 is required for fusarin production; AUR1 is 
required for aurofusarin (also rubrofusarin) pro-
duction; and PGL1 for production of the violet/
black perithecial pigment (Gaffoor et al., 2005). 
Disruption of each of the other 10 PKS genes did 
not result in any obvious phenotype, and ana-
lysis of extracts did not lead to the identification 
of the polyketide product. Although the disrup-
tion analysis did not demonstrate the functions 
of these PKS genes, Northern analysis revealed 
that 9 of the 10 were expressed under a variety of 
conditions, supporting the hypothesis that they 
are functional (Gaffoor et al., 2005). A number 
of labs have subsequently verified the role of 
ZEA1, ZEA2 and AUR1 and identified flanking 
genes involved in the synthesis of the respective 
SMs. Work by two groups independently veri-
fied the role of ZEA1 and ZEA2 in zearalenone 
biosynthesis (Kim et al., 2005b; Lysoe et al., 
2006). Kim et al. (2005b) also found that two 
genes flanking ZEA1 and ZEA2 are required 
for zearalenone production: one of the flanking 
genes is predicted to encode an alcohol oxidase 
and the other a transcriptional regulator. Using 
a restriction-enzyme-mediated-integration/
mutagenesis approach, Kim et al. (2005a) and 
a third group also demonstrated that AUR1 as 
well as several genes flanking it are required for 
aurofusarin production (Kim et al., 2005a; Malz 
et al., 2005).

As with F. graminearum, release of F. verticil-
lioides genomic sequence in 2007 spurred a burst 
in research on PKSs in this second species. The 
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genomic data, coupled with transcriptional data 
and gene deletion studies in F. verticillioides, 
quickly led to the characterization of the PKS 
genes involved in the synthesis of the violet peri-
thecial pigment (Proctor et al., 2007), bikaverin 
(Brown et al., 2008), and fusarin C (Brown et 
al., 2012b) in this fungus. That the functions in 
secondary metabolism of only a single additional 
F. graminearum PKS gene, involved in fusarielin 
synthesis (Sørensen et al., 2011) and one other 
F. verticillioides PKS gene, involved in fusaric 
acid synthesis (Brown et al., 2012b) have been 
determined during the intervening years reflects 
the inherent challenges in determining the func-
tions of PKS genes in polyketide biosynthesis. 
Although transcriptional evidence (via Northern 
and microarray data) suggest that most PKS genes 
are expressed and, therefore, may be functional 
(Brown et al., 2012b; Gaffoor et al., 2005), link-
ing a PKS gene to synthesis of a polyketide (i.e. 
demonstrating that a PKS gene is responsible for 
synthesis of a specific polyketide or polyketide-
derived SM) has proven exceedingly difficult due 
to a variety of reasons, including low levels of pro-
duction, failure to extract, or inadequate analytical 
methods.

Analyses of the F. verticillioides, F. gramine-
arum, F. oxysporum (strain FOL 4287), and 
F. solani genomes, identified 58 distinct PKS 
gene homologues (Brown et al., 2012a; Ma et 
al., 2010). The genes were identified by BLAST 
(Altschul et al., 1990) using the predicted KS 
domain of ~420 amino acids (AA) from an 
archetypal fungal NR-PKS, (i.e. the Aspergillus 
nidulans WA PKS) and an R-PKS, (i.e. the F. 
verticillioides Fum1 PKS). In November 2011, 

genome sequences of 10 additional strains of F. 
oxysporum were released by the Broad Institute. 
In addition, a genome sequence for a 12th F. 
oxysporum strain (Fo5176), also sequenced 
by the Broad Institute, is now available in the 
National Centre for Biotechnology Information 
(NCBI) database. BLAST analysis of these 
eleven F. oxysporum genomes and comparison to 
the PKSs identified in them to those identified 
in the original F. oxysporum (strain FOL 4287) 
genome as well as the genomes of the other 
Fusarium species led to the identification of four 
novel PKS genes, for a total of 18 F. oxysporum 
PKS genes and 62 Fusarium PKS genes (Tables 
8.1 and 8.2) (Brown, unpublished).

A goal of comparing all PKS genes within a 
single genome to those in other genomes is to 
identify PKSs that are unique to a single species 
as well as PKSs with homologues shared by dis-
tantly related species. Conservation of a PKS gene 
in the four publicly available Fusarium genomes 
(F. graminearum, F. oxysporum, F. solani and F. 
verticillioides) suggests that the corresponding 
polyketide metabolite provides an ecological 
advantage to a wide range of fusaria. In contrast, 
conservation of a PKS gene in only two of the 
Fusarium species suggests that the corresponding 
polyketide metabolite may provide an advantage 
to a more limited range of fusaria (e.g. pathogenic-
ity on certain host plants). As noted above, only 
three PKSs, are conserved in F. graminearum, F. 
oxysporum, F. solani and F. verticillioides (Brown et 
al., 2012a). These PKSs are the NR-PKS respon-
sible for fusarubin/violet perithecium pigment, 
an R-PKS in Clade I and another R-PKS in Clade 
III. Southern blot analysis, using F. verticillioides 

Table 8.1 Variation in number of different kinds of Fusarium PKSs
Species Total PKSs NR-PKSs R-PKSs R-PKS-NRPS R-PKS-CAT

F. verticillioides 16 2 11 3 -
F. graminearum 15 5 8 1 1
F. solani 13 2 8 1 2
FOSC1 172 2 10 4 1

612

1F. oxysporum species complex. See Table 2
2F. oxysporum strain Fo4287 contains two PKS genes that share over 97% nucleotide sequence identity and, 
although considered homologues, both were included in the phylogenetic analysis.
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homologues (FVEG_03695, FVEG_01914 and 
FVEG_10535) of the PKS genes as hybridization 
probes, revealed that these three genes are also 
present in 39 other Fusarium species (Proctor, 
unpublished data). The functions of the two 
common R-PKSs are still not known, because 
inactivation of the corresponding genes in F. 
graminearum and F. verticillioides did not cause a 
noticeable change in production of known SMs 
nor any gross morphological change in either spe-
cies (Gaffoor et al., 2005; Proctor and Busman, 
unpublished results).

Phylogenetic relationships of 
Fusarium PKSs
Fig. 8.3 shows the inferred phylogenetic rela-
tionships of the 62 PKS homologues identified 
in publicly available genome sequences of four 
Fusarium species. The phylogenetic tree was 
based on an alignment of deduced AA sequences 
of the KS and AT/MAT domains using previously 
described methodology (Brown et al., 2012a). 
In addition to the Fusarium PKSs derived from 
genome sequence databases, the alignment 
included AA sequences for eqiS, the equisetin 
PKS from Fusarium heterosporum (Sims et al., 
2005), 28 other ascomycetous PKSs, each linked 
to synthesis of a specific SM, and two other asco-
mycetous PKSs and five bacterial PKSs that have 
not yet been linked to synthesis of specific SMs 
(Table 8.3). Consistent with previous analyses 
(Brown et al., 2012a; Ma et al., 2010), all but 
one of the Fusarium PKSs were resolved into two 
clades comprised of NR-PKSs (11) and R-PKSs 
(50) (Fig. 8.3). The NR-PKSs form a single 
glade with 100% bootstrap support and include 
10 PKSs of known function from a wide variety 
of very distantly related ascomycetes, including 
a Dothideomycete and a Eurotiomycete in add-
ition to numerous Sordariomycetes (including 
Fusarium). The R-PKSs also form a single clade 
(with 84% bootstrap support) that includes 
three well-supported sister clades with 65%, 99% 
and 100% bootstrap support. This R-PKS clade 
also includes 17 PKSs of known functions from 
distantly related ascomycetes. The high boot-
strap values for the NR-PKS clade and R-PKS 

clade support the hypothesis that each clade is 
monophyletic (i.e. evolved from a single common 
ancestor), which is also consistent with previ-
ous phylogenetic analysis of PKSs from multiple 
fungal genera (Baker et al., 2006; Kroken et al., 
2003).

The PKS gene homologue, Fo47SC12, occurs 
in 5 of the 12 F. oxysporum genome sequences 
and is unique among Fusarium PKS genes 
because of its domain organization (KS-AT-
DH-ER-KR-ACP) and because in phylogenetic 
analysis it was not resolved within the R-PKS or 
NR-PKS clades (Fig. 8.3). The domain organi-
zation of Fo47SC12 is superficially similar to 
numerous R-PKSs present in the three R-PKS 
sister clades. However, a critical difference 
is the complete absence of an ME domain in 
Fo47SC12. All other Fusarium R-PKSs that have 
been described have a region of AA sequence 
corresponding to a non-functional (ΨME) or 
functional ME domain located between the DH 
and ER domains (Brown et al., 2012a; Kroken et 
al., 2003). One PKS in Trichophyton tonsurans, 
another in Arthroderma gypseum and five bacterial 
PKSs have the same domain content and order as 
Fo47SC12 and were resolved in the same mod-
erately supported clade (78% bootstrap value) as 
Fo47SC12 (Fig. 8.3). The presence of ME/ΨME 
domains in the R-PKS clade (+ME R-PKS line-
age) consisting of Clades I, II and III (Fig. 8.3) 
and the complete absence of ME domains in the 
R-PKS clade (–ME R-PKS lineage) that includes 
Fo47SC12 suggests two alternative hypoth-
eses for the origin of the two R-PKS lineages. 
According to the first hypothesis, the common 
ancestor of the two lineages had an ME domain, 
and the –ME R-PKS lineage lost the domain 
and +ME R-PKS lineage retained the domain 
as each diverged from the ancestor. According 
to the second hypothesis, the common ancestor 
lacked an ME domain and the +ME R-PKS line-
age acquired the domain as it diverged from the 
common ancestor. In addition, because multid-
omain PKSs are rare in bacteria, the presence of 
sequences from multidomain bacterial PKSs in 
the –ME R-PKS lineage indicates that the bacte-
ria could have obtained the PKSs from a fungus 
via horizontal gene transfer.
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Variation in domain 
organization in Fusarium PKSs

NR-PKS domains
The organization of the SAT, KS, MAT, PT and 
ACP domains is perfectly conserved in fungal 
NR-PKSs (Fig. 8.3 and Fig. 8.4A). The most sig-
nificant differences in domain structure between 
NR-PKSs occur at or near the carboxyl terminus 
(C-terminus) of the proteins (Brown et al., 2012a). 
For example, nine NR-PKSs contain two ACP 
domains, a feature first observed in the wA PKS, 
which is required for synthesis of spore pigments 
in A. nidulans (Fujii et al., 2001). Site directed 
mutagenesis of either ACP domain did not affect 
pigment production, indicating that each ACP is 
functional and can operate independently of the 
other (Fujii et al., 2001). The relative widespread 
occurrence of two ACP domains per protein 
across the NR-PKS clade indicate that either the 
ancestral NR-PKS had only one ACP domain and 
multiple lineages within the clade independently 
acquired a second ACP domain or the ancestral 
NR-PKS had two ACP domains and one domain 
was lost independently by multiple descendent 
lineages. It is possible that this variation in number 
of ACP domains reflects the gain and loss of the 
TE or reductase (R) domains, which are adjacent 
to the ACP domains and are critical for release of 
the nascent polyketide from the enzyme. Some 
NR-PKSs have a TE and others have an R domain 
at the C-terminus, and both occur in multiple 
lineages within the NR-PKS clade. It is possible 
that during their evolution, NR-PKSs exchanged 
TE and R domains and that an ACP domain was 
sometimes exchanged along the TE or R domain 
such that the recipient NR-PKS acquired a second 
ACP domain as well. The apparent redundancy of 

the two ACP domains in the wA PKS is consistent 
with this possibility.

