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Abstract

We sequenced and compared the genomes of the Dothideomycete fungal plant pathogens Cladosporium fulvum (Cfu) (syn.
Passalora fulva) and Dothistroma septosporum (Dse) that are closely related phylogenetically, but have different lifestyles and
hosts. Although both fungi grow extracellularly in close contact with host mesophyll cells, Cfu is a biotroph infecting
tomato, while Dse is a hemibiotroph infecting pine. The genomes of these fungi have a similar set of genes (70% of gene
content in both genomes are homologs), but differ significantly in size (Cfu .61.1-Mb; Dse 31.2-Mb), which is mainly due to
the difference in repeat content (47.2% in Cfu versus 3.2% in Dse). Recent adaptation to different lifestyles and hosts is
suggested by diverged sets of genes. Cfu contains an a-tomatinase gene that we predict might be required for
detoxification of tomatine, while this gene is absent in Dse. Many genes encoding secreted proteins are unique to each
species and the repeat-rich areas in Cfu are enriched for these species-specific genes. In contrast, conserved genes suggest
common host ancestry. Homologs of Cfu effector genes, including Ecp2 and Avr4, are present in Dse and induce a Cf-Ecp2-
and Cf-4-mediated hypersensitive response, respectively. Strikingly, genes involved in production of the toxin dothistromin,
a likely virulence factor for Dse, are conserved in Cfu, but their expression differs markedly with essentially no expression by
Cfu in planta. Likewise, Cfu has a carbohydrate-degrading enzyme catalog that is more similar to that of necrotrophs or
hemibiotrophs and a larger pectinolytic gene arsenal than Dse, but many of these genes are not expressed in planta or are
pseudogenized. Overall, comparison of their genomes suggests that these closely related plant pathogens had a common
ancestral host but since adapted to different hosts and lifestyles by a combination of differentiated gene content,
pseudogenization, and gene regulation.
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Introduction

Cladosporium fulvum and Dothistroma septosporum are two related

fungal species belonging to the class Dothideomycetes. C. fulvum is

a biotrophic pathogen of tomato that has served as a model system

for plant-microbe interactions since its first effector gene, Avr9, was

cloned in 1991 [1]. It is not related to species in the genus

Cladosporium sensu strictu, and has recently been renamed Passalora

fulva [2]. However, to be consistent with past literature it will be

referred to here as C. fulvum. Phylogenetic analyses based on

sequences of the internal transcribed spacer (ITS) region of the

ribosomal DNA revealed that C. fulvum is closely related to D.

septosporum and other Dothideomycete fungi such as species of

Mycosphaerella isolated from eucalyptus [3]. D. septosporum is an

economically important hemibiotrophic pathogen of pine species

that is well known for its production of an aflatoxin-like toxin,

dothistromin [4]. A taxonomic revision also occurred for this

species: prior to 2004 the name Dothistroma pini (syn. D. septosporum

syn. D. septospora) was widely used. The revision involved a split

into two species: the best-studied and most widespread species was

named D. septosporum, and a less common species retained the

name of D. pini [5].

The disease caused by C. fulvum, leaf mold of tomato, likely

originates from South America, the center of origin of tomato [6].

The first outbreak of the disease was reported in South Carolina,

USA, in the late 1800s [7]. Since then, disease outbreaks have

occurred worldwide in moderate temperature zones with high

relative humidity. The disease was of high economic importance

during the first half of the 20th century, but its importance waned

after introgression of Cf (for C. fulvum) resistance genes by breeders

into tomato cultivars began providing effective control [8].

However, recent outbreaks have been reported in countries where

tomato cultivars lacking Cf resistance genes are grown, and in

areas where intensive year-round cultivation of resistant tomato

plants led to fungal strains overcoming Cf genes [9,10].

In contrast, the foliar forest pathogen D. septosporum (Dorog.)

Morelet has a relatively recent history and has been less intensively

studied than C. fulvum. D. septosporum infects over 70 species of pine,

as well as several minor hosts including some Picea species [11].

During the 1960s–1980s, Dothistroma needle blight (DNB) was

largely a problem of Southern hemisphere pine plantations, where

primary control was achieved by fungicide applications or planting

of resistant species (reviewed in [12]). Since the early 1990s DNB

incidence has increased greatly in the Northern hemisphere, with

some epidemics causing unprecedented levels of mortality [13,14].

