The role of transposable element clusters in genome evolution and
loss of synteny in the rice blast fungus Magnaporthe oryzae

Michael R Thon", Huaqin Pan’, Stephen Diener®, John Papalas’,

Audrey Taro’, Thomas K Mitchell” and Ralph A Dean’

Addresses: “Department of Plant Pathology and Microbiology, Texas A&M University, College Station, TX 77843, USA. "Center for Integrated
Fungal Research, North Carolina State University, Raleigh, NC 27695, USA.

Correspondence: Michael R Thon. Email: mthon@tamu.edu

Published: 28 February 2006 Received: 24 October 2005

Genome Biology 2006, T:R 16 (doi:10.1186/gb-2006-7-2-r16) ii‘é:;f; d'. 63J|aj‘a”na:ayr§°2%% .

The electronic version of this article is the complete one and can be
found online at http://genomebiology.com/2006/7/2/R 16

© 2006 Thon et al.; licensee BioMed Central Ltd.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: Transposable elements are abundant in the genomes of many filamentous fungi, and
have been implicated as major contributors to genome rearrangements and as sources of genetic
variation. Analyses of fungal genomes have also revealed that transposable elements are largely
confined to distinct clusters within the genome. Their impact on fungal genome evolution is not
well understood. Using the recently available genome sequence of the plant pathogenic fungus
Magnaporthe oryzae, combined with additional bacterial artificial chromosome clone sequences, we
performed a detailed analysis of the distribution of transposable elements, syntenic blocks, and
other features of chromosome 7.

Results: We found significant levels of conserved synteny between chromosome 7 and the
genomes of other filamentous fungi, despite more than 200 million years of divergent evolution.
Transposable elements are largely restricted to three clusters located in chromosomal segments
that lack conserved synteny. In contradiction to popular evolutionary models and observations
from other model organism genomes, we found a positive correlation between recombination rate
and the distribution of transposable element clusters on chromosome 7. In addition, the
transposable element clusters are marked by more frequent gene duplications, and genes within
the clusters have greater sequence diversity to orthologous genes from other fungi.
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Conclusion: Together, these data suggest that transposable elements have a profound impact on
the M. oryzae genome by creating localized segments with increased rates of chromosomal
rearrangements, gene duplications and gene evolution.

Background pathogenic filamentous fungus and is providing new insight
Magnaporthe oryzae, a member of the M. grisea species  into the molecular and genetic basis for pathogenesis. M.
complex [1], causes blast disease of rice and is one of the most ~ oryzae shares a number of traits with other plant pathogenic
destructive pathogens of this important food crop [2]. Its  fungi, such as the formation of specialized infection struc-
recently published genome sequence [3] is the first for aplant ~ tures called appressoria that are important in penetrating the
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plant epidermis. M. oryzae, along with many other plant
pathogens, also exhibits a genetically controlled pattern of
host recognition, called the gene-for-gene interaction, that
mediates host range [4]. Because of the commonality of these
features among plant pathogenic fungi, its genetic tractabil-
ity, and its economic importance, M. oryzae has been devel-
oped as a model for studying infection related morphogenesis
and fungal-plant interactions [5].

The genome of M. oryzae, like that of many living organisms,
is rich in repetitive DNA. Analysis of the whole genome shot-
gun sequence (WGS) suggests that more than 9.7% of the
genome is made up of repetitive DNA, a significant portion of
which is derived from transposable elements (TEs) [3]. TEs
have had an important impact on the genome and TE inser-
tions are known to cause mutations in genes that mediate
host range [6-8]. Previous studies have shown that TEs are
arranged in distinct clusters in the genome [9-14]. Clustered
TE distribution has been reported in many organisms, though
in most cases the actual mechanisms leading to this distribu-
tion are unknown. In many species, including Drosophila
melanogaster [15], Arabidopsis thaliana [16], and Tetrao-
don nigroviridis [17], TEs tend to accumulate in heterochro-
matic regions of the chromosomes, leading to a negative
correlation between genetic recombination rate and TE den-
sity. The most common explanation for this is that selection
against the deleterious effects of TEs is weaker in chromo-
somal regions with lower recombination rate, although
exceptions to this model are also known. In D. melanogaster,
TEs are preferentially clustered in regions with low recombi-
nation rate [18], while in C. elegans, a positive correlation
between recombination rate and DNA transposons has been
observed [19]. Clearly, the selection model is insufficient to
explain the distribution of TEs in all cases.