As noted above, NR-PKSs can also vary at 
the C-terminus by whether they have a TE or 
R domain. In most functionally characterized 
NR-PKSs, the C-terminal domain is involved 
in determining chain length, final polyketide 
cyclization, and release of the polyketide from 
the PKS (Bailey et al., 2007; Du and Lou, 2010; 
Fujii et al., 2001; Watanabe and Ebizuka, 2004). 
Of the 18 known Fusarium NR-PKSs, ten have 
a TE domain, and six have an R domain at the 
C-terminus. TE domains are the most common 
C-terminal domain in fungal NR-PKSs, and the 
mechanism by which they release polyketides 
from the PKS has been extensively studied (Du 
and Lou, 2010). TE domains belong to the α/β-
hydrolase superfamily of proteins and include 
a conserved Ser-His-Asp motif within their 
catalytic region. TE domains can catalyse release 
of a linear polyketide product with a terminal car-
boxylic acid or a cyclized product (Du and Lou, 
2010) depending on whether water or a hydroxyl 
group along the acyl chain acts as the nucleophile 
during release. In contrast, R domains most com-
monly catalyse the release of linear polyketides, 
via reduction of the acyl thioester and formation 
of a terminal alcohol or aldehyde. However, some 
R domains facilitate formation of an aromatic ring 
via a non-redox condensation reaction (Du and 
Lou, 2010). Thus, the presence of either a TE or 
R terminal domain can provide clues about the 
structure of the polyketide synthesized by an 
NR-PKS.

The Fusarium NR-PKSs FGSG_04588 and 
FGSG_03964 are unusual in that the former has 
a methyltransferase and the latter a deacylase at 
the C-terminus of the protein (Fig. 8.3). To our 
knowledge, no Fusarium NR-PKS with either of 
these C-terminal domains has been described in 

Figure 8.3 Genealogy of the Fusarium PKSs inferred from maximum parsimony analysis of concatenated 
AA sequences of KS and AT domains. Major clades are delineated with horizontal lines. The protein/gene 
designations FGSG_##### (F. graminearum), FVEG_##### (F. verticillioides) and FOXG_##### (F. oxysporum) 
correspond to gene model designations in the Fusarium Comparative Database at the Broad Institute. 
The protein/gene designations JGI_##### correspond to gene model designations in the F. solani (Nectria 
haematococca) genome sequence database at the Joint Genome Institute. Statistical support for branches 
within the phylogenetic trees were generated by bootstrap analysis with 1000 pseudoreplicates. Bootstrap 
values are indicated below branches. 1A majority of the CAT domain coding sequence is missing from the 
FOXG_10805 gene model. See text for additional explanation. The chicken (Gallus gallus) FAS served as an 
outgroup in the phylogenetic analysis.
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Table 8.3 PKSs from sources other than Fusarium genome sequences

PKS designation and/or organism Metabolite Accession
Classification (Kingdom; 
Phylum/Class)

R-PKS
AtX Aspergillus terreus 6-MSA (6-methylsalicylic acid) BAA20102 Fungi; Sordariomycetes
Zobellia galactanivorans Unknown YP_004734849 Bacteria; Bacteroidetes
Saccharopolyspora erythraea Unknown YP_001104811 Bacteria; Actinobacteria
Mycobacterium abscessus Unknown EHB99830 Bacteria; Actinobacteria
Stigmatella aurantiaca Unknown YP_003950773 Bacteria; Proteobacteria
Myxococcus xanthus Unknown YP_632255 Bacteria; Proteobacteria
Trichophyton tonsurans Unknown EGD98024 Fungi; Eurotiomycetes
Arthroderma gypseum Unknown XP_003175627 Fungi; Eurotiomycetes

NR-PKS
Pks1 Glarea lozoyensis DHN; dihydroxynaphthalene AAN59953 Fungi; Sordariomycetes
Ctb1 Cercospora nicotianae Cercosporin AAT69682 Fungi; Dothideomycete
AflC Aspergillus flavus Aflatoxin EQ963478 Fungi; Sordariomycetes
wA Aspergillus nidulans YWA1 (yellow spore pigment) Q03149 Fungi; Sordariomycetes
MdpG Aspergillus nidulans Monodictphyenone XM_652662 Fungi; Sordariomycetes
AptA Aspergillus nidulans Asperthecin XM_658512 Fungi; Sordariomycetes
AdaA Aspergillus niger Linear tetracyclic TAN-1612 AEN83889 Fungi; Sordariomycetes
OrsA Aspergillus nidulans Orsellinic acid XM_676086 Fungi; Sordariomycetes
PksCT Monascus purpureus Citrinin AAY33862 Fungi; Eurotiomycetes
Mos Acremonium strictum 3-Methylorcinaldehyde CAN87161 Fungi; Sordariomycetes

R-PKS
EqiS Fusarium heterosporum Equisetin AAV66106 Fungi; Sordariomycetes
LovB Aspergillus terreus Lovastatin AAD34559 Fungi; Sordariomycetes
Ngs1 Metarhizium anisopliae NG-391 (fusarin like) EFY96026 Fungi; Sordariomycetes
PsoA Aspergillus fumigatus Pseurotin ABS87601 Fungi; Sordariomycetes
Boa6 Botrytis cinerea Botcinic acid CAP58786 Fungi; Sordariomycetes
CpaA Aspergillus oryzae Cyclopiazonic acid BAG82673 Fungi; Sordariomycetes
ApdA Aspergillus nidulans Aspyridones XM_676589 Fungi; Sordariomycetes
TenS Beauveria bassiana Tenellin CAL69597 Fungi; Sordariomycetes
PksF Alternaria solani Aslanipyrone BAE80697 Fungi; Dothideomycete
LovF Aspergillus terreus Lovastatin AAD34559 Fungi; Sordariomycetes
AfoG Aspergillus nidulans Asperfuranone XM_653548 Fungi; Sordariomycetes
SqtkS Phoma sp. C2932 Squalestatin AY217789 Fungi; Dothideomycete
Pks2 Cochliobolus 
heterostrophus

T-toxin ABB76806 Fungi; Dothideomycete

Pks1 Cochliobolus 
heterostrophus

T-toxin AAB08104 Fungi; Dothideomycete

Alt5 Alternaria solani Alternapyrone BAD83684 Fungi; Dothideomycete
EasB Aspergillus nidulans Emericellamides XM_650559 Fungi; Sordariomycetes
Dep5 Alternaria brassicicola Depudecin ACZ57548 Fungi; Dothideomycete
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the literature. It is possible that enzymes encoded 
by other genes are responsible for polyketide 
release from these two PKSs. A similar scenario 
has been found for three NR-PKSs (MpdG, AptA 
and AdaA) from Aspergillus that have C-terminal 
ACP domains (Fig. 8.3). The release of the polyke-
tides from MpdG, AptA and AdaA is dependent 
on a hydrolase encoded by a gene located near the 
corresponding PKS gene (Li et al., 2011; Sanchez 
et al., 2011; Szewczyk et al., 2008).

R-PKS domains
In contrast to the NR-PKS clade where all domains 
appeared to be functional, multiple R-PKSs 
appear to have non-functional ME, ER and/or 
KR domains (ΨME, ΨER and ΨKR respectively) 
(Fig. 8.4B). These domains were noted initially 
because they appeared as regions with reduced 
AA sequence homology to corresponding 
regions in other PKSs but were later determined 

to be non-functional domains because they were 
missing AA residues critical for function (Baker 
et al., 2006; Kroken et al., 2003). For example, 
alignment of ~120 AA of ΨME and ME domains 
identified gaps and differences within one, two, 
three or all four of the AA motifs critical for ME 
function (Ansari et al., 2008; Brown et al., 2012a). 
Likewise, alignment of ~230 AA of ΨER and 
ER domains identified missing AAs required for 
binding reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) (Brown et al., 2012a; 
Song et al., 2004).

The evolutionary histories of ΨME and ΨER 
domains appear to differ significantly. PKSs 
containing a ΨME domain were resolved into all 
three R-PKS clades (i.e. R-PKS Clades I, II and 
III), and all three clades also include PKSs with 
functional ME domains. This, and the fact that 
patterns of AA insertions and deletions (indels) 
differ in different ΨME domains, suggest that 

Figure 8.4 Domain organization in Fusarium PKSs. The numbers in the # PKSs column indicate the number of 
Fusarium PKSs that have the domain structure depicted. Clade I, II and III were resolved in the phylogenetic 
analysis presented in Figure 8.3. Domain abbreviations: SAT = starter unit acyl transferase, KS = keto 
synthase, MAT = malonyl acyl transferase, PT = product template, ACP = acyl carrier protein, DA = deacylase, 
TE = thioesterase, ME = methyltransferase, DH = dehydratase, ER = enoyl reductase, KR = keto reductase, 
NRPS = non-ribosomal peptide synthetase module, and CAT = carnitine acyl transferase. Ψ indicates a non-
functional domain.
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non-functionalization of the ME domain occurred 
independently in multiple lineages within the 
R-PKS clade. In contrast, all R-PKSs with ΨER 
domains were resolved in the same clade, R-PKS 
Clade II. In fact, all R-PKSs in this clade have a 
ΨER, suggesting non-functionalization of the 
ER domain could have occurred only once in a 
common ancestor of R-PKS Clade II. Distribution 
of PKSs with ΨME domains further exemplifies 
the rapid evolution of the PKS gene family overall. 
For example, the presence of the ΨME-containing 
R-PKS gene JGI_106474 (R-PKS Clade I) in the 
F. solani genome and its absence in the genomes 
of the other three Fusarium species begs the 
question: did F. solani acquire this gene by hori-
zontal gene transfer or was the gene present in the 
ancestral Fusarium and subsequently lost in the 
other species after they diverged from F. solani? In 
contrast, a well resolved (100% bootstrap value) 
clade of four R-PKS orthologues ( JGI_98127, 
FGSG_08795, FVEG_01914 and FOXG_03051 
in Clade I) with a ΨME domain is conserved 
across all four Fusarium species. The pattern of AA 
indels in the orthologues (Brown et al., 2012a) 
is consistent with the relative phylogenetic rela-
tionships, where F. solani is most diverged and F. 
verticillioides is most similar to F. oxysporum (Ma 
et al., 2010).