In northwest British Columbia, disease outbreaks are correlated

with summer rainfall levels, suggesting that climate change could

have unpredictable and severe effects on DNB outbreaks in forests

[15].

Infection in both the C. fulvum-tomato and D. septosporum-pine

pathosystems starts with conidia that germinate on the leaf surface

and produce runner hyphae that enter the host through open

stomata. Subsequently, the fungi colonize the apoplastic space

between mesophyll cells. In the case of C. fulvum, conidiophores

emerge from stomata 10–14 days later producing massive amounts

of conidia that can re-infect tomato [16,17,18] (Figure 1A–1D). D.

septosporum produces conidia, several weeks after infection, on

conidiomata that erupt through the needle epidermis where they

can be spread to other pines by rain splash [19,20] (Figure

1E–1H). Whilst C. fulvum is considered a biotroph, D. septosporum is

assumed to be a hemibiotroph based on similarities of its lifecycle

to other Dothideomycete fungi.

There is no evidence that C. fulvum has an active sexual cycle,

although both mating type idiomorphs occur in its global

population [21]. Although D. septosporum also has a predominantly

asexual lifestyle, it is known to be sexually active in some parts of

the world. The sexual stage Mycosphaerella pini Rostr. (syn Scirrhia

pini Funk & Parker) has been reported in some forests in Europe

and North America but has not yet been found in other regions,

such as South Africa or the United Kingdom, even though both

mating types are known to be present [22]. The rare sightings of

the sexual stage are due partly to difficulties in identification, but

also reflect findings from population studies that show mixed

modes of reproduction with a significant clonal component

[23,24]. So far, attempts to induce a sexual cycle between opposite

mating types of D. septosporum in culture in our laboratory or others

(Brown A, unpublished data) have failed. Further research is

required to determine environmental conditions conducive to

sexual reproduction. The D. septosporum isolate whose genome was

sequenced is derived from a clonal population with a single mating

type that was introduced into New Zealand in the 1960s [22,25].

The C. fulvum-tomato interaction complies with the gene-for-gene

model [2,26]. During infection C. fulvum secretes effector proteins

into the apoplast of tomato leaves which function not only as

virulence factors, but also as avirulence (Avr) factors when

recognized by corresponding tomato Cf resistance proteins. This

recognition leads to Cf-mediated resistance that often involves a

hypersensitive response (HR) preventing further ingress of the

fungus into its host plant tomato [8]. To date many cysteine-rich

effectors have been cloned from C. fulvum, including Avr2, Avr4,

Avr4E and Avr9, that can trigger Cf-2-, Cf-4-, Cf-4E-, and Cf-9-

mediated resistance, respectively, and Ecps (extracellular proteins)

like Ecp1, Ecp2, Ecp4, Ecp5 and Ecp6 that trigger Cf-Ecp-

mediated resistance [27,28,29]. Specific functions for some C. fulvum

effectors have been determined: Avr4 is a chitin-binding protein

that protects fungi against the deleterious effects of plant chitinases

[30,31], Ecp2 is a virulence factor that occurs in many fungi [32,33]

and Ecp6 sequesters chitin fragments released from fungal cell walls

by chitinases during infection thereby dampening their potential to

induce pathogen-associated molecular pattern (PAMP)-triggered

immunity [28]. Initially, the Avr and Ecp effectors seemed unique to

C. fulvum, but in recent years homologs of Avr4, Ecp2 and Ecp6 with

functions in virulence have been found in other fungal genomes,

including members of the Dothideomycetes [27,28,33].

Whilst most studies of C. fulvum have focused on effectors and

their interactions with components in both resistant and suscep-

tible plants, studies of D. septosporum have instead focused on

dothistromin, a toxin produced by the fungus that accumulates in

infected pine needles. Dothistromin is a broad-spectrum toxin with

structural resemblance to a precursor of the highly toxic and

carcinogenic fungal metabolite, aflatoxin [34]. Although dothis-

tromin is not essential for pathogenicity [35], recent observations

suggest it to be a virulence factor, affecting lesion size and spore

production (Kabir MS and Bradshaw RE, unpublished data).

