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Neurospora crassa was the central organism in the development of biochemical genetics,
providing a model system that established the relationship between genes and enzymes; it
remains the best-studied filamentous fungus. This review focuses on the impact that the recent
publication of a high-quality draft sequence of the N. crassa genome will have upon efforts to
understand the biology of the filamentous fungi. Although several fungal genomes have been
sequenced, annotated, and published, the organisms that have been examined are yeasts with
relatively small genomes. In sharp contrast, N. crassa contains about 10,000 protein-coding
genes, approximately twice as many genes as the yeasts and only slightly fewer than the
invertebrate animals. Analysis of this gene set suggests that several different processes have led
to the differences in gene content between N. crassa and the yeasts. Evidence for the loss of
genes in the yeasts and the acquisition of novel genes in Neurospora lineage is described, as well
as details regarding the biological processes that have led to these changes. Analyses of the N.
crassa genome sequence revealed the widest array of genome defense mechanisms known for
any organism, and one of these defense mechanisms (RIP) appears to have blocked the
productive duplication of genes. Since gene duplication is the most common pathway for the
origin of novel genes, it seems likely that N. crassa will provide an excellent model system for
understanding alternative ways in which novel genes arise. A number of unexpected genes were
identified when the complete genome sequence was analyzed, indicating that N. crassa produces
secondary metabolites, shares apparent "pathogenicity" genes with plant pathogens, and responds
to environmental cues such as light in novel ways. The genome sequence for N. crassa is the
first exciting step toward a detailed understanding of the biology of filamentous fungi, and it will
allow fungal biologists to establish which features of the filamentous fungi are shared with non-
fungal organisms and which features are unique.

1. INTRODUCTION

N. crassa has a long and distinguished history in classical and biochemical genetics. C. L.
Shear and B. O. Dodge discovered the sexual cycle of Neurospora and named the genus nearly
eighty years ago (Shear and Dodge 1927). Less than ten years later, C. C. Lindegren identified
by mutation and mapped six loci on linkage group (LG) I, which he referred to as the "sex



chromosome" of Neurospora (Lindegren et al. 1939). The first biochemical mutants in any
organism were identified in Neurospora by G. W. Beadle and E. L. Tatum; their work initiated
the science of biochemical genetics (Beadle and Tatum 1941). In 1945, Beadle proposed the
one-gene-one-enzyme hypothesis (Beadle 1945). Beadle and Tatum were awarded the Nobel
Prize for this body of work.

Also in 1945, B. McClintock studied the meiotic cytology of Neurospora and showed that
there are seven chromosomes, the same as the number of linkage groups (McClintock 1945). A
few years later, the first temperature-sensitive mutants were isolated in Neurospora (Houlahan et
al. 1949). In 1955, M. B. Mitchell was the first to demonstrate the process of gene conversion
(Mitchell 1955).

Since these early studies, a detailed genetic map of the seven linkage groups has been
developed, including over 1,000 mapped genes; a fairly detailed restriction fragment length
polymorphism (RFLP) map is also available (Perkins et al. 2001). Efficient DNA-mediated
transformation is possible in Neurospora (Case et al. 1979), so that cloned genes can be
introduced and their properties analyzed. The Neurospora genome sequence was completed and
analyzed recently; this represents the first available sequence of a filamentous fungus (Galagan
et al. 2003). Coordination of the physical (sequence) and genetic maps is greatly speeding gene
discovery and characterization.

2. FUNGAL GENOMICS

In the era of genomics, one of the major questions is how many and which complete genome
sequences will be necessary (Miller 2000). This is an especially important question for fungal
biologists because of the diversity of fungi and the potential for these eukaryotic organisms to
contribute to understanding fundamental, questions in biology. Some of the debate regarding the
appropriate organisms to sequence has focused on how many genomes to obtain from
representatives of the ascomycete fungi. Complete or nearly complete genome sequences now
exist for three ascomycetes that exhibit predominantly yeast-like growth, Saccharomyces
cerevisiae (Goffeau et al. 1996), Candida albicans (Berman and Sudbery 2002), and
Schizosaccharomyces pombe (Wood et al. 2002). All three organisms have served as important
models in cell biology and genetics.

The community of scientists who work on filamentous fungi have argued that additional
complete genomes, especially genomes of filamentous fungi, are necessary because yeasts such
as S. cerevisiae and S. pombe lack the complex life cycles typical of many filamentous fungi
(Bennett 1997). The genome of Ashbya gossypii, a close relative of S. cerevisiae that possesses a
type of filamentous growth, has also been sequenced (Brachat et al. 2003). However, 4. gossypii

Fig. 1. Fungal phylogeny adapted from various sources (Bruns ef al. 1992; Liu et al. 1999; Lutzoni et al. 2001;
Keeling 2003). Although this phylogeny shows a zygomycete — microsporidia clade in the interest of
simplicity, the zygomycetes are likely to be paraphyletic, representing multiple independent lineages branching
between the Chytridiomycota and Basidiomycota (Keeling 2003). With the exception of the gene number from
N. crassa, which reflects the annotation by Galagan et al. (2003), the numbers of genes present have been
rounded and are based upon a variety of estimates. If gene numbers were unavailable, they were estimated
using Kupfer et al. (1997) as a guide. There is little information available on genome size or gene number in
the Chytridiomycota, but many chytridiomycetes exhibit substantial developmental complexity and exhibit
features (e.g., flagella) absent in other fungi. For these reasons, at least some chytridiomycetes are likely to
have large genomes and gene numbers similar to other developmentally complex fungi. The presence or
absence of photobiology (responses to light and circadian rhythms) is shown as an example of a complex trait
that has been lost in a variety of lineages. Although neither of the basidiomycetes shown here has a described
photobiology, many basidiomycetes are known to exhibit responses to light.
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Neurospora crassa 40 10,082 yes yes
Magnaporthe grisea 40 10,000 yes yes
Aspergillus nidulans 31 8,100 yes yes
Saccharomyces cerevisiae 14 5,800 - -
Candida albicans 16 7.000 - -
Ashbya gossypii 8.5 4,000 yes -
Schizosaccharomyces pombe 14 4,800 - -
Phanerochaete chrysosporium 30 8,000 yes -
Cryptococcus neoformans 18 7,000 - -