A prior study of one of the first full length sequences of a bac-
terial artificial chromosome (BAC) clone from the M. oryzae
genome showed that this approximately 100 kb segment
shared a considerable amount of synteny with Neurospora
crassa and opens the possibility that more extensive conser-
vation of synteny may exist between these species [20]. This
conservation of synteny is unexpected, since it is well known
that M. oryzae isolates have extremely variable karyotypes
due, at least in part, to the presence of transposable elements
[11,21]. Estimates of divergence dates within the ascomycet-
ous fungi suggest that M. oryzae and N. crassa may be sepa-
rated by more than 200 million years of divergent evolution
[22]. The ancient radiation of these fungi and the karyotype
variability do not fit the expectation that large segments of
conserved synteny should exist between M. oryzae and other
species.

The availability of whole genome sequences for M. oryzae [3],
N. crassa [23] and several other filamentous fungi are now
allowing for more in-depth analyses of the organization of
repetitive elements and their role in the evolution of fungal
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genomes. Recently, we completed a draft sequence of 38 BAC
clones spanning chromosome 7 from M. oryzae, which we
combined with selected contigs from the M. oryzae WGS, to
yield a new chromosome 7 sequence assembly that was 4 Mb
in length and contained 50 gaps. We used this sequence to
measure the extent of conserved synteny between M. oryzae
and the genome sequences of N. crassa, Fusarium gramine-
arum and Aspergillus nidulans. We found that large seg-
ments of conserved synteny could be identified between these
fungi and that syntenic blocks were negatively correlated with
clusters of TEs. In addition, we found that chromosomal
regions containing TE clusters also have higher rates of gene
duplications and rates of gene evolution.

Results

Content and distribution of repetitive DNA

The combined BAC-WGS sequence of chromosome 7 is
3,997,066 base-pairs (bp) in length, including fifty 200 bp
gaps. The centromere has been genetically mapped to a
region between markers CH5-75H and cos156 (Figure 1; M
Farman, personal communication). This region also contains
a single gap, which probably represents the centromere, since
centromere-like sequences were not found in the flanking
BAC sequences. The sequence ends are estimated to be less
than 40 kb from the telomeres, based on the presence of telo-
meric repeats found within the fosmid end sequences that
make up the WGS (M Farman and C Rehmeyer, personal
communication). Using a curated set of TE reference
sequences, we scanned the chromosome 7 sequence with
RepeatMasker [24]. We determined that nearly 14% of chro-
mosome 7 is composed of repetitive DNA, considerably more
than the estimate of 8.2% that we obtained from the WGS
alone. This increase of nearly 6% can be attributed to the
increased sequence coverage that was derived from the BAC
sequences, as well as improvements to the assembly through
manual editing. Virtually all of the repetitive DNA found on
chromosome 7 was in the form of TEs, with simple sequence
repeats and other types of repeats comprising less than 1% of
the total repetitive DNA content. In terms of number of ele-
ments, diversity (number of families) and overall contribu-
tion to the sequence, long terminal repeat (LTR)
retrotransposons are the most common class (Table 1). At
least 7 families of LTR type retrotransposons exist in the M.
oryzae genome, all of which are found on chromosome 7 and
make up 8.8% of the sequence.