Some dothistromin biosynthetic genes were identified in D.

septosporum but unexpectedly they were in several mini-clusters

rather than in one co-regulated cluster of genes as reported for

aflatoxin-producing species of Aspergillus [36,37,38]. The similarity

Cladosporium and Dothistroma Genomes
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of dothistromin to aflatoxin enabled predictions to be made about

other D. septosporum genes involved in dothistromin production [39];

the complete set of dothistromin genes will help us understand the

evolution of dothistromin and aflatoxin gene clusters.

Here we report the sequence and comparison of the genomes of

C. fulvum and D. septosporum, which have very similar gene contents

but differ significantly in genome size as a result of different repeat

contents. We found unexpectedly high levels of similarity in genes

previously studied in one or other of these fungi, including those

encoding Avr and Ecp effectors of C. fulvum, and dothistromin

toxin genes of D. septosporum. Surprisingly, compared to D.

septosporum, C. fulvum has higher numbers of genes normally

associated with a necrotrophic or hemibiotrophic lifestyle such as

genes for carbohydrate-degrading enzymes and secondary metab-

olite biosynthesis. However, in C. fulvum some of these genes were

lowly or not expressed in planta and others were pseudogenized.

Other C. fulvum genes that are absent in D. septosporum are

putatively involved in virulence on its host plant tomato, such as

the a-tomatinase gene. We suggest that regulation of gene

expression and pseudogenization, in addition to evolution of new

genes, are important traits associated with adaptation to different

hosts and lifestyles of the two fungi that, however, also retained

some signatures of their common ancestral host.

Results/Discussion

C. fulvum and D. septosporum are closely related species
with very different genome sizes

The 30.2-Mb genome of D. septosporum (http://genome.jgi.doe.

gov/Dotse1/Dotse1.home.html; GenBank AIEN00000000) was

sequenced at 34-fold coverage (Table S1) and then assembled into

20 scaffolds (.2-kb), 14 of which were 407-kb or larger, have

telomere sequences at one or both ends (Table S2) and mostly

match chromosome sizes estimated from pulsed-field gel electro-

phoresis [36]. The six smallest scaffolds ranged from 2.3- to 5.2-kb

in size so are not significant parts of the genome. The excellent

Figure 1. Symptoms caused by Cladosporium fulvum and Dothistroma septosporum on their host plants. (A–D) Disease symptoms of
Cladosporium fulvum on tomato. A) C. fulvum sporulating on the lower side of a tomato (Solanum lycopersicum) leaf two weeks post inoculation; B)
Close-up of C. fulvum sporulating on the lower side of a single leaflet two weeks post inoculation; C) Runner hyphae of C. fulvum (GFP-transgenic
strain) at the surface of the leaf; two of them are penetrating a stoma of tomato four days post inoculation; D) Conidiophores of C. fulvum (GFP-
transgenic strain) emerging from a stoma at 10 days post inoculation. (E–H) Disease symptoms of Dothistroma septosporum on pine. E) Mortality of
mature lodgepole pines (Pinus contorta var. latifolia) in northwest British Columbia, Canada caused by D. septosporum; F) Red band lesions with
conidiomata on Pinus radiata needles; G) Penetration of hypha into stoma of P. radiata needle 4 weeks post inoculation; H) Eruption of conidiospores
through epidermis of pine needle 8 weeks post inoculation.
doi:10.1371/journal.pgen.1003088.g001

Author Summary

We compared the genomes of two closely related
pathogens with very different lifestyles and hosts: C.
fulvum (Cfu), a biotroph of tomato, and D. septosporum
(Dse), a hemibiotroph of pine. Some differences in gene
content were identified that can be directly related to their
different hosts, such as the presence of a gene involved in
degradation of a tomato saponin only in Cfu. However, in
general the two species share a surprisingly large
proportion of genes. Dse has functional homologs of Cfu
effector genes, while Cfu has genes for biosynthesis of
dothistromin, a toxin probably associated with virulence in
Dse. Cfu also has an unexpectedly large content of genes
for biosynthesis of other secondary metabolites and
degradation of plant cell walls compared to Dse, contrast-
ing with its host preference and lifestyle. However, many
of these genes were not expressed in planta or were
pseudogenized. These results suggest that evolving
species may retain genetic signatures of the host and
lifestyle preferences of their ancestor and that evolution of
new genes, gene regulation, and pseudogenization are
important factors in adaptation.