ncephalitozoon cuniculi 2.5 2,000 - -
Phycomyces blakesleeanus 30 8,000 yes yes
Allomyces reticulatus ? ? yes yes



is a plant parasite that has fewer genes and a smaller genome than does S. cerevisiae (Fig. 1).
Thus, the genome sizes and total gene numbers of these model ascomycetes are much smaller
than those typical of most filamentous fungi (Fig. 1), suggesting that they lack certain gene
functions important to more developmentally complex filamentous fungi and, therefore, may not
be "models" for many critical processes.

It is clear that the absence of filamentous growth in the yeasts results in major differences, in
terms of life history and ecology, between yeasts and filamentous fungi. The filamentous
ascomycetes exhibit spectacular diversity in terms of morphology and ecology and include strict
saprobes, facultative parasites, obligate parasites of plants and animals, mutualists of plants, and
the fungal components of lichens (Alexopoulos ef al. 1996). The yeasts also lack some specific
responses to the environment, such as responses to light (Roenneberg and Merrow 2001), that are
characteristic of many other fungi. Thus, there are important physiological questions to be
answered by studying a variety of genomes within the ascomycetes.

A number of phylogenetic analyses (Bruns ef al. 1992; Berbee and Taylor 1993; Liu ef al.
1999) have suggested a model in which the yeasts arose from more complex filamentous
ancestors, and some extremely simplified unicellular organisms are clearly derived from more
complex fungal ancestors (Keeling 2003). The hypothesis that yeasts arose from multicellular
ancestors by simplification suggests that developmentally complex filamentous fungi are likely
to share genes that have been lost in the yeasts. In fact, analyses of N. crassa expressed
sequence tags (ESTs) indicate that S. cerevisiae has undergone substantial gene loss (Braun et al.
2000), consistent with this hypothesis. However, rigorous tests of the hypothesis of genome
simplification will require comparison of genomes from yeasts and diverse filamentous fungi.

The release of the N. crassa genome sequence (Galagan et al. 2003), representing the first
complete genome sequence for a developmentally complex filamentous fungus, has revealed the
presence of a number of surprising genes and opened the door to genomics of the filamentous
fungi. In this chapter we review the impact of adding N. crassa, a model filamentous
ascomycete, to the list of completely sequenced genomes and discuss the prospects for using this
sequence information to investigate fungi and other groups of organisms.

3. NEUROSPORA CRASSA — A MODEL FILAMENTOUS FUNGUS

One of the major morphological differences between filamentous fungi like N. crassa and
typical yeasts is the constitutive nature of hyphal growth. The fundamental cellular structure of
filamentous fungi is the hypha (pl. hyphae), a multinucleate tube that grows by elongation from
the apex (Heath and Steinberg 1999). This type of tip growth has only been found in the fungi
and specific plant cells (root hairs and pollen tubes). Fungal hyphae typically have crosswalls
called septa that divide the filament into a linear array of cells. Hyphal networks can remain
relatively undifferentiated morphologically, as is typical of vegetative stages, or they can form
very complex structures with highly specialized tissues, most notably in fungal fruiting bodies.
Although the fruiting bodies (perithecia) of N. crassa are much smaller than the fruiting bodies
of typical mushrooms or puffballs, they are complex multicellular structures that exhibit a
characteristic shape (Nelson 1996).

Fungal hyphae allow a number of specialized functions that are not available to yeasts by
providing a robust and intricate structure that supports continuous, directed growth. Hyphae
form a network called the mycelium that gives filamentous fungi their structure. The mycelium
of an individual fungus is a complex system in which the hyphae can transport nutrients and
organelles, and these networks can exhibit trophic responses to a variety of signals such as



nutrients and light. Hyphae also have a great facility for penetrating substrates, reflecting the
combination of physical forces and the release of digestive enzymes at the growing hyphal tip.
In the case of pathogenic fungi, penetration through healthy tissues such as leaf surfaces often
plays an important role in the initiation of infection (Gow et al. 2002). For saprobes like N.
crassa, hyphal penetration is important in spreading a mycelial network through a substrate.

The mycelial network that results from the growth of hyphae is a true individual that can
occupy a large space and live for extremely long periods of time. The most impressive examples
of such individuals are found among basidiomycetes growing below ground, sometimes
observed as fairy rings representing growth over hundreds of years starting from a single point.
It has been suggested that the largest known living organism, covering 2,200 acres and with an
estimated age of 2,400 years, is an individual of the basidiomycete Armillaria bulbosa (Smith et
al. 1992). Mycelia also allow fungi to spread in and on living hosts; examples of this type of
growth include plant pathogens, such as Magnaporthe grisea (rice blast fungus), and animal
pathogens that can infect humans, such as Trichophyton spp. (ringworm).

3.1 Neurospora in the Environment

The life histories of Neurospora species are an interesting mix of specialization and
generalization. A specialized aspect of Neurospora species is their adaptation to colonize dead
or dying plants after fires, and most Neurospora isolates have been obtained from burned
vegetation. Consistent with this observation, ascospores are routinely treated with either heat or
furfuryl alcohol, a product of burned vegetation, in order to elicit germination in the laboratory.
However, the generalist nature of Neurospora species is reflected in their lack of host specificity
and their broad geographic ranges, which extend from the tropics to northern conifer forests
(Perkins and Turner 1988; Jacobson et al. 2003).