The acquisition and loss of C-terminal 
domains also appears to have occurred on more 
than one occasion in the R-PKSs. The presence 
of the C-terminal NRPS module in R-PKS Clade 
II and its absence in Clade I and III (Fig. 8.3) 
suggests that the module was acquired once by 
a common ancestor of Clade II. However, the 
complete absence of the NRPS module in five 
Clade II PKSs and the position of these PKSs 
within the clade (Fig. 8.3) suggests that loss of 
the NRPS module has occurred multiple times: 
once in the branch leading to FGSG_10646, once 
in the branch leading to the Botrytis cinerea boa6, 
and once in the branch leading to FVEG_10479, 
FOXG_01189 and FOXB_03069.

The NRPS module is a collection of four 
domains, spanning 1400 AAs, that are respon-
sible for condensing (forming a covalent bond) 
the nascent polyketide to an enzyme-bound AA 
and transfer of the final enzyme-bound product 
(via a phosphopantetheine prosthetic group) to a 

domain involved in the release of the polyketide-
AA product. In addition to complete loss of the 
NRPS module, a partial deletion module resulting 
from the loss of all NRPS-module domains except 
for the Con appears to have occurred once in the 
branch leading to lovB in A. terreus (Fig. 8.3).

The other C-terminal domain present in 
Fusarium PKSs shares significant similarity to 
carnitine acyltransferases (CAT). In Fusarium, 
there are four PKSs with CAT domains, two in 
F. solani ( JGI_78513 and JGI_37058), one in 
F. graminearum (FGSG_05794) (Gaffoor et al., 
2005), and one in F. oxysporum. In the latter 
case, putative homologues were identified in 11 
of the 12 F. oxysporum genome sequences (Table 
8.2). Although FOXG_10805 is missing most 
of the CAT domain, the lack of CAT-encoding 
sequence is likely an artefact due to a gap in the 
genome sequence data, represented by 2276 Ns 
in the Broad database, rather than a deletion of 
the CAT coding sequence in FOXG_10805. To 
our knowledge, no polyketide synthesized by 
a PKS with a CAT domain has been described. 
However, given the function of the CAT enzyme 
that are not associated with PKSs, it is easy to 
rationalize how a CAT domain could function 
in polyketide biosynthesis. CAT enzymes that 
are not part of PKSs are involved in transport of 
acyl compounds (e.g. acetate, fatty acids) across 
intracellular membranes. The enzymes catalyse 
covalent attachment of carnitine (l-3-hydroxy-
4-aminobutyrobetaine) to the carboxylic acid 
portion of acyl compounds and thereby gener-
ate acyl-carnitine (van Roermund et al., 1999). 
A specific membrane- transporter then moves 
the acyl-carnitine across an intracellular mem-
brane. A CAT present on the other side of the 
membrane, within the cytosol or an organelle, 
then cleaves the acyl-carnitine to form acyl-CoA 
and carnitine, which can be recycled (Roze 
et al., 2011). Based on homology to known 
fungal CATs, Fusarium genomes have two CAT 
enzyme-encoding genes (Brown et al., 2012a). 
CAT1 is likely involved in shuttling acetyl-CoA 
across intracellular membranes and is required 
for acetate utilization; while CAT2 is likely 
involved in shuttling longer fatty acyl-CoAs and 
is required for fatty acid utilization (Roze et al., 
2011).



Diversity of Polyketide Synthases in Fusarium | 157

Formation of putative hybrid polyketide-
carnitine molecules by PKSs with CAT domains 
could catalyse production of molecules with 
unique structures and activities that provide 
an ecological advantage unrelated to the acyl-
carnitine transport system. Alternatively, such 
hybrids could take advantage of the acyl-carnitine 
transport system to transport polyketides across 
intracellular or cellular membranes. In one sce-
nario, hybrid polyketide-carnitine molecules 
would use the acyl-carnitine transport system as 
a self-protection mechanism to compartmentalize 
toxic polyketides into organelles or expel them 
from the cell. In another scenario, the hybrid mol-
ecules would exploit the transport system of other 
organisms to introduce toxic polyketide into host 
plants or competing microorganisms. The func-
tion of the CAT domain is intriguing and work 
is in progress to over express one of the Fusarium 
PKS-CAT coding sequences in a heterologous 
host in order to determine the structure of the pol-
yketides synthesized by this class of PKSs as well 
as to determine the role of the hybrid molecules in 
the ecology of fusaria that produce them.

Fusarium oxysporum PKSs: 
insights from multiple genomes 
of one species
Fusarium oxysporum exhibits a high degree of 
genetic variability and is often considered a com-
plex of multiple closely related species (i.e. species 
complex). Collectively, isolates of F. oxysporum 
have a very broad host range, causing disease 
on over 120 different plant species; however, 
individual isolates typically have very narrow 
host ranges (Michielse and Rep, 2009). Thus, 
according to the Broad Institute database, some 
of the 12 F. oxysporum genome sequences avail-
able are from isolates with different host ranges: 
three strains are pathogens of tomato; three are 
pathogens of Arabidopsis; and one strain each is a 
pathogen of banana, cotton, cucurbits and pea. In 
addition, one strain was recovered from a human 
and another from soil. Variation in host range of 
F. oxysporum isolates has been attributed, at least 
in part, to the presence of lineage-specific DNA, 
i.e. chromosomes or chromosomal segments 
that are unique to F. oxysporum or even to certain 

isolates of the fungus (See Chapter 3) (Ma et al., 
2010). Indeed, lineage-specific chromosomes 
can be transferred between strains and expand 
the host range of the recipient strain. The tre-
mendous genetic and pathogenic variability of F. 
oxysporum is not reflected in the diversity of PKS 
genes. Analysis of the 12 F. oxysporum genomes 
indicates that, collectively, they have 17 function-
ally homologous PKS genes, i.e. homologues that 
are ≥95% identical and are likely responsible for 
synthesis of the same polyketide (Brown, unpub-
lished). The minimum number of PKS genes per 
F. oxysporum genome is 11 (in four strains) and 
the maximum number is 14 (in two strains). In 
contrast, the genome sequences of single strains 
of F. graminearum and F. verticillioides, species that 
exhibit more genetic and pathogenic uniformity 
than F. oxysporum, have 15 and 16 PKS genes 
respectively. However, F. oxysporum genomes 
are not uniform with regard to PKS genes: only 
eight of the 17 PKS genes occur in all 12 of the F. 
oxysporum genomes; five of the PKS genes have 
homologues in four to 11 genomes; and four of 
the genes have homologues in two to eight species 
(Table 8.2).

Analysis of F. oxysporum PKSs has provided 
insight into the dynamic nature of PKS evolu-
tion in this species and perhaps Fusarium and 
other fungi in general. The genome of strain 
Fo4287 contain two PKS genes (FOXG_14850 
and FOXG_15886; R-PKS Clade III) that share 
over 97% nucleotide sequence identity and 
thus are likely products of gene duplication, 
i.e. paralogues (Brown et al., 2012a). The high 
level of identity (~ 98%) of 2.5 kb upstream 
and 3.2 kb downstream of FOXG_14850 and 
FOXG_15886 flanking regions indicate that 
the duplication event likely involved 14.5 kb of 
genomic DNA. The paralogous regions may rep-
resent a three-gene gene cluster, because both the 
upstream and downstream regions are predicted 
to encode pfam08242 and pfam13489 domain 
containing methyltransferases respectively, and 
such enzymes are often involved in secondary 
metabolism. The presence of a 767-bp indel 
within the 5′ flanking region of FOXG_14850 
and FOXG_15886 indicates that the two PKSs 
could be differentially expressed (Brown et al., 
2012a). Only three of the other 11 F. oxysporum 
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genome sequences have even one homologue 
of FOXG_14850 and FOXG_15886; none of 
the other genomes have both paralogues. In 
FoMelonis and Fo5176, the 5′ flanking region of 
each homologue is missing the 767-bp sequence 
and is thus more similar to FOXG_14850. In 
Fo4287, both paralogues are present in lineage-
specific regions of the genome: FOXG_14850 
on chromosome 3 and FOXG_15886 on chro-
mosome 2b (http://www.broadinstitute.org). 
Whether the homologues in other strains are also 
present in lineage-specific regions and whether 
their presence in these regions is related to the 
duplication event remains to be determined. In 
addition, the failure to find any other strain with 
two copies of this PKS supports the hypoth-
esis that FOXG_14850 and FOXG_15886 are 
products of a relatively recent duplication event 
(Brown et al., 2012a). Gene duplication has 
been proposed as a mechanism by which gene 
clusters grow and diverge to increase structural 
diversity of fungal secondary metabolites (Cary 
and Ehrlich, 2006; Saikia et al., 2008). Thus, 
the FOXG_14850 and FOXG_15886 regions 

may represent an SMB gene cluster that has 
duplicated and is in the process of diverging and 
that has the potential to increase the metabolic 
diversity of F. oxysporum. FOXG_14850 and 
FOXG_15886 are the only obvious example of 
paralogues among the 61 sets of PKS gene hom-
ologues in the four Fusarium species considered 
here. This suggests that duplication of PKS genes 
can occur in Fusarium with some frequency, but 
that the occurrence of such events is limited 
and may occur more often in species that have 
lineage-specific genomic regions. It is interesting 
to note that the most closely related homologue 
of FOXG_14850 and FOXG_15886 in F. solani 
( JGI_106233) is also flanked by two methyl-
transferases that appear homologous to the F. 
oxysporum methyltransferases while the most 
closely related homologue in F. verticillioides 
(FVEG_13715) is flanked by only one homolo-
gous methyltransferase. The lack of a second 
methyltransferase in F. verticillioides suggests 
that the final SM derived from the F. verticillioides 
PKS is likely structurally different than the SMs 
derived from F. oxysporum and F. solani PKSs.