Cladosporium and Dothistroma Genomes
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assembly of the D. septosporum genome was facilitated by its very

low repeat content of only 3.2% (Table 1; Table 2; Protocol S1). In

contrast, the repeat-rich genome of C. fulvum (http://genome.jgi-

psf.org/Clafu1/Clafu1.home.html; GenBank number

AMRR00000000) was very difficult to assemble. Fourteen 2-kb

paired-end or shotgun 454 sequencing runs for C. fulvum resulted

in a 21-fold coverage of the 61.1-Mb assembly in 2664 scaffolds

.2-kb (Table 1) with a total repeat content of 47.2% (Table 2).

The sequencing strategy was initially based on the assumption of a

genome size of around 40-Mb, but soon it appeared that the C.

fulvum genome was much larger due to the high repeat content.

Problems with the assembly are not caused by the sequencing

coverage of C. fulvum because it is estimated to be sufficiently high

for good coverage of the gene-encoding areas. Instead, they are a

consequence of its high repeat content. An estimated additional

26-Mb of C. fulvum DNA reads could not be assembled as they

were predominantly repeat sequences (Figure 2). In the remainder

of the manuscript we refer to chromosomes (1 to 14) for D.

septosporum and scaffolds for C. fulvum. Summary statistics for the

two genomes are shown in Table 1 and at the Joint Genome

Institute (JGI) Genome portal (jgi.doe.gov/fungi) [40]. The C.

fulvum and D. septosporum genomes are predicted to encode

approximately 14 and 12.5 thousand gene models, respectively.

Nevertheless, the C. fulvum and D. septosporum genomes share more

than 6,000 homologous gene models with at least 80% similarity at

the predicted amino acid level, whereas this number drops to

3,000 gene models this similar when comparing C. fulvum or D.

septosporum with other closely related Dothideomycete species such

as Mycosphaerella graminicola and M. fijiensis (Figure 2, Figure S1).

Similarly, most introner-like element clusters found in C. fulvum

and D. septosporum are closely related, more than to elements in

other Dothideomycetes [41].

Phylogenetic analysis of C. fulvum and D. septosporum genomes in

the context of nine other Dothideomycetes [42] confirms that

these two species are the most closely related of the sampled

species (Figure 2), as was inferred earlier from ITS [3] and mating

type sequences [21]. This gives us two very closely related genomes

with drastically different genome sizes mostly due to the greatly

increased repeat content of C. fulvum.

C. fulvum and D. septosporum differ in content and
classes of repeats that are affected by repeat-induced
point mutation

The massive increase in repetitive elements in C. fulvum might

result from expansion of one or more repeat families that are also

present in D. septosporum. Therefore, we classified the different

repeat families in D. septosporum and compared them with those in

C. fulvum. This revealed that some of the repetitive element families

present in D. septosporum have expanded in C. fulvum (Table 2). This

is most remarkable for the Class I retrotransposons which

comprise over 90% of the repetitive fraction in C. fulvum and

together account for over 26-Mb of the assembled genome.

Retrotransposons are also highly abundant in the large repeat-rich

genome of the hemibiotrophic sexual pathogen Mycosphaerella

fijiensis (Dhillon B, Goodwin SB and Kema GHJ, unpublished

data). Both Copia and Gypsy LTR retroelements are expanded in

C. fulvum compared to the D. septosporum genome, whereas LINEs

are detected only in C. fulvum (Table 2). Some other fungal species

that are closely related to each other, but have a different lifestyle,

Figure 2. Species phylogeny, amino acid similarity, and repeat content. A) Maximum likelihood phylogenetic tree based on 51 conserved
protein families showing evolutionary relationships of Cladosporium fulvum and Dothistroma septosporum. Branch lengths are indicated by the bar
(substitutions/site); bootstrap values are shown as percentage. B) Genome-wide amino acid similarity of homologous proteins between C. fulvum and
other sequenced fungal species. A pair of proteins is only reported as homologous when the predicted similarity (blastp) spans at least 70% of their
lengths and their length difference is at most 20%. Axis indicates number of homologous proteins. Bar shading indicates similarity: red, 91–100%;
orange, 81–90%; light green, 71–80%; medium green, 61–70%; turquoise, 51–60%; light blue, 41–50%; dark blue, 31–40%; and purple, 0–30%.
Homologous proteins with high amino acid similarity are likely orthologs, whereas for those with lower similarity this relation cannot be inferred. C)
Repeat content of C. fulvum, D. septosporum and other sequenced fungal species. Bar shading indicates repeat class: red, unique non-repeat regions;
brown, repeat elements; green, continuous tracts of N characters; blue, duplicated regions; and grey, poorly assembled regions (C. fulvum only). Axis
indicates number of nucleotides (Mb).
doi:10.1371/journal.pgen.1003088.g002