Although Neurospora species are not pathogenic, they are likely to be excellent models for
filamentous fungal pathogens, since closely related groups of perithecial ascomycetes include
some of the most important plant pathogens (e.g., Magnaporthe grisea, the rice blast fungus). It
is clear that Neurospora species have evolved in close association with plants and have life
histories dependent on plants. The availability of the N. crassa genome presents an opportunity
to assess whether plant pathogenicity and specialization for a narrow host range depend
primarily on the acquisition of new genes or the modification of gene function and expression
during the course of evolution.

3.2 The Neurospora Genome and its Impact on Fungal Genomics

In the genomic era, there are two approaches to the study of model organisms. One is to
examine aspects of biology that are conserved in large portions of the "tree of life". Many
experimental studies with members of the genus Neurospora have focused on fundamental
aspects of cell biology and genetics likely to have such relevance (Davis and Perkins 2002), as
have studies using yeast (S. cerevisiae and S. pombe) model systems. A second approach is to
examine processes that are unique to specific groups of organisms, toward the goal of
understanding processes that are unique to fungi or specific groups of fungi. Such studies will be
extremely important to the understanding and control of fungal pathogens, for example. In this
context, studies of hyphal growth and sexual development in Neurospora species have been
responsible for a number of important contributions with special relevance to fungal biology.
The complete sequence of the N. crassa genome will accelerate both types of research, but the



unique features of N. crassa as a model filamentous fungus are expected to have an especially
significant impact on the second research approach.

As a model filamentous fungus, N. crassa also brings with it a considerable body of
information regarding the population biology and evolution of the genus, and progress has been
made in understanding the ecology of certain species (Jacobson et al. 2003). When the
information on the natural history of Neurospora species is combined with past laboratory
studies (reviewed by Davis and Perkins 2002) and the new genome sequence (Galagan et al.
2003), it should be possible to build a solid foundation for understanding how filamentous fungi
respond to the environment at a molecular level. The N. crassa genome will provide a reference
for comparison with other filamentous fungi exhibiting different lifestyles, including pathogens.
Overall, the availability of the genome sequence from N. crassa should greatly accelerate the
expansion of experimental biology into realms with specific relevance to fungal biology.

4. COMPARATIVE GENOMICS USING NEUROSPORA CRASSA

Analyses of the complete genome sequence for N. crassa revealed 10,082 protein-coding
genes (Galagan et al. 2003), in agreement with previous predictions of gene number based upon
more limited samples of genomic DNA that ranged from 9,200 to 13,000 (Kupfer et al. 1997,
Nelson et al. 1997; Bean et al. 2001; Kelkar ef al. 2001; Schulte et al. 2002; Mannhaupt et al.
2003). Thus, it was clear before the completion of the N. crassa genome that this filamentous
fungus would have a substantially larger number of genes than the 4500 to 6000 genes that are
typical of the yeasts (Goffeau et al. 1996; Wood et al. 2001; Wood et al. 2002; Kellis et al. 2003;
also see Fig. 1).

There are three distinct processes that can account for the differences in gene numbers
between the yeasts and the filamentous fungi (Fig. 2). One process, gene loss in the yeast
lineages, would reduce the sizes of the yeast genomes. In contrast, two alternative processes, the
creation of novel genes and lateral gene transfer (LGT) into the Neurospora lineage, would lead
to an increase in the number of genes present in the Neurospora lineage. Prior to the completion
of the N. crassa genome sequence, large-scale sequence comparisons had provided evidence that
all of these processes have contributed to the differences in gene content between the N. crassa
and S. cerevisiae genomes (detailed by Braun et al. 2000). The availability of the complete N.
crassa genome sequence has allowed these basic conclusions to be expanded in several different
ways.

4.1 Genetic Innovation in the Neurospora Lineage

Genetic innovation can be broadly defined as the origin of novel genes in specific lineages.
Gene duplication is thought to represent the primary explanation for the process of genetic
innovation in most lineages (Ohno 1970), and a small number of gene families are evident in the
complete N. crassa genome sequence (Galagan et al. 2003). However, the proportion of N.
crassa genes that are members of gene families is substantially lower than expected for an
organism with approximately 10,000 genes (Table 1), and most of the gene duplications
observed in N. crassa are relatively ancient. Although there was existing evidence that N. crassa
had few gene families (Nelson et al. 1997), the striking near absence of gene families with
closely-related members in the N. crassa genome only became clear upon analysis of the
complete genome sequence (Galagan et al. 2003).
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Table 1. Percentage of genes in various organisms that are members of gene families

Organism Number % Genes in Expected % Genes
of Genes"’ Families” in Families®

Mycoplasma genitalium 500 16% —
Haemophlius influenzae 1,700 17% 18%
Pyrococcus abyssi 1,800 28% 20%
Encephalitozoon cuniculi 2,000 21% 22%
Escherichia coli 4,400 33% 35%
Schizosaccharomyces pombe 4,800 26% 36%
Pseudomonas aeruginosa 5,600 44% 38%
Saccharomyces cerevisiae 5,800 33% 38%
Neurospora crassa 10,000 17% 41%
Drosophila melanogaster 14,500 39% 43%
Caenorhabditis elegans 18,000 46% 43%
Arabidopsis thaliana 25,000 71% 44%,

“ Due to the problems associated with gene prediction (Wood ef al. 2001; Braun 2003; Kellis et al. 2003),
these values have been rounded to the nearest hundred.

® These data are from analyses conducted for Galagan ef al. (2003) and presented in Fig. 1 and S6.1 from
that paper.