Figure 8.5 The NR-PKS clade (as presented in Figure 8.1) (left), the number of 2-carbon units in the 
polyketides synthesized by NR-PKSs (middle), and secondary metabolites derived from the polyketides 
(right). The numbers (1–7) in bold type indicate the seven sets of Fusarium NR-PKS homologues. Although 
PKS JGI_33672 is required for production of a red perithecial pigment, the chemical structures of the 
pigment and the polyketide from which it is derived have not been determined.
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Predicting polyketide structure 
based on phylogenetic analysis 
and domain content of PKSs
A sufficient number of PKSs and the polyketides 
they synthesize are now known such that it is pos-
sible to use phylogenetic analysis and comparison 
of PKS domain content to help predict structures 
of polyketides synthesized by newly identified 
PKSs. In the phylogenetic tree presented in Fig. 
8.3, the NR-PKS clade includes seven sets of 
Fusarium PKS homologues (numbered 1–7 in 
Fig. 8.5). The polyketides synthesized by four 
of the NR-PKSs (#s 2, 3, 4 and 6) have been 
inferred based on structures of the corresponding 
polyketide-derived secondary metabolites (Fig. 
8.3). Thus, the structures of polyketides synthe-
sized by three Fusarium NR-PKSs ( JGI_33672, 
FGSG_04588 and FGSG_03964) remain to be 
determined. Although the polyketide synthesized 
by JGI_33672 (#5) is not known, this PKS is 
required for synthesis of a red perithecial pigment 
produced by F. solani (Graziani et al., 2004). In the 
phylogenetic analysis, JGI_33672 was resolved 
on a well-supported branch with 10 other PKSs 
(large box in Fig. 8.5). These PKSs synthesize 

polyketides that form structures that consist of 
multiple aromatic rings derived from between six 
(hexaketide) and nine (nonaketide) two-carbon 
units. The presence of JGI_33672 in this clade 
suggests that it may also synthesize a polyketide 
that forms multiple aromatic rings derived from 
between six and nine two-carbon units.

In the phylogenetic analysis, FGSG_04588 
was resolved on a well supported (98% bootstrap 
value) basal branch with PksCT (Monascus pur-
pureus) and Mos (Acremonium strictum) (small 
box in Fig. 8.5). PksCT and Mos are required for 
synthesis of citrinin and 3-methylorcinaldehyde 
respectively. Both of these compounds consist of 
an aromatic ring derived from four 2-carbon units 
(tetrakide) (Fig. 8.6A), even though their KS/
AT domains share only 55% AA identity. Given 
that the FGSC_04588 KS/AT domains share 
42% AA identity with those of both PksCT and 
Mos and that the three PKSs are resolved on the 
same, well supported branch in the phylogenetic 
analysis, FGSG _04588 may also synthesize a 
tetraketide that forms a single aromatic ring. 
In contrast to JGI_33672 and FGSG_04588, 
little can be predicted about the structure of the 

Figure 8.6 (A) The structures of citrinin, a tetraketide from Penicillium citrinum, and 3-methylorcinaldehyde, a 
tetraketide from Acremonium strictum. Adjacent carbons arising from each 2-carbon unit (starter or extender 
unit) are indicated by bold lines. The tetraketide molecule or hypothetical poly-β-lactone, is depicted on the 
right. (B) The structure of emericellamide A, a hybrid pentaketide-pentapeptide from Aspergillus nidulans.
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polyketide synthesized by FGSG_03964 because 
it is relatively distantly related to NR-PKSs with 
known functions. Nevertheless, the domain con-
tent (KS-MAT-PT-ACP-DA) of FGSG_03964 
indicates that it likely synthesizes a polyketide in 
which keto groups are not reduced, and this often 
gives rise to the formation of compounds with 
one or more aromatic rings.

Phylogenetic analysis indicate that the three 
R-PKS clades comprise 28 distinct sets of 
Fusarium PKS homologues and that these PKSs 
are likely responsible for the synthesis of 28 differ-
ent polyketides. To date, polyketides synthesized 
by five of the PKSs have been inferred from the 
structures of the corresponding secondary metab-
olites (fusarielin, fusarin, zearalenone, fusaric acid 
and fumonisin; Fig. 8.3). As with NR-PKSs, the 
phylogenetic relationships of R-PKSs with known 
polyketide products and comparison of domain 
organizations and AA sequences to those with 
unknown products provide clues to the struc-
ture of the polyketides synthesized by the latter. 
For example, FOXG_02884 and FVEG_01736 
exhibit high levels of amino acid identity to 
(~82% identity across the KS/AT domains) and 
are resolved on the same branch as the Alternaria 
brassicicola depudecin PKS, Dep5 (Fig. 8.3). This 
strongly suggests that both FOXG_02884 and 
FVEG_01736 synthesize the same polyketide 
precursor that leads to depudecin in A. brassicicola. 
In support of this prediction is the observation 
that the flanking regions of both FVEG_01736 
and FOXG_02884 include closely related homo-
logues of five genes in the A. brassicicola depudecin 
biosynthetic gene cluster (Wight et al., 2009). To 
our knowledge, depudecin production has not 
been reported in Fusarium.

Only two of the remaining Fusarium R-PKSs 
(FGSG_08208 and JGI_106474) were resolved 
into well-supported clades with PKSs that have 
known polyketide products. The F. graminearum 
R-PKS FGSG_08208 was resolved into a clade 
(100% bootstrap) and shares 59% AA identity 
(KS/AT domains) with the A. nidulans EasB, a 
PKS required for synthesis of emericellamide 
(Fig. 8.6B) (Chiang et al., 2008). Based on this, 
as well as additional observations described 
below, it is likely that the polyketide synthesized 
by the FGSG_08208 PKS is similar in structure 

to the pentaketide precursor of emericellamide. 
In emericellamide biosynthesis, the pentaketide 
produced by EasB undergoes a series of reactions, 
including condensation with a five amino acid 
peptide that is catalysed by a five-module NRPS, 
EasA (Chiang et al., 2008). In A. nidulans, the 
genes coding for EasA and EasB as well as two 
other genes required for polyketide processing are 
located adjacent to one another in the emericella-
mide biosynthetic gene cluster. In F. graminearum, 
FGSG_08209, coding for a putative NRPS, is 
adjacent to FGSG_08208. Although the polyke-
tide products of EasB and FGSG_08208 are likely 
structurally similar, the secondary metabolite 
derived from the FGSG_08208 polyketide likely 
differs markedly from emericellamide, because 
FGSG_08209 has only three NRPS modules 
whereas EasA has five modules (Chiang et al., 
2008).

The F. solani R-PKS JGI_106474 was resolved 
into a clade (100% bootstrap) with Cochliobolus 
heterostrophus Pks2 (Fig. 8.3), and the KS and AT 
domains of the two PKSs share 45% AA identity. 
Pks2 along with a second PKS, Pks1, is required 
for production of a ~40-carbon metabolite known 
as T-toxin (Baker et al., 2006). Analysis of the 
F. solani genome indicates that it does not have 
a closely related homologue of the Pks1 gene. 
Thus, it is unlikely that the F. solani JGI_106474 
PKS synthesizes T-toxin or a secondary metabo-
lite with a similarly long carbon chain. But, 
JGI_106474 may synthesize a 16 to 18-carbon 
polyketide with a pattern of functional groups 
similar to Pks2-derived polyketide of T-toxin.

Future prospects
Fusarium PKSs have proven to be a excellent model 
system to examine the mechanisms by which 
fungi increase and/or decrease their secondary 
metabolite biosynthetic potential. In the future, 
determination of what polyketides Fusarium PKSs 
synthesize will likely proceed by one of three 
approaches that are already being used in laborato-
ries around the world. The first approach involves 
identification of genes encoding transcription fac-
tors (TF) within gene clusters that include a PKS 
gene. The TF gene is then placed under the con-
trol of an inducible or constitutive promoter in 
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order to induce high levels of TF expression. This, 
in turn, should induce high levels of expression of 
the PKS gene and other genes in the cluster and 
thereby give rise to high levels of production of 
the corresponding polyketide-derived secondary 
metabolite. This strategy has been used to iden-
tify the asperfuranone PKS gene in A. nidulans 
(Chiang et al., 2009) and the fusarielin PKS gene 
in F. graminearum (Sørensen et al., 2011). The 
second approach involves manipulation of global 
regulators of SM biosynthesis to alter expression 
of PKS genes and thereby production of polyke-
tide and the secondary metabolites derived from 
them. Both deletion and over expression of laeA, 
which encodes a histone methyltransferase that 
affects chromatin structure, led to the identifica-
tion of a number of PKS genes, including the 
PKS involved in synthesis of the emodin family 
of polyketides in A. nidulans (Bok et al., 2009). 
The third approach involves direct expression of 
PKS genes, as well as flanking genes, in a heterolo-
gous host in order to produce polyketide-derived 
secondary metabolites in organisms that do not 
normally produce them. This approach was used 
to identify the tenellin PKS gene in Beauveria 
bassiana by expressing it and three flanking genes 
in A. nidulans (Heneghan et al., 2010).

The next few years will be an exciting time 
for research on Fusarium polyketides and fungal 
secondary metabolites in general. Whole-
genome sequence data have been generated, but 
are not yet publicly available, for F. fujikuroi, F. 
circinatum (Wingfield et al., 2012), F. mangiferae 
and F. culmorum and more genomes are likely 
to be completed within the next few years. A 
preliminary analysis of the F. circinatum and F. 
fujikuroi sequences indicates that these genomes 
have 15 and 17 PKS genes respectively (Bettina 
Tudzynski, Westfalische Wilhelms-University 
and Brenda Wingfield, University of Pretoria; per-
sonal communication). Examination of the PKSs 
corresponding to these genes as well as genes in 
additional Fusarium genomes will likely lead to 
identification of PKSs required for synthesis of 
novel polyketide metabolites. Because, fusaria 
tend to produce a limited number of secondary 
metabolites under standard laboratory conditions, 
surveys of genomes for PKS genes with known 
functions will aid in determining the genetic 

potential of species to produce known polyketide 
metabolites, including mycotoxins. Such surveys 
will also likely lead to an increased understand-
ing of the distribution and diversity of Fusarium 
PKSs and thereby polyketide-derived SMs. 
Determination of structural differences of polyke-
tides synthesized by PKSs with similar amino acid 
sequences should facilitate determination of what 
sequence variation within a given PKS domain 
can give rise to variation in polyketide structure. 
This in turn should improve the utility of deduced 
amino acid sequences of PKSs to predict pol-
yketide structure. An improved understanding 
of the relationship between sequence variation 
and polyketide structure should also improve 
our understanding of the mechanisms by which 
PKSs catalyse synthesis of polyketides, and this 
may facilitate the design of novel polyketides with 
novel pharmaceutical or agricultural properties. 
Thus, the advent of genome sequences has revolu-
tionized the study of PKSs and will likely continue 
to improve our understanding of the synthesis and 
diversity of polyketides produced by Fusarium 
and other fungi of concern to agriculture produc-
tion and human and animal health.
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Abstract
Plant pathogenic species of Fusarium produce 
numerous secondary metabolites during infec-
tion of host plants. These metabolites often 
perturb host defence responses and suppress plant 
growth. Plant responses to Fusarium metabolites 
can be classified as follows: (1) inhibition of root 
or shoot growth; (2) inhibition of seed germina-
tion; (3) changes in leaf colour such as chlorosis; 
(4) cell death; and (5) suppression or activation 
of defence responses. These phytotoxic effects 
of Fusarium metabolites have been reported in 
various plant species. Two major Fusarium metab-
olites, fumonisins and trichothecenes, induce 
apoptosis-like programmed cell death and can 
contribute to virulence of fusaria on some plants. 
Recently, signalling events have been implicated 
in plant responses to Fusarium metabolites. In 
contrast, production of the growth-promoting 
metabolites gibberellins by the rice pathogen 
Fusarium fujikuroi results in the seedling elonga-
tion symptom characteristic of bakanae disease of 
rice. Thus, Fusarium secondary metabolites have 
various effects in host plants. This chapter reviews 
Fusarium secondary metabolites and how plant 
respond to them.