Cladosporium and Dothistroma Genomes
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also differ in repeat content, such as the Leotiomycetes of which

Botrytis cinerea (,1% repeats) and Sclerotinia sclerotiorum (7% repeats)

are necrotrophs, while Blumeria graminis f. sp. hordei (64% repeats) is

an obligate biotroph [43,44]. The latter species is particularly

enriched in Class I elements and one of several biotrophs that

show expansion of genome size associated with high repeat

content [44,45].

In contrast to the retroelements, Class II DNA transposons

comprise only a small percentage (4.7%) of the overall repetitive

elements in C. fulvum, but 46.2% of the repeats in D. septosporum,

although they make up only a small portion of the genome overall.

Interestingly, helitron-like DNA transposons comprise 40% of all

repeats in D. septosporum and are 25.8-fold higher in terms of

sequence coverage than in C. fulvum, whereas the DDE-1, hAT,

and MuDR_A_B DNA transposons present in C. fulvum are not

present in D. septosporum. Helitrons are transposons that replicate

by a rolling-circle mechanism and are found in a wide range of

eukaryotes, including the white rot fungus Phanerochaete chrysosporium

[46], and are thought to have a role in genome evolution [47].

Helitron-like repeats are particularly abundant on D. septosporum

chromosomes 3, 6 and 11 (Figure 3) and usually occur in clusters,

sometimes along with other types of repetitive elements.

The organization of repeats in D. septosporum is striking in that for

the majority of the chromosomes, most repeats are localized into

just one or two large regions containing a mixture of repeat element

types (Figure 3), although other small repeat clusters also occur. In

many eukaryotes, centromeres are characterized by repetitive DNA

[48], and therefore we propose that some of the larger complex

repeat regions are centromeres, in line with similar suggestions

made for other fungal genomes [49], although experimental

confirmation is required. The absence of any repeat cluster from

chromosome 14, along with the observation that it harbors only one

telomere, suggests that it is a chromosome fragment.

Repeats in fungi are affected by repeat-induced point mutation,

also referred to as RIP, a defense mechanism employed by fungi to

suppress transposable element activity that was first described in

Neurospora crassa [50]. RIP is a process by which DNA accumulates

G:C to A:T transition mutations. It occurs during the sexual stage

in haploid nuclei after fertilization but prior to meiotic DNA

replication. Clear evidence of RIP was found in both the C. fulvum

and D. septosporum genomes (Table 3) and is mainly confined to

repeat-rich regions. In total 25.9-Mb were RIP’d in C. fulvum and

1.1-Mb in D. septosporum, which represent 42.4% and 3.7% of their

genomes, respectively. RIP occurred mainly on large repeated

sequences ($500 nucleotides) that represent 97.2% of all repeats in

C. fulvum and 98.0% in D. septosporum (Table 3). The high rate of

RIP in repeat regions is in the same range as that seen in other

Dothideomycetes such as S. nodorum (97.2%; Table S3) [42,51].

Although RIP is present at high levels in C. fulvum, we propose that

it has not been able to prevent transposon expansion possibly due

to very rare sexual activity.

Of the RIP’d loci, C. fulvum has almost none (0.5%) and D.

septosporum little (16.9%) outside the main classified repeat regions.

This is different from N. crassa (Table S3), where 35.2% of all

RIP’d loci are predicted to be non-repeat-associated. For N. crassa

it has been shown that even single gene duplication events are prey

to the RIP machinery, thereby exemplifying its efficiency and

sensitivity [50]. Clearly such sensitivity is not applicable to C.

fulvum and D. septosporum, nor for three other studied Dothideo-

mycetes (Table S3). In the Dothideomycete phytopathogenic

fungus Leptosphaeria maculans, RIP slippage is found in regions

adjacent to repetitive elements. In that species RIP has occurred in

genes encoding small secreted proteins, such as the effector genes

AvrLm6 [52] and AvrLm1 [53] that are located in repeat-rich

regions of the genome [54]; mutations in these genes caused by the

RIP process enabled the fungus to overcome Lm6 and Lm1-

mediated resistance, respectively. However, we found no evidence

of RIP slippage into the known effector genes of C. fulvum and

related effector genes in D. septosporum.