We analyzed the distribution of TEs in chromosome 7 by
defining non-overlapping 100 kb intervals across the
sequence and measuring repetitive sequence content as the
number of TEs per interval, and normalizing for gaps. A his-
togram of these data clearly indicates the presence of three
clusters on chromosome 7 (Figure 1), containing both class I
(retrotransposons) and class II (DNA transposons) elements.
The presence of TE clusters on chromosome 7 is consistent
with our earlier report of TE clustering based on analyses of
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Distribution of sequence features on chromosome 7. Chromosome 7 was divided into non-overlapping 100 kb segments. The vertical axis of each chart
represents the number of features per segment after correcting for gaps in the sequence. Only the three most abundant transposable elements are shown.

BAC end sequences and the M. oryzae physical map [10], in
which TE clusters were identified on all seven chromosomes.
TEs are frequently reported to be associated with both telom-
eres and centromeres, although gaps in the combined chro-
mosome 7 sequence prevent analyses of these regions.
However, the analysis presented here indicates that TEs, in
addition to being found in telomeric and centromeric regions,
are also found in abundance in other parts of the chromo-
some. No such clustering of simple sequence repeats (SSRs)
was evident, although a slight depression in SSR frequency
was observed within TE clusters (Figure 1). Likewise, a slight
depression in gene content was evident in regions of high TE

Genome Biology

content, which may be a result of displacement of SSRs and
genes by TEs.

TE clusters are correlated with recombination rate

Ten markers from the anchored genetic-physical map could
be unambiguously assigned positions on the BAC-WGS
sequence and were used to define nine intervals spanning the
chromosome (Figure 2). Recombination rate, expressed as
centiMorgans per 100 kb, ranged from 0.59 to 29.7 and gen-
erally increased towards the distal ends of the chromosome
arms. Centromeres are known to have greatly depressed
recombination rates in many species [25,26] and we expected
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Table |

http://genomebiology.com/2006/7/2/R 16

Transposable element content of chromosome 7

Transposable element

Number of elements*

Total bp length (% of chromosome sequence)

Class | (retrotransposons)

LTRs
MAGGY
Pyret
RETRO5
RETRO6
RETRO7
MGLR3

LINEs
MGL

SINEs
MG-SINE
Ch-SINE

Class Il (DNA transposons)
Pot2
Pot3

Occan

Miscellaneous or unclassified elements
5SrRNA
MGSR2

34
79
33
14
30
19

32

48
21
10

89,157 (2.23%)
97,918 (2.45%)
58,888 (1.47%)
30,831 (0.77%)
47,867 (1.20%)
10,967 (0.27%)

90,563 (2.27%)
8,200 (0.21%)

1,319 (0.03%)

71,240 (1.78%)
26,761 (0.67%)
16,541 (0.41%)

595 (0.01%)
8,315 (0.21%)

*Includes full-length elements as well as fragments. LINE, long Interspersed repeat element; SINE, short interspersed repeat element.

that the centromere would map to the segment with the
lowest recombination rate. However, interval 6 has the lowest
recombination rate, but the centromere is mapped to interval
3 between markers CH5-75H and cos156 (M Farman, per-
sonal communication). It is likely that recombination rate
depression in the vicinity of the centromere is a highly local-
ized effect, and not evident in the coarse scale of the genetic
map. Transposable element content was expressed as the per-
centage of DNA derived from TEs identified with RepeatMas-
ker. Using a Spearman rank correlation test, we determined
that there is a significant (P = 0.02) positive correlation
between chromosome recombination rate and TE content
(Figure 3). To determine whether this pattern was represent-
ative of the whole genome, we repeated the test using the
WGS. Of the 119 genetic markers that were anchored to the
WGS, 64 were removed from the analysis because they were
anchored to multiple locations in the genome or because the
order of markers on the physical map was not consistent with
the genetic map. The remaining markers were used to define
54 intervals on all seven chromosomes. Using this data set, we
also found a significant (P = 0.0003) positive correlation
between recombination rate and TE content, indicating that
the pattern of TE distribution observed in chromosome 7 is
representative of the whole genome.