Introduction
Fusarium species produce a variety of organic 
compounds that are not essential for growth or 
reproduction but instead confer selective advan-
tages under certain environmental conditions 
(Fig. 9.1) (Glenn, 2007). These compounds are 
referred to as secondary metabolites (SMs) to 
contrast them from primary metabolites, which 
are generally required for growth and/or repro-
duction. Some Fusarium SMs are highly toxic 
to humans and other animals and as a result are 

referred to as mycotoxins. Infection of cereal crops 
by some Fusarium species often leads to contami-
nation of the resulting grain and grain-derived 
foods with mycotoxin(s). Consumption of myco-
toxin-contaminated grain can cause serious health 
problems in humans and other animals. The toxic 
properties of Fusarium SMs have been thoroughly 
studied with the aim of reducing their detrimental 
effects on health (Gutleb et al., 2002).

Phytopathogenic fusaria can produce SMs 
during infection of host plants. Some of these 
metabolites can inhibit plant growth and perturb 
host plant defence responses. Such SMs are also 
referred to as phytotoxins (McLean, 1996). Thus, 
some Fusarium mycotoxins are also considered 
phytotoxins because of their phytotoxicity. 
Although phytotoxins can contribute to the viru-
lence of fusaria, the phytotoxic modes of action of 
Fusarium SMs are generally poorly understood. 
However, in order to understand pathogenesis of 
Fusarium, it is important to elucidate the modes of 
action of Fusarium phytotoxins. Recent advances 
have been made in understanding modes of 
action of the Fusarium toxins fumonisins and tri-
chothecenes by examining the effects of the toxins 
on plants at the biochemical and molecular level.

Multiple studies have provided insight into 
the effects of Fusarium SMs on animals and other 
higher eukaryotes. For example, trichothecenes 
inhibit protein synthesis by binding to and 
interfering with the function of a ribosomal pro-
tein, whereas fumonisins disrupt sphingolipid 
metabolism by inhibiting the enzyme ceramide 
synthetase (Gutleb et al., 2002; Nishiuchi et al., 
2006). For each of these metabolites, the mode 
of action is similar in animals and plants. In con-
trast, the mechanism by which the Fusarium SM 
zearalenone affects animals and plants differs 
markedly. The primary toxic effects of zearalenone 
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in animals is due to its estrogenic activity. 
However, zearalenone exhibits little phytotoxic-
ity at high concentration and has been reported 
to promote growth of wheat plants (Filek et al., 
2010). In addition to fumonisins, trichothecenes 
and zearalenone, Fusarium produces a variety of 
other compounds that are referred to as minor 
metabolites because they are not associated with 
severe or repeated toxicoses. These minor metab-
olites can affect growth, cell viability, and defence 
responses in host plants (McLean, 1996).

The overall phytotoxic effects of Fusarium 
may be due in part to minor metabolites or to 
combined and/or synergistic effects of multiple 

metabolites. Metabolic analysis has revealed dif-
ferences in primary, or basal, metabolism as well 
as secondary metabolism in different species of 
Fusarium (Lowe et al., 2010). Some differences 
in metabolomes of Fusarium species are consist-
ent with differences in the presence and absence 
of SM biosynthetic genes and gene clusters that 
exist in genome sequences of the species (Ma et 
al., 2010). In the future, advances in metabolomic 
technologies will likely facilitate identification 
of novel metabolites that mediate interactions 
between Fusarium and its host plants.

Plant responses to Fusarium metabolites can 
be classified into the following five categories: (1) 

Figure 9.1 Chemical structures of various Fusarium metabolites. (A) Gibberellic acid is produced by F. 
fujikuroi and F. oxysporum. (B) Biosynthesis of Fumonisin B1 is catalysed by a non-reducing polyketide 
synthase (NR-PKS) in F. verticillioides and Aspergillus. (C) Deoxynivalenol is one of type B trichothecenes 
and is produced by F. graminearum. (D) Production of zearalenone is catalysed by a NR-PKS and reducing 
polyketide synthase (R-PKS) in F. graminearum. (E) Fusaric acid biosynthesis is catalysed by R-PKS in F. 
verticillioides and F. oxysporum. (F) Biosyntheses of enniatin A and beauvericin are catalysed by a non-
ribosomal peptide synthetase (NRPS). (G) Moniliformin is produced by F. verticillioides.
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phytotoxicity that leads to inhibition of root and/
or shoot growth; (2) inhibition of seed germina-
tion; (3) chlorosis, necrosis and other changes in 
leaf health; (4) cell death including programmed 
cell death (PCD); and (5) suppression or activa-
tion of defence responses. This chapter reviews 
various Fusarium metabolites and how plants 
respond to them, including effects on plant signal-
ling molecules.

Gibberellins

Chemical structure and 
biosynthesis
Gibberellins (GAs) are tetracyclic diterpenoids 
with plant growth-promoting activity, especially 
activity that leads to stem elongation (Fig. 9.1A) 
(Bömke and Tudzynski, 2009). A characteristic 
symptom of bakanae disease of rice (Oryza sativa), 
caused by F. fujikuroi, is abnormal elongation of 
seedlings (Wulff et al., 2010). The growth-pro-
moting effect of F. fujikuroi has been attributed to 
its ability to synthesize GAs (Tudzynski, 2005). 
Although other Fusarium species such as Fusarium 
verticillioides have been isolated from rice with 
bakanae disease, the production of GAs is associ-
ated primarily with F. fujikuroi (Tudzynski, 2005; 
Wulff et al., 2010) (See Chapter 7).

Genes responsible for GA biosynthesis have 
been identified in both F. fujikuroi and in the 
plant Arabidopsis thaliana (Tudzynski, 2005). 
Comparative analysis revealed dramatic differ-
ences in the organization of GA biosynthetic 
pathway genes in the genomes of these two 
organisms. In F. fujikuroi, GA biosynthetic genes 
are located next to one another in a gene cluster, 
whereas in A. thaliana, known GA biosynthetic 
genes are scattered, with one or more genes on 
each of the five chromosomes of the genome 
(Bomke and Tudzynski, 2009; Tudzynski, 2005). 
The absence of GA biosynthetic genes in F. 
graminearum and the presence of only one func-
tional GA gene in F. verticillioides (Bömke et al., 
2008) are consistent with previous observations 
that these three species differ in their abilities to 
produce SMs, including GAs (Bömke et al., 2008; 
Tudzynski, 2005). The difference in the presence 
and absence of GA genes among these species 

contrasts the high degree of sequence similarity 
among primary metabolic genes among the three 
species. Recent analysis of the genome sequences 
of 12 isolates of F. oxysporum, that varied in host 
range, identified the entire, apparently functional 
seven-gene GA cluster in two isolates and partial 
GA clusters in 11 isolates (D. Brown, personal 
communication). The ability of F. oxysporum 
isolates with an apparently functional GA cluster 
to produce GAs and whether production affects 
growth of the isolates respective hosts are under 
examination.

Site of action in plants
In plants, the gibberellin insensitive dwarf1 
(GID1) protein functions as receptors of GA 
(Bari and Jones, 2009). GID1 interacts with the 
protein DELLA in a GA-dependent manner. 
Research with A. thaliana indicates that DELLA 
promotes resistance to necrotrophic pathogens 
by activating jasmonic acid ( JA)/ethylene (ET)-
dependent defence responses. However, the same 
research also indicates that DELLA allows sus-
ceptibility to biotrophic pathogens by repressing 
salicylic acid (SA)-dependent defence responses 
(Bari and Jones, 2009). Because GA stimulates 
the degradation of DELLA through the ubiquitin 
proteasome pathway, it is possible that GA pro-
motes susceptibility to necrotrophs on one hand 
and resistance to biotrophs on the other. Thus, 
necrotrophic fungi like F. fujikuroi may produce 
GAs in part to suppress the defence response in 
host plants.

Fumonisins

Chemical structure
The chemical structure of fumonisins is similar 
to that of the sphingolipid biosynthetic inter-
mediate sphinganine. Fumonisins are classified 
into four groups (A, B, C, and P) according to 
their chemical structures (Fig. 9.1B) (Gutleb et 
al., 2002). Among them, the B group, including 
FB1, FB2, FB3, and FB4, are the most frequently 
found contaminants of maize and maize-derived 
foods. Fumonisin production is discontinuously 
distributed across lineages of closely related 
fusaria known as the Gibberella fujikuroi species 
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complex. Within the complex production was 
observed in only F. verticillioides, F. fujikuroi, F. 
globosum, F. proliferatum, F. nygamai, and one 
strain of F. oxysporum (Proctor et al., 2004). 
The ability to produce fumonisins is conferred 
by a cluster of 17 co-regulated genes located in 
a 42-kb region of the fungal genome (Alexander 
et al., 2009).

Site of action
Fumonisins function mainly by blocking the 
enzyme ceramide synthase, which catalyses the 
conversion of the sphingoid bases sphinganine 
and sphingosine to ceramide. This blockage is 
facilitated by the structural similarities of fumoni-
sins to sphinganine; fumonisins are 1-deoxy 
analogues of sphinganine (Desai et al., 2002). 
The resulting accumulation of free sphingoid 
bases leads to the disruption of sphingolipid 
metabolism and this in turn is believed to be 
the mechanism of fumonisin toxicity. Sphingoid 
bases can arrest the cell cycle and induce apop-
tosis (Desai et al., 2002). In animals, for poorly 
understood reasons, B-series fumonisins are 
generally more toxic than the other series of 
fumonisins (Abbas et al., 1998).