“ The expected percentage of genes in families was calculated using expected number of paralogs (np) given
a specific number of genes (ng) using the equation np = 0.46ng — 471 (from Hooper ef al. 2003) and
converting this value to a percentage. This equation does not yield an appropriate prediction for organisms
with fewer than 1,000 genes, so the value for M. genitalium is not presented.

The absence of genes that arose by recent duplications probably reflects the activity of a
process in Neurospora called RIP (repeat-induced point mutation), which causes multiple C to T
transition mutations on both strands of duplicated sequences (Cambareri et al. 1989). RIP is one
of the set of processes that operate as genome defense mechanisms in Neurospora species;
additional defense mechanisms include the vegetative quelling of repeated sequences (Cogoni
2001) and the meiotic silencing of unpaired DNA (MSUD; Shiu et al. 2001). These genomic
defense mechanisms have left a clear signature on the complete N. crassa genome sequence,
with the extreme paucity of gene families. Analysis of the genome sequence has revealed that
RIP has affected all transposable elements and the majority of other duplicated sequences present
in the genome (Galagan et al. 2003). The notable exceptions are the ribosomal DNA repeat units
present at the nucleolus organizer, which for reasons that remain unknown have not been
affected by RIP. However, the virtual absence of recent protein-coding gene duplications in the
N. crassa lineage is undoubtedly another consequence of RIP.

The complete Neurospora genome sequence also allowed examination of alternative
hypotheses regarding processes involved in genetic innovation. Although it seems clear that the
fixation of duplicated genes in the Neurospora lineage stopped after the process of RIP arose,
detailed understanding of the RIP process may provide clues about types of duplication that can
occur despite the existence of RIP. For example, duplications of relatively short genes or gene
segments might occur, since RIP does not act on duplicated sequences unless they exceed a
certain minimum size (~400 bp; Watters et al. 1999). Likewise, duplication coupled with loss of
a segment of the gene (e.g., due to domain loss; Braun and Grotewold 2001) might allow



survival of both duplicates if the region exhibiting a high degree of nucleotide sequence identity
is shorter than 400 bp and thus not susceptible to the process of RIP. The fixation of duplicates
by any of these alternative pathways should still result in the duplication of individual protein
domains. Examination of the complete proteome inferred using the N. crassa genome sequence
revealed few closely related domains (Galagan e al. 2003), suggesting that these pathways to
gene duplication are uncommon and that RIP has stopped the productive duplication of genes
rather than altering the pathways that result in duplicated genes.

This leaves unanswered the major question of how Neurospora accumulated so many genes
(prior to the establishment of the RIP process). The majority of N. crassa sequences that lack
homologs in the yeast genomes (57% of predicted N. crassa proteins) correspond to "orphan”
genes, defined as genes that lack identifiable homologs in available databases (Nelson et al.
1997; Braun et al. 2000; Schulte et al. 2002; Galagan et al. 2003; Mannhaupt et al. 2003). The
number of true orphan genes will likely be reduced substantially when full comparisons are made
between the genomes of N. crassa and closely-related ascomycetes. In fact, comparisons of N.
crassa genes on linkage groups 2 and 5 to an assembly of the Aspergillus fumigatus genome
(available at http://www.tigr.org/tdb/e2k1/aful) greatly reduced the percentage of genes
classified as orphans (Mannhaupt et al. 2003). However, it is quite clear that N. crassa possesses
many genes with no identifiable homologs in other groups of organisms.

What processes could generate such a large proportion of orphan genes? In principle, orphan
genes can be generated by duplication followed by rapid divergence of one member of the
duplicated pair. However, the active genomic defense mechanisms of Neurospora species have
blocked the productive duplication of genes. This raises the question of when the orphan genes
present in the N. crassa genome arose. If many orphans arose prior to the origin of RIP, then
they might reflect duplication followed by rapid divergence. Alternatively, if the orphan genes
arose after the origin of RIP and they reflect rapid evolutionary divergences, they would have to
be divergent orthologs of genes present in other organisms. In this model, the divergence would
not be coupled with duplication, so N. crassa would lack less divergent copies of the genes.
Since the extreme sequence divergence necessary to obscure evolutionary relationships among
protein-coding genes is likely to be correlated with functional changes (Aravind et al. 2000;
Braun 2003), this pathway seem implausible as a major pathway of innovation.

Assuming a limited number of genes have undergone divergence in the absence of
duplication, only two pathways remain for genetic innovation after the evolution of RIP: 1)
lateral (horizontal) gene transfer (LGT); and 2) "overprinting," a process defined as the
generation of novel genes from noncoding sequences (Fig. 2; for details see Ohno 1984; Keese
and Gibbs 1992). LGT would not tend to produce orphans unless there were no sequences
available from the donor organism, and LGT into the Neurospora lineage appears relatively
limited (Braun et al. 2000; also see Section 4.2 below), suggesting that it does not represent a
major source of orphan genes. Overprinting, therefore, appears to be a possible explanation for
the high proportion of orphan genes if many of the orphan genes arose after the evolution of RIP.
Although the source of the requisite unexpressed ORFs that represent the raw material for
overprinting remains obscure, the existence of specific processes that block the fixation of
duplicated genes (e.g., RIP) should make Neurospora species excellent model systems to
examine this process. Alternatively, if the orphans largely reflect duplication prior to the origin
of RIP followed by divergence, then other ascomycetes that diverged after the origin of RIP
should have the a set of genes very similar to that found in N. crassa. Since the rice blast fungus
M. grisea is known to RIP duplicated sequences (Ikeda et al. 2002) and a M. grisea sequence




assembly is virtually complete (available from http://www-genome.wi.mit.edu/annotation/fungi/
magnaporthe/), comparison of N. crassa sequences to this organism will be especially
informative. Regardless of the evolutionary origin of the orphan genes in Neurospora, the
observation that ESTs from specific developmental stages in N. crassa differ in the proportion of
orphan genes (Nelson et al. 1997) is likely to provide a means to connect these unknown
sequences with specific aspects of fungal biology.