Blocks of conserved synteny

The FISH software package provides a fast algorithm to iden-
tify chromosomal segments with conserved synteny and
includes a statistical evaluation of the segments [27]. Using
FISH, we identified 21 syntenic blocks (P < 0.001) between
chromosome 7 and the N. crassa genome that ranged in size
from 5 to 16 orthologous gene pairs (Table 2). The largest
block consists of 16 conserved gene pairs, and spans 86,053
bp of chromosome 7, a region that includes 30 predicted
genes. The remaining 14 genes in the segment either did not
have identifiable homologs in N. crassa or had homologs to
genes that were not identified as members of the syntenic
block. Interestingly, all of the blocks were found on N. crassa
chromosome 1, though the relative order of the syntenic
blocks was not retained between the two chromosomes. We
found similar patterns of conserved synteny when we used
the same analytical methods to compare chromosome 7 to
two other filamentous fungi. Seventeen blocks were identified
between chromosome 7 and the F. graminearum genome, 14
of which were found on chromosome 2. The remaining three
were found on chromosome 4, suggesting either a transloca-
tion of a large chromosomal segment in the F. graminearum
lineage or an error in the genetic map. Only two syntenic
blocks were identified in A. nidulans, reflecting its greater
evolutionary distance to M. oryzae.

Genome Biology 2006, 7:R16
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Map of chromosome 7 showing relative locations of genetic markers and other features. Recombination rate between markers is expressed as
centiMorgans per 100 kb. The locations of blocks of conserved synteny, recombination rate, TE clusters, and restriction fragment length polymorphism

markers are shown.

Increased gene duplications and rates of gene evolution
within TE clusters

The borders of the three TE clusters were manually defined by
inspecting the chromosome browser available at the
Chromosome 7 Sequencing Project homepage [28]. The TE
clusters span over 88% of the TEs and 40% of the predicted
genes on the chromosome (Figure 2). Using the protein
sequence clustering tool TRIBE-MCL [29], we grouped chro-
mosome 7 proteins into families. This clustering resulted in
the classification of 74 proteins into 32 families of 2 to 4 pro-
teins per family. Percent identity within these families ranged
from 28.8% to 100%, with an average of 42.3% identity.
Examination of the distribution of gene family members
revealed that 62% of the genes were found within the TE clus-
ters while 84% of the families contain at least 1 member
within a TE cluster, suggesting that gene duplications are
more prevalent within the TE clusters.

The relative rates of evolution between proteins encoded by
genes within TE clusters and outside of clusters were com-
pared by computing the evolutionary distance to orthologous
proteins in the N. crassa and F. graminearum genomes. This
analysis assumes that all of the orthologous protein pairs
diverged at approximately the same time [30]. While the
divergence time may not necessarily be the same for all
orthologous protein pairs, the mean time of divergence within
and outside of the TE clusters should be similar. Putative
orthologs to proteins from chromosome 7 were identified

from the genomes of N. crassa and F. graminearum by per-
forming BLASTP searches. Orthologs could be identified in N.
crassa for 12.7% of the genes within TE clusters and 59.8%
outside of the clusters (Table 3). The orthologous protein
pairs were aligned over their full length and rate of evolution
was inferred by computing Kimura's distance [31] for each
alignment. The average distance between orthologous protein
pairs was significantly higher between orthologous genes
within the TE clusters (0.963) than outside of the TE clusters
(0.735), based on a two-tailed Student's t test (P < 0.05).
When this analysis was repeated using the F. graminearum
genome, we obtained a similar pattern of evolutionary rates
(Table 3).