Phytotoxic activity
Doehlert et al. (1994) first reported phytotoxic 
effects of FB1 on germination of maize seeds. 
Although FB1 had no effect on the germination 
rates, shoot and root growth of the seedlings was 
inhibited in a concentration-dependent manner. 
Similar phytotoxic effects of FB1 were noted with 
A. thaliana (Stone et al., 2000). Direct application 
to intact plants of FB1 dissolved in water produced 
several symptoms including chlorosis and the for-
mation of lesions whose severity varied with FB1 
concentration and plant species (Williams et al., 
2007). The phytotoxicity of fumonisins suggests 
that they could contribute to plant pathogenesis 
of Fusarium. It has been possible to assess this 
contribution with mutant strains of F. verticil-
lioides that are unable to produce fumonisins. 
Although fumonisins were found not to contrib-
ute appreciably to the ability of F. verticillioides to 
cause ear rot (Desjardins et al., 2002), they did 
contribute to the ability to cause maize seedling 
disease (Glenn et al., 2008).

Cell death-inducing activity in 
plants
Asai et al. (2000) reported that exogenous 
application of FB1 induced PCD in Arabidopsis 
protoplasts. Simultaneous application of trans-
lation and transcription inhibitors blocked 
FB1-induced PCD. In addition, DNA degrada-
tion was observed in FB1-treated protoplasts 
of leaf cells. These observations suggested that 
FB1 causes cell death by activating a controlled 
program that requires de novo transcription and 
translation. FB1-induced PCD was less frequent 
in protoplasts from the JA-insensitive (jar1), 
ET-insensitive (etr1), and SA-deficient (pad4) 
mutants as compared to that in wild-type plants 
(Asai et al., 2000), indicating that pathways lead-
ing to PCD and activated by FB1 are regulated by 
SA-, JA-, and ET-dependent signalling pathways. 
Similarly, hypersensitive response (HR)-like 
lesions were observed in intact Arabidopsis leaves 
infiltrated with 10 µM FB1. FB1-induced lesion 
formation was associated with deposition of cal-
lose and generation of reactive oxygen species 
(Stone et al., 2000). Thus, PCD induction by FB1 
may involve a HR generated by the accumulation 
of SA. Experiments with maize embryos provided 
evidence that the frequency of cell death induced 
by FB1 was correlated with increases in long-chain 
sphingoid bases as well as with increases in SA 
levels and specific endonuclease activity (Torre-
Hernandez et al., 2010)

The mechanism of PCD induction by FB1 
may involve caspase-like proteases in Arabidopsis 
leaves. Kuroyanagi et al. (2005) reported that FB1-
induced PCD was completely abolished in null 
mutants of vacuolar processing enzymes (VPE). 
The four Arabidopsis VPE genes (αVPE, βVPE, 
γVPE, and δVPE) encode cysteine proteases with 
caspase-like activity and regulate PCD. In add-
ition, a serine protease (Kunitz trypsin) inhibitor 
(KTI1) regulates FB1-induced lesion formation 
in Arabidopsis (Li et al., 2008). Overexpression of 
AtKTI1 resulted in reduced lesion formation after 
infiltration of leaves with FB1. In contrast, RNAi 
silencing of AtKTI1 caused enhanced lesion 
development in FB1-infiltrated leaves (Li et al., 
2008). Thus, FB1-induced lesion formation and 
PCD were positively and negatively regulated by 
VPEs and AtKTI1, respectively.



Plant Responses to Fusarium Metabolites | 169

Fumonisin-resistant mutants
As mentioned above, FB1 also causes growth 
retardation of Arabidopsis plants grown at 
low concentration (0.5 µM) on agar medium. 
Stone et al. (2000) isolated FB1-resistant (fbr) 
Arabidopsis mutants on an FB1-containing agar 
medium. The fbr1 and fbr2 mutants displayed 
reduced lesion formation in FB1-infiltrated leaves 
compared to wild type and a reduced expression 
of PR1 and PR5 in response to FB1. They also 
displayed enhanced resistance to the bacterial 
pathogen Pseudomonas syringae pv. maculicola. 
Thus, FB1-induced signalling pathways are related 
to defence signalling pathways including those 
for disease resistance to bacterial pathogens (e.g. 
SA-dependent pathways).

Stone et al. (2005) reported that the fbr6 
mutant also exhibited an FB1-resistant phenotype 
as well as a number of aberrant morphologies. 
These phenotypes are due to a T-DNA insertion 
in the SQUAMOSA promoter binding protein 
(SBP) domain gene, AtSPL14. AtSPL14 encodes 
a plant-specific transcription factor containing an 
SBP DNA-binding domain and multiple ankyrin 
repeats that can function as a transcriptional acti-
vator when expressed in yeast. However, the actual 
role of this transcription factor in FB1 resistance is 
still under investigation.

Trichothecenes

Chemical structure
Trichothecenes are sesquiterpenoid compounds 
characterized by a 12, 13-epoxy-trichothec-
9-ene ring system (Fig. 9.1C) (Calvert et al., 
2005). More than 200 trichothecenes have 
been identified and can be classified into four 
major types, A–D. Type A and B trichothecenes 
are distinguished by the absence and presence, 
respectively, of a ketone at the C8 position of the 
trichothecene skeleton (Mirocha et al., 1994). 
These two types of trichothecenes are frequent 
contaminants in cereal grain and food derived 
from such grain. Type A and B trichothecene 
production profiles (chemotypes) typically 
vary among and sometimes within species of 
Fusarium. Relatively few species (e.g. F. sporotri-
chioides) produce the type A trichothecenes T-2 

toxin and HT-2 toxin, which have a five-carbon 
ester moiety (isovaleryl) at C8, whereas a wide 
range of species (e.g. F. graminearum, F. sambuci-
num, and F. sporotrichioides) can produce the 
type A trichothecene diacetoxyscirpenol (DAS), 
which lacks a functional group at C8 (Alexander 
et al., 2009). Similarly, a relatively wide range 
of species (e.g. F. asiaticum, F. graminearum, F. 
culmorum, F. equiseti, and F. poae) produce type 
B trichothecenes, which vary in structure by the 
presence and absence of an oxygen atom at C4 
and of acetyl moieties at C3, C4 and C15. Type 
B trichothecene production can vary among and 
within species. For example, in North America 
and Europe, isolates of F. graminearum produce 
predominantly 3-acetylated and 15-acetylated 
deoxynivalenol (DON), although individual 
isolates tend to produce only one or the other of 
these metabolites. Isolates of F. culmorum can 
produce either nivalenol (NIV) or acetylated 
derivatives of DON, whereas isolates of F. asi-
aticum, which occurs more frequently in Asia 
particularly in Japan, produce predominantly 
NIV.

Biosynthesis
The crop diseases Fusarium head blight (FHB) 
of wheat and barley, and ear rot of maize can be 
caused by trichothecene-producing species of 
Fusarium such as F. asiaticum, F. graminearum, and 
F. culmorum (McLaughlin et al., 1977). Most of the 
genes required for trichothecene biosynthesis in 
F. graminearum (12 genes) and F. sporotrichioides 
(14 genes) are clustered in a 26-kb region, which 
is referred to as the core trichothecene biosyn-
thetic gene (TRI) cluster (Brown et al., 2004). 
A second locus encodes a single gene, TRI101, 
responsible for the acetylation of the C3 hydroxyl 
group (McCormick et al., 1999). A third locus, 
with two genes in F. sporotrichioides involved in 
T-2 toxin synthesis and a single gene in F. gramine-
arum involved in DON synthesis, is responsible 
for modifications to the C8 carbon (Brown et 
al., 2003). These Fusarium species have strain-
specific trichothecene metabolite profiles (Ward 
et al., 2002), and such chemotype differences may 
play a role in the phytopathogenicity of individual 
strains of Fusarium (Alexander et al., 2009; Ward 
et al., 2002).
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Site of action
Trichothecenes bind to eukaryotic ribosomes 
and inhibit protein synthesis (Pestka et al., 
2004). In mammals, trichothecenes have been 
shown to modulate gene expression and induce 
apoptosis (Moon and Pestka, 2002; Moon 
and Pestka, 2003). Accordingly, trichothecene 
contamination in cereal grain-derived products 
threatens animal and human health (Eriksen 
and Pettersson, 2004). Trichothecenes may 
inhibit protein synthesis in plants by binding to 
ribosomes; they inhibited protein synthesis in 
Arabidopsis suspension-culture cells in a con-
centration-dependent manner (Nishiuchi et al., 
2006). However, the inhibitory effects vary with 
trichothecene structure. For example, the type A 
trichothecene T-2 toxin was 10 times more effi-
cient at inhibiting Arabidopsis ribosomes than the 
type B trichothecene DON (Masuda et al., 2007; 
Nishiuchi et al., 2006).

Trichothecenes induced prolonged activation 
of MAPKs in animals ( JNK and p38 MAPK 
in mouse) and plants (MPK3 and MPK6 in 
Arabidopsis) (Nagase et al., 2001; Nishiuchi et 
al., 2006; Shifrin and Anderson, 1999; Yang et al., 
2000). Thus, trichothecenes are capable of activat-
ing the MAPK cascade leading to cell death in both 
plants and animals (Nishiuchi et al., 2006). Given 
that other translational inhibitors such as aniso-
mycin also cause MAPK activation and apoptosis 
in vertebrates, it is clear that ribotoxic stress can 
trigger activation of MAPK signalling pathways 
(Shifrin and Anderson, 1999). However, other 
translational inhibitors such as anisomycin and 
cycloheximide did not cause MAPK activation or 
PCD in plants (Nishiuchi et al., 2006).

Phytotoxic activity
The phytotoxic action of various trichothecenes 
on seed germination, growth and morphology 
of Arabidopsis grown on Murashige and Skoog 
(MS) agar medium has previously been reported 
(Murashige and Skoog, 1962; Masuda et al., 
2007). Type A trichothecenes, such as T-2 toxin 
and DAS, inhibited Arabidopsis seed germination 
in a concentration-dependent manner, with 10 
µM DAS decreasing the germination rate approxi-
mately 40%. Similar results were reported in 
tobacco seeds (Muhitch et al., 2000). In contrast, 

DON did not inhibit germination of Arabidopsis 
seeds even at 10 µM.