4.2 Lateral Transfer into the Neurospora Genome

The explosion of genome sequence data has revealed surprising numbers of genes that are
shared among genomes by the process of LGT (Doolittle 1999). As described above, the
absence of productive gene duplication in the Neurospora lineage suggests that the origin of
novel genes in this lineage after the origin of RIP has been limited largely to the poorly
understood process of overprinting and to LGT. Although the impact of LGT on the evolution of
prokaryotic genomes is fairly clear (Doolittle 1999), the number of genes that originate by LGT
in eukaryotic lineages has been more controversial (Doolittle 1998; Salzberg et al. 2001; Braun
2003; Gogarten 2003). There have been suggestions that large numbers of eukaryotic genes
originated by lateral transfers from prokaryotes (Doolittle 1998) and that the clustering of
functionally related genes evident in some fungi reflects LGT (Prade et al. 1997). However,
there are also reasons to suspect that the probability of prokaryote-to-eukaryote LGT is
substantially lower than the probability of LGT among prokaryotes (Braun 2003). Likewise, the
observed clustering of functionally related genes in the fungi could reflect processes other than
LGT.

The existence of barriers to prokaryote-to-eukaryote LGT have been supported by
phylogenetic analyses of many candidates for prokaryote-to-vertebrate LGT (Roelofs and Van
Haastert 2001; Salzberg et al. 2001; Stanhope et al. 2001). These candidates for LGT from
various prokaryotes to vertebrates were identified using the initial annotation of the draft
sequence of the human genome (The International Human Genome Sequencing Consortium
2001) as those genes with possible orthologs in prokaryotic genomes (Salzberg et al. 2001).
However, genes with this phylogenetic distribution could also reflect loss in multiple non-human
eukaryotic lineages. In fact, the observed number of genes with this distribution is similar to that
expected under a simple model of gene loss (Salzberg et al. 2001), so gene loss in several
eukaryotic lineages represents a simpler explanation for these genes than does prokaryote-to-
vertebrate LGT. Despite these results, the barriers to prokaryote-to-eukaryote LGT that exist are
probably not absolute. Instead, they probably act to reduce the probability of prokaryote-to-
eukaryote LGT. Thus, establishing an upper limit for the impact of prokaryote-to-eukaryote
LGT upon the N. crassa lineage represents a useful exercise. Using a criterion to identify
candidates for prokaryote-to-eukaryote LGT comparable to that used by the International Human
Genome Sequencing Consortium (presence of a homolog only in the focal eukaryote and
prokaryotes), we found 95 candidates for LGT from a prokaryotic organism to N. crassa (0.9%
of the N. crassa proteome). If we relax this criterion slightly to include genes with substantially
better BLASTP hits to prokaryotes than to eukaryotes (using a 10 log difference in E-values as a
cut-off), then an additional 297 genes would be included (2.9% of the N. crassa proteome).

Estimates of the numbers of N. crassa genes that arose by LGT from prokaryotes using the
sets of protein-coding genes that are present in prokaryotes and absent in other eukaryotes should
exclude instances of fungus-to-prokaryote LGT, which would result in the same distribution of
homologs. Unfortunately, accurate estimates of the proportions of genes reflecting each
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direction of LGT are difficult to obtain without conducting detailed phylogenetic analyses. It
may be necessary to include sequences from additional filamentous fungi in these analyses, and
they would have to involve rooted phylogenetic trees despite the difficulties associated with
establishing the position of the root in phylogenetic trees (Bieszke et al. 1999). Given these
limitations, the values presented in this chapter should be viewed as upper limits for the number
of N. crassa genes originating by LGT from prokaryotes.

The current lack of genome sequences from additional filamentous fungi makes it impossible
to determine whether LGT among fungi has made a substantial contribution to the N. crassa
genome. However, some aspects of the potential contribution of LGT within the fungi to the N.
crassa genome can be examined by searching for clusters of functionally related genes, since it
has been suggested that LGT may drive the clustering of certain genes in the fungi (Prade ef al.
1997). By analogy with the "selfish operon" model (Lawrence and Roth 1996), sets of genes that
carry out similar biological functions could be transferred together in tightly-defined clusters,
while LGT involving individual genes would not result in transfer of the complete pathway.
This phenomenon has been suggested to largely involve nonessential genes, such as those
involved in secondary metabolism (Prade et al. 1997). Some clusters of functionally-related
genes are evident in N. crassa, including the well-studied ga cluster (Geever et al. 1989) and a
cluster of putative laccase and melanin biosynthetic genes on linkage group 5 (Mannhaupt et al.
2003). However, various analyses of the complete N. crassa genome did not reveal large
numbers of clusters characterized by the presence of functionally-related genes (Galagan et al.
2003).

There are several additional reasons for the clustering of functionally-related genes in the
fungi and other eukaryotes. These include the presence of shared regulatory elements (Rosewich
and Kistler 2000), the existence of chromosomal domains containing multiple genes with similar
patterns of expression (Cohen et al. 2000), and the possibility that the clustering may be an
ancestral feature of the genes in question. For example, the snz and sno genes responsible for
pyridoxine synthesis in some organisms are present in a cluster in N. crassa, S. cerevisiae, and
the marine sponge Suberites domuncula (Padilla et al. 1998; Bean et al. 2001; Seack et al. 2001),
and the divergence observed among the snz and sno homologs in these organisms is consistent
with divergence due to speciation. Although it is likely that the selective pressure maintaining
the snz — sno cluster in these diverse organisms is the presence of regulatory elements that drive
the expression of these genes under the same conditions (Padilla et al. 1998), the evolutionary
origin of this clustering appears to be ancient and unrelated to LGT. Thus, these analyses only
serve to place an upper limit on LGT within the fungi. Nonetheless, they serve to emphasize the
relatively limited contribution of LGT to the N. crassa genome, especially when they are
combined with the limited number of genes potentially reflecting prokaryote-to-eukaryote LGT
in N. crassa.