Discussion

The recent availability of whole genome shotgun sequences
for several filamentous fungi affords us the opportunity for
the first time to perform an in-depth analysis of the evolution
of the structure of fungal genomes. With the combined BAC-
WGS sequence for chromosome 7, we have a more accurate
estimate of the true repetitive DNA content of the chromo-
some as well as a better reference sequence with which to
study conservation of synteny. The M. oryzae genome is
known to be rich in repetitive DNA and several authors have
shown that, based on analyses of genomic libraries, TEs are
not distributed randomly across the genome, but are tightly
clustered. Our analysis of chromosome 7 revealed the
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Figure 3

Correlation between TE content and recombination rate. Nine intervals on chromosome 7 were defined using 10 genetic markers. The Spearman rank
correlation coefficient (R, = 0.78) was significant (P = 0.02) at the 95% confidence interval.

presence of three clusters of TEs, two of which are localized
near the distal ends of the chromosome while the other is cen-
trally located. The locations of the TEs are positively corre-
lated with recombination rate, a finding that is not predicted
by the popular selection models that describe the TE distribu-
tion in several other species [15,32]. Several sources of selec-
tive pressure are proposed to play a role in the establishment
of this type of distribution. The ectopic exchange model states
that repetitive DNA promotes deleterious ectopic recombina-
tion events. Since negative selection would be reduced in
regions of low recombination rate, repetitive DNA would
accumulate in regions with low recombination rate. Under
the insertion model, TE insertions generally have a deleteri-
ous effect on fitness, and are thus likely to be lost from the
population. In chromosomal segments that have low recom-
bination rates, deleterious mutations are more likely to be
genetically linked to neutral genes, decreasing their negative
fitness effect.

Many TEs are known to selectively integrate into specific
sequences and this activity, known as site specificity, has also
been proposed to play a role in biased TE distribution. Site
specificity has been demonstrated for TEs from a wide array
of species, including D. melanogaster, Saccharomyces cere-
visiae, Schizosaccharomyces pombe and others [33]. In most
cases, TEs tend to integrate into intergenic regions. For exam-
ple, the S. pombe TE Tf1 preferentially integrates into a region
100 to 420 bp upstream of translation start sites, though this
specificity does not lead to biased TE distribution on a
genome level [33]. The S. cerevisiae LTR transposons Ty1-

Ty4 tend to integrate into regions upstream of genes tran-
scribed by RNA polymerase III (Pol III) and, in the case of
Ty3, it has been demonstrated that interactions between Ty3
integration factors and Pol III transcription factors are
responsible for this site specificity [34,35]. In S. cerevisiae,
tRNA genes, which are transcribed by Pol III, dispersed
throughout the genome and are not correlated with TE clus-
ters. As shown by Bachman et al. [36], the Ty1 element pref-
erentially inserts into upstream regions of specific members
of t6y and tThr genes, leading to a biased genomic distribution
of Ty1. Analysis of predicted tRNA genes in chromosome 7
revealed that the tRNA genes are distributed evenly through-
out the chromosome (data not shown). Specificity for tRNA
genes could explain the distribution of TEs in the M. oryzae
genome only if all TE families had the same site specificity, for
example, to the same members of tRNA gene families and the
targeted family members were also positively correlated with
recombination rate. Ty1 elements have also been shown to
have specificity for pre-existing LTR transposons [36,37],
which would likely result in the formation of TE clusters;
however, selection models still are needed to explain the cor-
relation between the distribution of TE clusters and recombi-
nation rate.

As is the case in M. oryzae, a positive correlation has also
been described between DNA transposons and recombina-
tion rate in C. elegans, although no such correlation was
found for retrotransposons [19]. Unlike C. elegans, both ret-
rotransposons and DNA transposons show a positive correla-
tion with recombination rate in M. oryzae. C. elegans is
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Syntenic blocks containing 5 or more orthologous gene pairs between chromosome 7 of M. oryzae and related fungi

Chromosome (linkage group) Species
F. graminearum N. crassa A. nidulans
| 0 21 0
2 14 0 0
3 0 0 2
4 0 0
5 0 0
6 0 0
7 0 0
8 0

highly inbred, and it has been suggested that this may reduce
the effects of recombination rate-based selective pressures on
the genome. While M. oryzae is a naturally outbreeding spe-
cies, it is commonly recognized that sexual reproduction
occurs only rarely in the field and it is primarily disbursed
through asexual propagules. Therefore, the selective pres-
sures imposed by meiotic recombination, though still
present, may not be strong enough to force the distribution of
TEs into regions of low recombination rate and some force,
but not recombination, must be driving the clustering of TEs
in the M. oryzae genome.