All trichothecenes inhibited shoot growth of 
Arabidopsis seedlings in a concentration-depend-
ent manner, and T-2 toxin caused severe inhibition 
at a low concentration (Masuda et al., 2007). In 
contrast, 1 µM DON exerted only a minor inhibi-
tory effect. Growth inhibition of DAS-treated 
shoots was intermediate between that of T-2 toxin 
and DON (Masuda et al., 2007). A similar pattern 
of inhibitory effects on root growth was observed 
for the three trichothecenes. However, 1 μM DAS 
and 10 μM DON severely inhibited root but not 
shoot growth, indicating that both DON and DAS 
preferentially inhibit root elongation. Preferential 
inhibition of root elongation by DON was also 
observed in wheat plants (Masuda et al., 2007). 
Microscopic analysis revealed that DON-treated 
roots were less organized than control roots. Not 
only did DON inhibit root elongation, but its 
phytotoxic effects were more marked for the root 
than for the shoot elongation and mass in Zea 
mays (McLean, 1996). Among the trichothecenes 
examined, T-2 toxin most strongly inhibited shoot 
and root growth in Arabidopsis seedlings at low 
concentrations. Similarly, T-2 toxin inhibited root 
and shoot growth in wheat seedlings (Wakulinski, 
1989). In addition, T-2 toxin-treated Arabidopsis 
plants showed retarded growth and aberrant 
morphology. Dwarfism and short petioles were 
observed in 12-day-old T-2 toxin-treated seed-
lings. The cell size of rosette leaves was reduced in 
T-2 toxin-treated plants, suggesting that dwarfism 
in plants is caused by inhibition of cell extension.

Phytotoxic effects of DAS on Arabidopsis seed-
lings are more similar to those of DON and much 
less than to those of T-2 toxin. Although DAS and 
T-2 toxin are both type A trichothecenes, they 
differ in structure by the presence (T-2 toxin) and 
absence (DAS) of an isovaleryl moiety at the C8 
position. T-2 tetraol had only minor effects on 
growth inhibition at low concentrations. T-2 toxin 
and T-2 tetraol differ in structure by presence 
(T-2 toxin) and absence (T-2 tetraol) of acetyl 
moieties at C-4 and C-15 as well as the presence 
and absence of the isovaleryl group. Therefore, it 
is possible that the absence of isovaleryl or one 
of the acetyls or the absence of two or all three 
of these functional groups reduces phytotoxicity. 
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As mentioned above, DAS and T-2 toxin both 
induce PCD in Arabidopsis leaves. Given this and 
the marked difference in phytotoxicity of these 
two trichothecenes, it is possible that the mode 
of action of trichothecene-induced PCD and the 
mode of action of trichothecene-induced phyto-
toxicity differ.

The phytotoxicity of trichothecenes suggests 
that they could contribute to pathogenicity of 
fusaria on plants. Indeed, analysis of trichothecene-
nonproducing mutants of F. graminearum, F. 
sambucinum, and F. sporotrichioides have dem-
onstrated that trichothecene production can 
contribute to the ability of Fusarium to cause 
disease on some hosts (Alexander et al., 2009). 
Accordingly, the trichothecene sensitivity of plants 
might be expected to be related to their resistance 
to diseases caused by Fusarium. However, Bruins 
et al. (1993) reported that the sensitivity of wheat 
growth to 40 µM DON was not correlated with 
levels of resistance to Fusarium head blight (FHB) 
of the examined genotypes.

Cell death-inducing activity in 
plants
When Arabidopsis leaves were infiltrated with 
various trichothecene molecules, type A tri-
chothecenes, such as T-2 toxin, induced HR-like 
lesion formation at concentrations higher than 
1 µM (Nishiuchi et al., 2006). Other the type A 
trichothecenes DAS and HT-2 toxin, induced 
lesion formation in Arabidopsis leaves at 1 µM. 
Because trypan blue staining revealed many dead 
cells in these lesions, it was concluded that type 
A trichothecenes caused cell death (Nishiuchi 
et al., 2006). The presence of hydrogen peroxide 
and deposition of callose in the leaves was also 
consistent with cell death. Application of type A 
trichothecenes also led to accumulation of SAs, 
induction of defence genes, and activation of 
MAPKs in Arabidopsis leaves (Nishiuchi et al., 
2006). Although type A trichothecenes partially 
inhibited protein synthesis in Arabidopsis cells 
at 1 µM, they activated transcription of defence-
related genes and biosynthesis of defence-related 
compounds (Nishiuchi et al., 2006). Taken 
together, these observations indicate that 
trichothecene-induced cell death is PCD rather 
than necrosis.

In contrast to type A trichothecenes, activa-
tion of defence genes and MAPKs by DON were 
observed only at 100 µM. DON did not induce 
cell death in Arabidopsis even at a high concen-
tration. However, DON concentrations higher 
than 5 µM effectively inhibited protein synthesis 
in Arabidopsis cells (Nishiuchi et al., 2006), indi-
cating that the major effect of DON is to block 
the defence responses of host plants rather than 
to induce cell death. In contrast, Desmond et al. 
(2008) reported that application of DON induced 
PCD in wheat leaves. Infusion of DON into the 
leaves induced generation of hydrogen peroxide, 
accumulation of defence-related proteins, DNA 
laddering and cell death (Desmond et al., 2008). 
These results indicate that DON-induced cell 
death in wheat is PCD. Thus, the effects of exog-
enous DON treatment differed markedly between 
Arabidopsis and wheat leaves; high concentrations 
of DON induce PDC in wheat but do not induce 
PCD in Arabidopsis.

Virulence factor
Trichothecenes are also known to act as viru-
lence factors during Fusarium infection of host 
plants (Bai et al., 2001). In Fusarium species, 
TRI5 encodes trichodiene synthase, the enzyme 
that catalyses the first committed reaction in 
trichothecene biosynthesis. Bai et al. (2001) 
reported the use of a TRI5 deletion mutant 
to investigate the role of trichothecene in the 
virulence of F. graminearum. TRI5 mutant strain 
of F. graminearum, which cannot produce tri-
chothecenes, can infect wheat and cause disease, 
but the mutant cannot spread to and thereby 
cause disease in neighbouring florets within the 
wheat spike (Bai et al., 2002). In addition, exog-
enous application of 75 µM DON increased the 
virulence of F. graminearum in Arabidopsis plants 
(Chen et al., 2006). Based on these observations, 
DON appears to be important for disease spread 
rather than for initial infection of F. graminearum 
in the wheat spike.

The in vivo location of DON was examined in 
F. culmorum-infected wheat spikes using an anti-
body specific to DON (Kang and Buchenauer, 
2002). DON was found to be associated with 
the plasmalemma and in the cytoplasm with 
ribosomes (Kang and Buchenauer, 2002). The 
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association with the plasmalemma probably 
results in alterations of membrane permeability, 
dramatically affecting cell viability. The affinity of 
DON to ribosomes probably blocks protein syn-
thesis, possibly resulting in severe impairment of 
host defence mechanisms (Kang and Buchenauer, 
2002).

Detoxification in plants
Up-regulation of glutathione S-transferases 
(GSTs) has been reported in wheat flowers 
infected with the type B trichothecene-producing 
species F. graminearum (Gardiner et al., 2010). 
GSTs function to detoxify both endogenous and 
xenobiotic compounds by catalysing the forma-
tion of conjugates of glutathione (GSH) and the 
compounds (Marrs, 1996). These conjugated 
compounds can become sequestered in vacuoles 
and from there released into the extracellular envi-
ronment. Gardiner et al. (2010) found evidence 
for non-enzymatic formation of DON–GSH 
conjugates in vitro using both liquid chromatog-
raphy–mass spectrometry (LC-MS) and nuclear 
magnetic resonance analysis (NMR). Their 
results suggest that GSTs are involved in detoxi-
fication of DON. Plants also decrease the toxicity 
of trichothecenes by other chemical modifica-
tions. Poppenberger et al. (2003) reported that 
Arabidopsis UDP-glucosyltransferase can catalyse 
the glucosylation of trichothecenes such as DON, 
resulting in a decrease in phytotoxicity.

Chemical modifications of trichothecene play 
an important role in decreasing its toxicity, not 
only in plants but also in Fusarium. Studies on the 
self-defence mechanism used by F. graminearum 
against trichothecenes revealed that Tri101, which 
encodes a trichothecene 3-O-acetyltransferase, 
decreases DON toxicity (Kimura et al., 1998). 
Transgenic plants expressing Tri101 exhib-
ited increased resistance to Fusarium and 
trichothecenes (Ohsato et al., 2007).

Signalling pathway regulating 
the response of plants to 
trichothecenes
Although much is known about the phytotox-
icity of trichothecenes, little is known about 
the signalling pathway(s) that enable plants to 
respond to trichothecenes. However, treatment 

of Arabidopsis with T-2 toxin resulted not only in 
reduced growth but also in formation of reactive 
oxygen species (ROS), accumulation of salicylic 
acid (SA) and brassinosteroid (BR) inactiva-
tion, a group of plant growth regulators involved 
in multiple physiological processes in plants, 
including disease resistance (Masuda et al., 2007; 
Nishiuchi et al., 2006). Thus, ROS, SA and BR 
inactivation could play a role in the trichothecene 
signalling pathway in plants. T-2 toxin exposure 
also induced expression of the Arabidopsis gene 
AtNFXL1, a gene that is predicted to encode 
a transcription factor with similarity to the 
human transcription repressor NF-X1 (Masuda 
et al., 2007). The expression of wheat and barley 
orthologues of AtNFXL1 is induced by DON-
producing Fusarium graminearum (Gardiner et al., 
2010; Jia et al., 2009). In addition, compared to 
wild-type Arabidopsis, atnfxl1 mutant plants were 
markedly more sensitive to T-2 toxin, slightly 
more sensitive to DAS, and not more sensitive to 
DON (Asano et al., 2000a, 2008b). The AtNFXL1 
repressed T-2 toxin-inducible expression of the 
SA biosynthesis gene (ICS1). The enhanced accu-
mulation of SA in T-2 toxin-treated atnfxl1 mutant 
affected its high sensitivity. Thus, AtNFXL1 is 
involved in the trichothecene-induced signalling 
pathway in Arabidopsis, but also that the signalling 
pathway may vary with variation in trichothecene 
structure.

Zearalenone

Chemical structure
Zearalenone (RAL, F-2 toxin) is a macrocyclic 
lactone with estrogenic properties (Fig. 9.1D) 
(Gutleb et al., 2002) that is produced by multiple 
Fusarium species, including F. graminearum, F. equi-
seti, F. culmorum, F. tricinctum and F. crookwellense 
(McLean, 1996). In F. graminearum, the zearale-
none biosynthetic gene cluster consists of four 
genes: two adjacent PKS genes, an FAD-binding 
dehydrogenase gene, and a bZIP transcription 
factor gene (Kim et al., 2005). Several species, 
including the FHB pathogen F. graminearum, can 
produce both DON and zearalenone, and this can 
lead to the frequent co-contamination of cereals 
with both metabolites.
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Site of action
Zearalenone has potent estrogenic activity in 
animals, owing to its high binding affinity to oes-
trogen receptors (Kuiper et al., 1997). In contrast, 
in plants the site of action of zearalenone is essen-
tially unknown.