The C. fulvum and D. septosporum genomes show
extensive intrachromosomal rearrangements

One way to assist the assembly of a fragmented genome is to use

synteny with a well-assembled genome of a closely related species

to order the scaffolds [55]. We attempted to use the D. septosporum

genome to improve the C. fulvum assembly in this way. However,

although it was possible to map C. fulvum scaffolds onto the

assembled D. septosporum genome (Figure S2A), individual C. fulvum

scaffolds are not collinear along their length, but have only short

blocks of synteny to different parts of the D. septosporum

chromosomes. The syntenic regions of the C. fulvum and D.

septosporum genomes are associated with just 461 of the C. fulvum

scaffolds (Table 4). In contrast, the remaining .4,000 C. fulvum

scaffolds are non-syntenic. A more detailed analysis with the ten

largest C. fulvum scaffolds (two are shown in Figure S2B) revealed

that they each match primarily to only one D. septosporum

chromosome, suggesting predominantly intrachromosomal rear-

rangements (mesosynteny), as described for other Dothideomycete

fungi [42,56] (Condon B et al., unpublished data). As found in

other fungi [43,57] non-syntenic regions are repeat-rich; for C.

fulvum 79.7% of the repeat sequences are present in non-syntenic

regions (Table 4).

Non-syntenic, repeat-rich regions are enriched in genes
encoding secreted proteins

Secreted proteins are important for communication of plant-

pathogenic fungi with their hosts. They comprise not only

enzymes required for penetration and growth on plant cell walls,

but also proteins needed to compromize the basal defence system

of plants by either suppressing or attacking it, as has been reported

for several fungal effector proteins [58]. The percentage of

Table 1. C. fulvum and D. septosporum genome statistics.

Species
Genome
assemblysize (Mb)

Number of
predicted gene
models Sequencing coverage depth

Number of
scaffoldsa

Scaffold L50/
N50b (Mb)

% GC
content

C. fulvum 61.1 14,127 21 2,664.2 kb 279.50 kb 250/0.06 48.8

D. septosporum 30.2 12,580 34 20.2 kb 14.50 kb 5.0/2.6 53.1

aFor details see Protocol S1.
bL50 is defined as the smallest number of scaffolds that make up 50% of the genome; N50 is defined as the size (Mb) of the smallest of the L50 scaffolds.
doi:10.1371/journal.pgen.1003088.t001
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proteins predicted to be secreted is similar for both C. fulvum (8.5%)

and D. septosporum (7.2%), and in the same range as that predicted

for other Dothideomycete fungi such as M. graminicola (9.1%) and

S. nodorum (10.8%) [40,42,51,59].

Genes encoding secreted proteins including effectors are subject

to evolutionary selection pressure imposed by environmental and

host plant factors [58], and they often show a high level of

diversification. Repeat-rich, gene-poor regions have been proposed

to contain genes involved in adaptation to new host plants. For

example, in some Phytophthora species and in L. maculans significantly

higher proportions of in planta-induced species-specific effector genes

encoding secreted proteins are found in repeat-rich compared to

repeat-poor regions [50,59] and in pathogenic strains of Pyrenophora

tritici-repentis transposable elements are associated with effector

diversification (Manning V, Ciuffetti L, unpublished data). We

hypothesized that we would find more genes encoding secreted

proteins in repeat-rich regions that are less syntenic between the C.

fulvum and D. septosporum genomes than in repeat-poor syntenic

regions. We therefore compared the number of genes and their

similarity at the nucleotide and protein levels in syntenic and non-

syntenic regions of these two genomes (Table 5) using C. fulvum as

the reference sequence due to its higher overall content of repeat

elements in non-syntenic regions. The regions syntenic between C.

fulvum and D. septosporum, representing 22.3-Mb of the C. fulvum

genome, contain 70% of all predicted genes whereas 30% of the

genes are located in the non-syntenic repeat-rich regions represent-

ing 38.8-Mb of the C. fulvum genome (Table 5). The syntenic regions

contain most of the homologous genes that encode proteins with the

highest level of conservation between the two genomes, whereas the

proteins encoded by genes located in the non-syntenic, repeat-rich

regions are less conserved. In syntenic regions, 89.9% of gene

models have a bi-directional best BLAST hit (BDBH) to a D.