The divergence dates of the species included in this study are
difficult to estimate, due to the sparse fossil record for fungi.
Based on the phylogeny published by Berbee and Taylor [38],
we estimate that the earliest radiation of the Sordariomyc-
etes, which includes Magnaporthe, Fusarium, and Neu-
rospora, was approximately 200 MYA and the divergence of
the Aspergillus lineage from this group occurred at least 300
MYA. More recent work by Padovan et al. [39] suggests that
these radiations may be up to 653 MYA and 930 MYA, respec-
tively. Based on these estimates, our initial expectation was
that little conservation of synteny at the chromosome level
would be evident between these fungi and the early reports of
conserved microsynteny between M. oryzae and N. crassa
[20] were presumed to be rare exceptions. However, we
found that a significant number of syntenic blocks exist
between these species, suggesting that portions of these chro-
mosomes still share common ancestry. The syntenic blocks
that we detected contain a large number of intervening non-
syntenic genes, many of which did have homologs in the other
fungal genomes but to genes in other chromosomal locations,
indicating that translocations of small DNA segments con-
taining only one or a few genes occurred over large distances.
Perturbations of gene order within blocks were also common
and probably resulted from small scale rearrangements.

Nearly all of the syntenic blocks on chromosome 7 occurred in
regions that lack TEs and have low recombination rate (Fig-
ure 2). Repetitive sequences are known to promote crossing

over at non-homologous chromosomal sites, which can lead
to chromosomal rearrangements and loss of conserved syn-
teny. Such a correlation has been reported in wheat, where
indirect selection due to gene hitchhiking has been hypothe-
sized to be the driving factor in the biased distribution of
conserved synteny [40]. Indirect selection is stronger in
regions of low recombination, leading to reduced levels of
polymorphism, such as insertions and translocations. It is
likely that both the presence of repetitive DNA and high
recombination rate promote the ectopic recombination
events that result in a loss of synteny between species.

Seventy four of the 1,151 predicted proteins on chromosome 77
could be grouped into paralogous families by sequence simi-
larity, of which 64.8% were located within a TE cluster. How-
ever, the TE clusters span only 40% of the predicted genes,
suggesting that duplicated genes may be more common
within TE clusters. If TE clusters lose synteny at a faster rate
due to chromosomal rearrangements such as translocations
and deletions, then it is reasonable to expect that duplications
would also occur with greater frequency in these regions. By
comparing protein sequences from chromosome 7 to ortholo-
gous proteins from F. graminearum and N. crassa, we show
that evolutionary distance was significantly greater in genes
found within the TE clusters. If, on average, the protein pairs
within TE clusters diverged from their orthologs at approxi-
mately the same time, then this result can be used to infer rate
of evolution and we can conclude that genes within the TE
clusters are evolving at a faster rate. Therefore, high recombi-
nation rate in M. oryzae is associated with increased number
of gene duplications, increased rate of gene evolution and
with loss of synteny, a pattern that has also been described in
wheat [40,41].