Effects on plant growth
Zearalenone did not appreciably affect seed germi-
nation or root or shoot growth of wheat seedlings 
at high concentration (Wakulinski, 1989), and its 
phytotoxic effects were very weak compared with 
those of other Fusarium toxic metabolites (e.g. 
trichothecenes). When Arabidopsis plants were 
grown on zearalenone-containing agar medium, 
weak inhibition of plant growth was observed 
but only at concentrations of more than 100 µM 
(Nishiuchi, unpublished results). In contrast, zea-
ralenone promoted root and shoot growth of Z. 
mays (McLean, 1996). Thus, although the estro-
genic activity of zearalenone is a serious threat to 
animals, the level of phytotoxicity of zearalenone 
does not appear to pose a significant threat to 
plant health.

Fusaric acid

Chemical structure
Fusaric acid was first isolated from F. hetero-
sporum as a compound that inhibited growth of 
rice seedlings (Fig. 9.1E) (Notz et al., 2002; 
Yabuta et al., 1934). Fusaric acid has also been 
reported to be produced by F. crookwellense, 
F. heterosporum, F. napiforme, F. oxysporum, F. 
sambucinum, F. solani, F. subglutinans, and F. ver-
ticillioides (Bacon et al., 1996; Brown et al., 2012). 
The chemical structure of fusaric acid (5-butylpi-
colinic acid) and precursor feeding experiments 
indicate that fusaric acid is a product of polyke-
tide metabolism. Recently, a polyketide synthase 
(PKS) gene (FUB1) required for fusaric acid 
production was identified in F. verticillioides 
(Brown et al., 2012). FUB1 was adjacent to four 
other genes (FUB2-FUB5) that exhibited a simi-
lar pattern of expression and were proposed to be 
a fusaric acid biosynthetic gene cluster.

Toxicity
Fusaric acid exhibits biological activity in both 
animals and plants. Fusaric acid is only mildly 
toxic to mammals, and this toxicity is thought to 
result from inhibition of DNA synthesis (Bacon 
et al., 1996). Fusaric acid also has an import-
ant pharmacological property in that it inhibits 
dopamine β-hydroxylase, which catalyses the 
conversion of dopamine to noradrenaline, a neu-
rotransmitter (Nagasaka et al., 1985). Fusaric acid 
induced inhibition of dopamine β-hydroxylase 
is associated with lowered blood pressure 
and subjective improvements in patients with 
phaeochromocytoma (Nagasaka et al., 1985). 
In plants, fusaric acid has been implicated in the 
pathogenesis of tomato wilt symptoms caused by 
F. oxysporum f. sp. lycopersici (Bacon et al., 1996). 
The observation that fusaric acid alone could not 
induce wilting in maize suggests that the plant wilt 
symptoms caused by Fusarium species may be due 
to the cooperative action of fusaric acid and other 
metabolites (Bacon et al., 1996). Fusaric acid 
and its methyl ester (methyl fusarate) have been 
proposed as bioherbicides to control witchweed 
(Capasso et al., 1996). Using a cotton leaf bioas-
say, Stipanovic et al. (2011) recently reported 
that methyl fusarate was the most toxic naturally 
occurring fusaric acid derivative. Fusaric acid 
can also repress production of the antimicrobial 
compound 2,4-diacetylphloroglucinol in the 
biological control agent Pseudomonas fluorescens 
strain CHA0 (Notz et al., 2002).

Butenolide

Chemical structure
The water-soluble butenolide 4-acetamido-
4-hydroxy-2-butenoic acid γ-lactone belongs to a 
class of lactones with a four-carbon heterocyclic 
ring structure. Butenolides may be produced 
together with DON and 3-ADON by F. gramine-
arum (McLean, 1996) and other Fusarium 
species including F. sporotrichioides, F. equiseti, 
F. tricinctum, F. culmorum, F. acuminatum, F. 
lateritium, F. poae, F. semitectum, and F. nivale 
(McLean, 1996).
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Toxicity
In mammals, butenolide can induce dysfunction 
of mitochondria, and oxidative damage appears to 
play a crucial role in these deleterious effects. But 
the mechanism by which the damage occurs is not 
known (Wang et al., 2009). In the plant Lemma 
minor (duck weed), butenolide caused growth 
inhibition and decreased chlorophyll content 
(Vesonder et al., 1992). But butenolide was less 
toxic to L. minor than the Fusarium metabolites 
T-2 toxin and fumonisin B1 (Vesonder et al., 
1992). The butenolide 3-methyl-2H-furo[2,3-
c]pyran-2-one, a component of plant-derived 
smoke, promotes seed germination in some plant 
species (Flematti et al., 2004). In addition, this 
butenolide had cytokinin- and auxin-like activity 
in bioassays of mung bean callus and roots ( Jain et 
al., 2008). However, such activities have not been 
reported in Fusarium-derived butenolide.

Enniatin

Chemical structure
Enniatins are N-methylated cyclic hexadepsipep-
tides consisting of alternating residues of amino 
acids linked by peptide and ester bonds (Fig. 
9.1F). These metabolites are synthesized by a 
non-ribosomal peptide synthase (NRPS), known 
enniatin synthetase. Enniatins appear in nature as 
mixtures of the four main variants, enniatin A, A1, 
B, and B1 and the minor variants, enniatin C, D, 
E, and F (Herrmann et al., 1996b). Enniatins are 
produced by F. tricinctum, F. acuminatum, F. ave-
naceum, and F. sambucinum and may contaminate 
cereal grain and food derived from it (Logrieco et 
al., 2002; Tan et al., 2011).

Site of action
Enniatins exhibit both antimicrobial and insec-
ticidal activities. These activities are thought 
to result from the ability of enniatins to act as 
ionophores (Ovchinnikov et al., 1974). In a brine 
shrimp assay, the relative toxicities of enniatins 
were determined to be, from most to least toxic, 
enniatin B, B1, A1 and A (Tan et al., 2011). Enniatins 
also interact strongly with the membrane-located 
ATP-binding cassette transporters in human cells 
(Dornetshuber et al., 2009).

Effects on plants
Mixtures of enniatins caused necrotic lesion 
formation in potato tuber tissues in a concen-
tration-dependent manner (Herrmann et al., 
1996b). In addition, in the leaf puncture assay, 
visible lesions formed on leaves of various 
plants treated with a 1:10 mixture of acetamido-
butenolide:enniatin B (Hershenhorn et al, 1992). 
To examine the role of enniatins in pathogenesis 
of Fusarium, enniatin-nonproducing mutants of F. 
avenaceum were generated by targeted gene disrup-
tion of the enniatin synthetase gene (Herrmann et 
al., 1996a). The reduced virulence of the resulting 
mutants on potato tuber tissue provided evidence 
that enniatins contribute to virulence of the 
fungus on potato tubers (Herrmann et al., 1996a).

Beauvericin

Chemical structure
Beauvericin is also a cyclic hexadepsipeptide with 
alternating methyl-phenylalanyl and hydroxy-iso-
valeryl residues (Fig. 9.1F) (Logrieco et al., 1998). 
The metabolite is sometimes found as a contami-
nant in cereal grain (Logrieco et al., 2002) and is 
produced by a relatively wide range of Fusarium 
including F. proliferatum, F. subglutinans, and F. 
semitectum and the relatively closely related fungus 
Beauveria bassiana (McLean, 1996).

Toxicity
Beauvericin has broad antifungal, antibacterial, 
and insecticidal activities (Logrieco et al., 1998). 
This metabolite has been shown to exhibit iono-
phoric properties and is a specific inhibitor of 
cholesterol acyltransferase (Tomoda et al., 1992). 
In addition, beauvericin induce PCD similar to 
apoptosis in animals by elevating intracellular 
calcium levels (Dombrink-Kurtzman, 2003; 
Logrieco et al., 1998). Beauvericin application 
caused a decrease in ascorbate levels in tomato 
protoplasts, and such imbalances of ascorbate 
metabolism can lead to cell death (Paciollaa et al., 
2004). Beauvericin also caused a decrease in cell 
viability and DNA fragmentation resulting in cell 
death in wheat seedlings (Srobarova et al., 2009). 
The phytotoxic effects of beauvericin suggest that 
the metabolite may contribute to the virulence 
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of beauvericin-producing species of Fusarium. 
A beauvericin-nonproducing mutant of B. bassi-
ana caused less disease on three insect species 
compared to the wild-type strain from which it 
was derived, suggesting that beauvericin plays a 
significant but not an essential role in virulence of 
the fungus on insects (Xu et al., 2008).

Moniliformin

Chemical structure and toxicity
Moniliformin (1-hydroxycyclobut-1-en-3,4-di-
one) is a cyclobutane mycotoxin (Fig. 9.1G) 
that is produced by F. avenaceum, F. culmorum, F. 
oxysporum, F. sporotrichioides, and F. subglutinans 
(Desjardins, 2006; McLean, 1996). Moniliformin 
can inhibit incorporation of pyruvate into the 
tricarboxylic acid cycle, resulting in interference 
in carbohydrate metabolism ( Jestoi, 2008). In 
addition, moniliformin can induce oxidative 
damage in myoblasts, possibly by inhibiting glu-
tathione peroxidase and glutathione reductase 
( Jestoi, 2008). In wheat seedlings, leaf growth was 
significantly decreased by exposure to low con-
centrations of moniliformin, whereas root growth 
was significantly decreased only at a high con-
centration of moniliformin (Wakulinski, 1989). 
Moniliformin application reduced the biomass of 
maize calli, although these calli appeared healthy 
(Van Acsh et al., 1992). In addition, necrosis and 
chlorosis were also observed in tobacco and maize 
plants one week after moniliformin treatment. 
Chlorosis induced by moniliformin was also 
observed in leaves of Lemna minor (Vesonder et 
al., 1992).

Future prospects
As stated above, Fusarium species produce mul-
tiple SMs during infection of host plants. Some 
of these SMs are highly toxic to plants as well 
as to animals. Fusarium has developed mech-
anisms, such as chemical modification, to protect 
itself from these toxic SMs (e.g. trichothecenes) 
(Kimura et al., 1998). In addition, most Fusarium 
species devote a significant amount of genetic 
material and energy to production of multiple 
SMs. Such a significant investment in metabolism 

and energy suggests that SMs can provide an 
ecological advantage to the species that produce 
them. Indeed, there is evidence that enniatins, 
fumonisins and trichothecene can contribute to 
the ability of fusaria to colonize plants, thereby 
providing them with a source of nutrients (Bai 
et al., 2002; Chen et al., 2006). Genomic and 
metabolomic approaches have led to the elucida-
tion of the overall biosynthetic pathway of several 
SMs. However, it is very important to study the 
production of phytotoxic metabolites in the host 
plants. Therefore, it is necessary to conduct global 
expression studies and metabolome analysis of 
Fusarium species in infected plant tissues. These 
analyses will shed light on the regulatory mecha-
nism of biosynthesis of Fusarium metabolites 
during infection of host plants.
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