4.3 Gene Loss in the Yeasts

The initial analyses of the complete N. crassa genome (Galagan et al. 2003) revealed a total
of 584 N. crassa genes that have matches in other groups of eukaryotes but lack a clear homolog
in either of the completely sequenced yeasts (S. cerevisiae and S. pombe). These genes are likely
to have been lost in both of the yeasts, suggesting that about 5% of the ancestral proteome was
lost in both yeasts, assuming the ancestral proteome for the ascomycetes was similar in size to
the N. crassa proteome. Although the small number of complete genome sequences currently
available for fungi limits our ability to reconstruct the presence or absence of specific gene
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products in the ancestral fungal proteome, the hypothesis that the yeasts arose from more
complex filamentous ancestors (Bruns et al. 1992; Berbee and Taylor 1993; Liu et al. 1999) and
the existence of developmentally complex fungi in all groups of fungi (Fig. 1) are consistent with
the common ancestor of the ascomycetes having a relatively large proteome.

To extend the initial comparative analyses of the N. crassa genome, we examined the
numbers of genes with distributions suggesting loss in the yeasts. Using strict criteria outlined in
previous studies of gene loss (a significant hit in the non-fungal database [E-value < 10°] and no
potential homolog in the yeast databases [E-value > 0.1]; Braun et al. 2000; Braun 2003), we
found a slightly smaller number of candidates for gene loss (301 N. crassa queries). This
smaller number of genes identified may reflect the loss of some sequences by restricting our
consideration to eukaryotes for which complete and extensively annotated genome sequences are
available, but it is more likely to reflect the restrictive criterion used to score loss (sequences
must have no potential homolog in BLASTP searches of either yeast). If we consider N. crassa
genes with homologs in the yeasts but non-fungal homologs that are substantially more closely
related (the non-fungal homolog is at least 10-logs better than the yeast homolog; Braun et al.
2000; Braun 2003), then 438 additional candidates for loss can be identified. These sequences
are expected to include genes that have undergone accelerated evolution in the yeasts, so the set
of protein-coding genes present in N. crassa that were lost in both of the completely-sequenced
yeasts falls somewhere between 301 and 739 genes (approximately 3% — 8% of the proteome).

Although detailed analyses of the N. crassa genes that have been lost in yeasts will be
presented elsewhere (manuscript in preparation), several patterns emerge from a consideration of
the most conservative set of 301 protein-coding genes. Using the same criteria to score loss
revealed the potential loss of 535 genes in S. cerevisiae and 499 genes in S. pombe. Thus, more
than half of the genes that have been lost in a single yeast species have been lost in both yeast
species. The loss of these genes would have occurred independently in each yeast lineage if the
fungal phylogeny presented in Fig. 1 is correct, as suggested by a variety of analyses (Bruns et
al. 1992; Berbee and Taylor 1993; Liu et al. 1999; Lutzoni et al. 2001; Vivares et al. 2002).
However, since some phylogenetic analyses support a S. pombe — S. cerevisiae clade (Bullerwell
et al. 2003), it remains possible that these genes were lost in the common ancestor of S.
cerevisiae and S. pombe. If the loss in each yeast lineage did occur independently, the large size
for the set of genes lost in both lineages relative to the sets of genes lost in each lineage suggests
that certain genes may be more likely to undergo loss in the yeasts. As complete genome
sequences become available from additional yeasts that are distantly related to S. cerevisiae and
S. pombe, such as Pneumocystis carinii (a basal ascomycete) and Cryptococcus neoformans (a
basidiomycete yeast), this question may be resolved.

In addition to the ascomycete yeasts, the complete genome sequence of one other fungus is
currently available. The microsporidian Encephelitozoon cuniculi is an obligate intracellular
parasite with a very small genome (2.9 x 10° bp) originally thought to be an ancient eukaryote
but now recognized as a highly reduced fungus (Keeling and Fast 2002; Vivares et al. 2002).
More recent phylogenetic analyses suggest a specific relationship between the microsporidia and
certain zygomycetes (Keeling 2003), indicating that the extreme reduction of the microsporidia
occurred independently of the more modest reduction that occurred in the ascomycete yeasts.
Not surprisingly, the set of N. crassa genes that have non-fungal homologs but lack E. cuniculi
homologs is very large (2334 protein-coding genes). However, the set of N. crassa genes with
non-fungal homologs that are clearly absent in the genomes of S. cerevisiae, S. pombe, and E.
cuniculi is only 284 genes. Thus, there are 17 genes that were likely to have been lost in both of
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the ascomycete yeasts that were retained in the genomes of the highly reduced microsporidian E.
cuniculi. The degree to which these genes share similar functions is unclear, although it is
surprising that genes retained in a highly-reduced genome would be dispensable in the yeasts. It
is possible that the functions of these genes are mediated by non-orthologous genes in the yeasts
(non-orthologous displacement; Koonin et al. 1996). Alternatively, these genes may provide
information about the differences in the selective pressures that have acted to reduce the gene
number and genome size in the free-living yeasts and parasitic microsporidia.