septosporum gene model, with a mean predicted amino acid similarity

of 85.2%, compared to non-syntenic with only 51.7% of gene

models with BDBH and 65.1% amino acid similarity (Table 5). As

expected, we found the repeat-rich, non-syntenic regions to have

higher proportions of gene models encoding secreted proteins

(10.4%, with a mean predicted amino acid similarity of 60.7%) and

small secreted cysteine-rich proteins (2.8%) than in syntenic

regions (7.6%, with a mean amino acid similarity of 81.1%, and

1.5% respectively) (Table 5), as has been reported for L. maculans

[54].

C. fulvum and D. septosporum share functional effectors
Some C. fulvum effector homologs have previously been reported

to occur in other Dothideomycete species including M. fijiensis, M.

graminicola, and several Cercospora species [33], but in the D.

septosporum genome we found the highest number of C. fulvum

effector homologs discovered to date, including Avr4, Ecp2-1, Ecp2-

2, Ecp2-3, Ecp4, Ecp5 and Ecp6. Of those, Avr4, Ecp2-1 and Ecp6

are core effectors [33] and show the highest identity (51.7%,

59.8% and 68.6% amino acid identity, respectively) with those

present in C. fulvum, whilst Ecp4 and Ecp5 are pseudogenized. We

were interested to know whether the D. septosporum effectors would

be functional in triggering a Cf-mediated hypersensitive response

(HR). Therefore, we inoculated plants of tomato cultivar

Moneymaker (MM) carrying the Cf-Ecp2 resistance trait with

Agrobacterium tumefaciens expressing potato virus X (PVX) containing

D. septosporum Ecp2-1 and used PVX-containing C. fulvum Ecp2-1 as

a positive control. D. septosporum Ecp2-1 triggered a Cf-Ecp2-1-

mediated HR (Figure 4A), whilst MM tomato plants lacking Cf-

Ecp2 did not show any HR when inoculated with PVX containing

Ds-Ecp2-1 (results not shown). We also showed that the D.

septosporum homolog of C. fulvum Avr4 is functional in triggering a

Cf-4-mediated HR in Nicotiana benthamiana, as determined with an

Agrobacterium transient transformation assay (Figure 4B). This is

remarkable because D. septosporum infects a gymnosperm which is

only distantly related to tomato, but apparently produces effectors

that can be recognized by tomato Cf resistance proteins. It would

be interesting to examine whether gymnosperms carry functional

homologs of the well-studied Cf tomato resistance gene homologs

[33,60] or other major R genes that could confer resistance to D.

septosporum. Major R genes have been shown to be involved in

resistance of some pine species to Cronartium spp. rust pathogens

Figure 3. Organization of repeats and pathogenicity-related genes in the Dothistroma septosporum genome. The fourteen
chromosomes from the D. septosporum genome assembly are shown as GC (dark grey line) and AT (pale grey line) content (%) plots made from
a 500-bp sliding window using Geneious (www.geneious.com). All chromosomes have telomere sequence at both ends except chromosomes 2, 11
and 14 which have telomere sequences only at the left end as shown in the figure. Chromosome 1 has been split into two parts in the figure (L, R)
because of its length, and the GC/AT content scale is shown beside the right arm of this chromosome. The positions of putative Avr and Ecp effector,
secondary metabolite, dothistromin biosynthesis, and mating type genes are shown above the GC/AT content plot, while the positions of repeats
(.200-bp) are shown below the plot. Color-coding of the gene and repeat types is indicated in the legend. Most chromosomes have repeat clusters
at one or two sites that coincide with regions of high AT content. The chromosome sizes are to scale, as indicated by the vertical pale grey lines, with
the values (in kb) shown at the bottom; neither the genes nor the repeats are drawn to scale.
doi:10.1371/journal.pgen.1003088.g003

Table 3. Occurrence of Repeat-Induced Point Mutation (RIP) signatures and repeats in C. fulvum and D. septosporum.