Conclusion

Based on the data presented here, we suggest that specific
segments of chromosome 7 rapidly lose conserved synteny as
a result of rearrangements promoted by increased recombi-
nation rate and by the presence of TEs. These rearrangements
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Number and similarity of putative orthologs between predicted proteins from chromosome 7 and proteins from the N. crassa and F.

graminearum

Number of genes

N. crassa

F. graminearum

Number of proteins
with orthologs

D* Number of proteins D*
with orthologs

Within TE islands 463 (40.2%) 57 (12.3%)
Outside of TE islands 688 (59.8%) 211 (30.7)
Total 1,151 268

0.963 49 (10.6%) 0.928
0.735 223 (32.4%) 0.774
272

*Average distance of all orthologous protein pairs between the indicated species and chromosome 7; distance (D) was computed using Kimura's
method. The values were significantly different (P < 0.05) based on a two-tailed Student's t test.

may also contribute to the formation of new genes by gene
duplication, as is suggested by the presence of a higher than
expected number of duplicated genes within the TE clusters.
Furthermore, within the TE clusters, genes are less likely to
have orthologs in N. crassa and F. graminearum than genes
outside of the TE clusters. Based on these findings, we pro-
pose that TE clusters are major contributors to the genesis
and evolution of new genes in the M. oryzae genome.

Materials and methods

Data sources

The sequence of chromosome 7 from M. oryzae, strain 70-15,
was obtained from the chromosome 7 sequencing project [28]
(GenBank: CMo000230). The whole genome shotgun
sequences for M. oryzae, N. crassa, F. graminearum, and A.
nidulans were obtained from the Broad Institute Fungal
Genome Initiative web site [42].

Annotation

Known repetitive elements were identified and masked from
the chromosome 7 sequence with RepeatMasker [24], using a
previously prepared database of repetitive elements from the
M. oryzae genome [43]. Additional annotations (for example,
blast searches, expressed sequence tags (EST) alignments)
were performed using the masked sequence. The gene predic-
tion program FGENESH (Softberry Corporation, Mount
Kisco, NY, USA) trained to predict M. oryzae genes [3] was
used to identify 1,151 putative gene coding sequences. Recom-
bination rate was measured by identifying the physical loca-
tions of nine genetic markers on the chromosome and using
them as a basis for delineating eight intervals spanning chro-
mosome 7. The markers, previously anchored to the M.
oryzae BAC library [9,44], were assigned locations on the
chromosome by aligning BAC end sequences to the chromo-
some sequence. The position of each marker was estimated by
taking the average location of all BAC end sequences
anchored to both a marker and to the chromosome.

Analysis of conserved synteny
Blocks of conserved synteny were identified using the algo-
rithm and statistical test implemented in the FISH software

package [27]. The FISH algorithm identifies segmental
homologies (syntenic blocks) between chromosomal seg-
ments either within or between species and uses as input a set
of homologous markers. We used as input to the FISH pack-
age the results of a BLASTP search in which the predicted
proteins from chromosome 7 were used as the query
sequences and the proteome set (the set of annotated proteins
available from the Broad Institute) for N. crassa, F. gramine-
arum, and A. nidulans were used as blast databases. Thus,
one chromosome 7 protein may match more than one protein
from another species and these one-to-many mappings were
included in the analysis. The default parameters for the FISH
software package were used except that the minimal accepta-
ble alignment score (bit score) between protein sequences
was raised to 500. Syntenic blocks that contained five or more
pairs of genes (P < 0.001) were retained. For the purpose of
this analysis, protein pairs within statistically significant syn-
tenic blocks were considered to be orthologs.

Analysis of gene duplications and rate of evolution
Duplicated genes were identified by clustering the protein
sequences with TRIBE-MCL. An E value cutoff of 1e-5 was
used for the initial BLASTP search. A multiple sequence
alignment was computed for each cluster using the Muscle
program [45] and the mean percentage identity for each clus-
ter was computed as the mean of all pairwise comparisons
within the cluster. Putative orthologs to proteins from the N.
crassa and F. graminearum genomes were defined as
BLASTP hits with an E value smaller than 1e-30 that had no
other hits better than 1e-5. Pairwise sequence alignments
were performed with the Muscle program and evolutionary
distance was calculated using Kimura's method as imple-
mented in the Phylip package [31,46].
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