5. UNEXPECTED GENES IN THE NEUROSPORA GENOME SEQUENCE

One of the most exciting aspects of genomic sequencing is the potential to find genes that
were completely unanticipated in the organism. The Neurospora genes that were lost in S.
cerevisiae (Braun et al. 1998; Braun et al. 2000) might fall into this category, since it is possible
to find many papers in molecular biology journals that assert specific features are universal to the
eukaryotes because they are "conserved from yeast to man." However, the availability of
multiple eukaryotic genome sequences has made the contribution of gene loss to eukaryotic
genome evolution clear (Salzberg et al. 2001; Braun 2003), so these genes should not be
considered surprising. Nonetheless, the completion of the N. crassa genome sequence did reveal
a number of genes that were completely unanticipated despite the long history of experimental
biology using Neurospora species.

5.1 Genes Associated with Secondary Metabolism

Despite the absence of characterized secondary metabolites synthesized by Neurospora
species, the earliest large-scale sequence data sets revealed the existence of specific genes
involved in the synthesis of secondary compounds (Nelson et al. 1997). Subsequent analyses
revealed a number of genes involved in the synthesis and transport of compounds ranging from
trichothecene, lovastatin, aflatoxin, and penicillin in other fungi (Mannhaupt et al. 2003). Thus,
the diversity of genes involved in secondary metabolism identified using the complete genome
sequence (Galagan et al. 2003) was consistent with previous large-scale sequence data sets, but
they had been unanticipated based upon the biology of Neurospora species. A possible
resolution of the apparent paradox of finding secondary metabolism genes in an organism may
be the production of relatively small amounts of these compounds, possibly as signalling
molecules.

One particularly interesting class of secondary metabolism genes found in the complete N.
crassa genome includes those associated with the biosynthesis of diterpenes and, in particular,
gibberellins in other organisms. Gibberellins are best known as regulators of stem elongation
and other developmental processes in plants (Graebe 1987; Yamaguchi and Kamiya 2000).
However, gibberellic acid (GA) was first identified as a metabolic product of the plant pathogen
Gibberella (Fusarium) fujikuroi, a pyrenomycete relative of N. crassa that causes "foolish
seedling" disease in rice. GA was shown to be responsible for the over elongation of shoots
(preceding seedling death), a phenomenon from which the disease received its name (Kurosawa
1926; Yabuta and Sumiki 1938). GA was only later shown to be a normal growth regulator in
plants.

Plants and G. fujikuroi share certain steps in GA synthesis but differ in others (Hedden et al.
2001). The proteins predicted for N. crassa include at least one member of each of three enzyme
classes required for gibberellin biosynthesis in plants (Yamaguchi and Kamiya 2000), as well as
homologs of all enzymes required for GA biosynthesis in G. fujikuroi. The enzymes encoded by
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the N. crassa genes include an apparent terpene synthase (aka terpene cyclase; NCU09272.1),
several members of the cytochrome P450 monooxygenase family closely related to enzymes
involved in gibberellin biosynthesis in both plants (NCU02852.1) and fungi (NCU05376.1,
NCU09274.1, NCU05967.1), three apparent homologs of GA4 desaturase from G. fujikuroi
(NCUO00751.1, NCUO01598.1, NCUO00847.1), and others. (Numbers in parentheses are
annotation numbers associated with the N. crassa genome sequence reported by Galagan et al.
2003.)

Although these proteins have unknown functions in N. crassa, their presence has important
implications for the evolution of pathogenicity in G. fujikuroi and other fungi, because it
indicates that the components necessary for GA production were present in the fungal ancestors
of pathogens and non-pathogens alike. Quite clearly, G. fujikuroi has evolved to use these genes
in a special manner in the context of pathogenicity. This is evident in that in G. fujikuroi the
genes encoding enzymes for GA synthesis reside in a cluster (Tudzynski and Holter 1998),
whereas the N. crassa homologs do not. It is possible that N. crassa and its non-pathogen
relatives synthesize gibberellins or related compounds for reasons unrelated to plant
pathogenesis, possibly as signals during development. In fact, there is a report of GA3 from M.
crassa (Kawanabe et al. 1983), as well as evidence that GA has effects on hyphal growth in this
organism (Tomita et al. 1984). In this context, the growing availability of sequence data from
the fungi may allow us to determine whether the clustering of GA biosynthetic enzymes in G.
fujikuroi reflects LGT within the fungi, selection for a novel pattern of expression for a set of
genes common to many pyrenomycetes, or a distinct selective pressure.

Alternatively, it is entirely possible that in N. crassa these genes have functions unrelated to
GA biosynthesis. Throughout the fungal and plant kingdoms, the enzyme families in question
participate in the synthesis of large numbers of secondary compounds, including certain
antibiotics. In conifers, for example, the terpene synthase family includes a diverse group of
enzymes, some with roles in GA synthesis and others that participate in the synthesis of terpene
components of resins (Phillips and Croteau 1999; Trapp and Croteau 2001). In addition, specific
enzymes can be both multifunctional (catalyzing multiple steps in a pathway) and promiscuous
in terms of substrate (Yamaguchi and Kamiya 2000). Therefore, it is not possible to conclude
precisely what roles the N. crassa enzymes have in diterpene-related secondary metabolism.
Regardless of the specific functions of these enzymes, the discovery of genes related to terpene
metabolism in N. crassa provides strong support for additional studies in this organism, focused
on the possible roles of secondary compounds in defense and signaling.

5.2 Genes Associated with Pathogenicity in other Fungi

Neurospora species are not plant or animal pathogens, and they are not known to produce
mycotoxins (Perkins and Davis 2000). However, analysis of the complete genome sequence
revealed 12 genes associated with pathogenicity in other fungi (Galagan et al. 2003).
Surprisingly, these potential pathogenicity-related genes include one of the few gene families
present in N. crassa, with a total of five genes showing homology to the ECP2 gene of the
tomato pathogen Cladosporium fulvum. ECP2 is a secreted protein that elicits the hypersensitive
response and necrosis in some plants (Wubben et al. 1994; Takken et al. 2000), but its function
in Neurospora is currently unclear. Some of the genes involved in secondary metabolism (see
above, section 5.1) also play a role in the pathogenic phenotype of certain fungi, and their
presence in N. crassa was unanticipated. Establishing the functions of these pathogenicity-
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related genes in a non-pathogenic group like Neurospora presents both challenges and exciting
opportunities to learn about the ways in which pathogenic and non-pathogenic fungi differ.

5.3 Genes Associated with Light Sensing

Although the existence of circadian rhythms and blue-light responses in members of the
genus Neurospora has been known for some time (Loros and Dunlap 2001), large-scale
sequencing in N. crassa has revealed several surprising genes involved in light sensing. All the
known light-induced phenotypes in Neurospora are regulated by blue light, and all of these
phenotypes can be blocked in mutants of either white collar-1 (wc-1) or white collar-2 (wc-2,
(Lee et al. 2003). The products of the wc genes form a flavin mononucleotide-containing
complex and act as a photoreceptor (Froehlich et al. 2002; He et al. 2002). Since the product of
we-1 is a photoreceptor, and all known responses to light in Neurospora are abolished by the we
mutations, the potential roles of additional photoreceptors is unclear and their existence was
unexpected.

Additional photoreceptors encoded in the N. crassa genome include homologs of the
archaeal rhodopsins, cryptochromes, and phytochromes (Bieszke et al. 1999; Galagan et al.
2003). The archaeal rhodopsin homolog (nop-1) was identified using EST data before
completion of the N. crassa genome sequence (Bieszke et al. 1999), but it also represents an
unexpected gene revealed by large-scale sequencing. Exposure of nop-I mutants to the
mitochondrial ATPase inhibitor oligomycin produces a light-dependent change in growth pattern
(Bieszke et al. 1999), although it is unclear whether the change in growth and conidiation
reflects an indirect effect of oligomycin or redundancy between the product of nop-1 and the
mitochondrial H+-ATPase for a light-regulated conidiation function. Regardless, these data
suggest the existence of light-regulated processes in Neurospora that were not anticipated based
upon the results of genetic screens.

The presence of phytochromes in Neurospora, revealed by analyses of the complete genome
sequence (Galagan et al. 2003), is also unexpected because all known responses to light in
Neurospora involve blue-light. However, the bacteriophytochromes related to the N. crassa
phytochrome homologs and the Aspergillus nidulans velvet gene are involved in responses to red
light. In fact, N. crassa also has a clear ortholog of the A. nidulans fluG gene (NCU04264.1),
which is known to functionally interact with the velvetr gene (Yagera et al. 1998). Establishing
whether the genes that are involved in responses to red light in other organisms that are present
in Neurospora regulate additional light regulated processes (that were not detected by genetic
screens), or whether they interact functionally with the products of the we genes should prove
interesting.

6. CONCLUSIONS

The completion of the N. crassa genome sequence represents a landmark in fungal genetics
and genomics. This event constitutes a fundamental step in the remarkable journey that has
taken the biology of Neurospora from the experiments of Beadle and Tatum that established a
direct relationship between genes and proteins to a preliminary description of Neurospora's
10,000 genes. A number of challenges remain for the future, most notably that of establishing
the ways in which these 10,000 genes interact to product the developmental complexity evident
in Neurospora. However, the availability of the complete genome sequence of N. crassa has
allowed us to understand more precisely the ways in which this organism differs from the yeasts.
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The first fungi for which complete genome sequences were available (the yeasts S. cerevisiae
and S. pombe and the microsporidian E. cuniculi) are organisms that have undergone substantial
reduction by gene loss during evolution. Thus, it is not surprising that gene loss in the yeast
lineages has made a substantial contribution to the differences between the genomes of these
organisms and the genome of N. crassa. However, loss in the yeast lineages cannot explain all
of the differences between the genomes of Neurospora species and the yeasts. Instead, some
type of genetic innovation must be invoked to explain the large number of genes present in N.
crassa. Gene duplication, the most common pathway of genetic innovation, has been blocked in
the Neurospora lineage, and other pathways of genetic innovation such as LGT and partial
duplications do not appear to be especially active in the Neurospora lineage. Thus, either much
of the innovation occurred prior to the origin of the processes that block gene duplication (e.g.,
RIP), or pathways of innovation that are poorly understood at present are responsible for many of
the differences between N. crassa and the yeasts.

The difficulties associated with the analysis of the N. crassa genome raise the question of to
what extent comparative genomics will ultimately help unravel the nature of fungal diversity.
Our analysis of the N. crassa genome suggests that much, if not most, of the genetic framework
required for this diversity is reflected in the genome of this one organism. The genome sequence
of N. crassa has revealed genes thought to have functions that Neurospora was not known to
possess, particularly in the realms of secondary metabolism, interactions with plants, and the
transduction of signals from the environment. The N. crassa genome may well have a nearly
complete complement of the gene families present among the filamentous fungi. This presents
both opportunities and challenges for experimental biologists, because it implies that major
differences in biology may result from small changes in gene structure and expression.

In the eighty years since Shear and Dodge named the genus Neurospora, experiments using
this organism established the fundamental relationship between genetics and biochemistry. With
the publication of the N. crassa genome we now have the tools to elucidate the nature of the
subtle changes in genetic function that have led to the diversity of phenotypes evident in the
filamentous fungi. We believe this will ultimately lead to another exciting eighty years of
Neurospora research.
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