Cladosporium fulvum Dothistroma septosporum

Bases (kb) Locia Bases (kb) Locia

RIP’d sequence in genome 25,882 (42.4%)b 5447 1,114 (3.7%)b 65

Repeat sequence $500 nt in genomec 27,170 (44.5%)b 7101 798 (2.6%)b 133

Repeat sequence $500 nt with RIP signatured 26,397 (97.2%)e 6506 (91.6%)e 782 (98.0%)e 114 (85.7%)e

aNumber of loci, defined as consecutive blocks of sequence assigned as repeats or RIP’d regions.
bPercentage of the genome is indicated in brackets.
cOnly classified repeats (as shown in Table 2) were considered.
dRepeated sequence $500 nt that (at least partially) overlaps with RIP’d sequence.
ePercentage of classified repeats is indicated in brackets.
doi:10.1371/journal.pgen.1003088.t003
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[61,62] and are thought to function in a gene-for-gene manner

[63].

In C. fulvum, adaptation to resistant tomato cultivars is

sometimes associated with deletion of effector genes [64]. Presence

of repeats or location near a telomere can cause repeat-associated

gene deletion [65]. We analyzed the location of all cloned C. fulvum

effector genes in its genome. Many scaffolds containing an effector

gene are very small (Figure 5), suggesting that they are surrounded

by large repeats hampering assembly into larger scaffolds. The

location of the C. fulvum effectors is shown in Figure 5 and the types

of flanking repeats are detailed in Table S4. The well-character-

ized effector gene Avr9 is located on a very small (20-kb) scaffold

(Figure 5) and is likely flanked on both sides by repeats; on one side

there are 11-kb of repeats on the scaffold and on the other side

probably also repeats just outside the region shown that prevented

further scaffold assembly. This suggests that the absolute

correlation found between deletion of the Avr9 gene in C. fulvum

and overcoming Cf-9-mediated resistance [64] is most likely due to

the close proximity of Avr9 to large, unstable repeat regions. As

well as causing deletions, transposons can contribute to genome

plasticity by mutation due to transposition into coding sequences.

During co-evolution, transposons have inserted into effector genes

causing their inactivation and overcoming Cf-mediated resistance

in C. fulvum, as has been reported for inactivation of both Avr2 [64]

and Avr4E [66]. The C. fulvum homologous effector genes present

in D. septosporum are also often in close proximity to repeat-rich

areas that may represent centromeres (Figure 3), but the biological

significance of this is not yet clear.

Pseudogenization of two D. septosporum effector genes, Ecp4 and

Ecp5, homologous to those reported for C. fulvum [67], could point

to host adaptation in the DNB fungus at the pine genus, species or

cultivar level. Future population analysis of both fungal strains and

host genotypes will reveal the mechanism behind this phenome-

non.

New hydrophobin genes in C. fulvum
Another class of well-studied C. fulvum small cysteine-rich

secreted proteins is the hydrophobins. These amphipathic proteins

are implicated in developmental processes in filamentous fungi

and are localized on the outer surface of fungal cell walls [68].

They are divided into class I and class II hydrophobins based on

sequence differences that also correlate with their different

solubility [68].

Six hydrophobin genes (Hcf-1 to Hcf-6) had previously been

identified from C. fulvum [66,67]. We identified five additional

hydrophobin genes in the C. fulvum genome [two class I (Cf187601

and Cf189770) and three class II (Cf197052, Cf188363 and

Cf183780)] (Figure S3), which makes C. fulvum the Ascomycete

Table 4. Syntenic and non-syntenic regions between C. fulvum and D. septosporum are unevenly distributed over the C. fulvum
scaffolds.

Feature Syntenic Non-syntenic Total Syntenic % Non-syntenic %

Number of scaffolds 461 4,404 4,865 9.5 90.5

Number of repeats 2,090a 6,234 8,324 25.1 74.9

Mb in scaffolds 37.4b 23.7 61.1 61.2 38.8

Mb in repeats 5.6c 21.9 27.5 20.3 79.7

Mb in whole genome 22.3b 38.8 61.1 36.5 63.5

aNumber of repeat regions on syntenic vs. non-syntenic scaffolds.
bA syntenic scaffold is one that contains at least a single syntenic block, but may not be syntenic along its entire length. Total syntenic scaffold size (37.4-Mb) is
therefore larger than total syntenic size in whole genome (22.3-Mb).
cSummed repeat length on syntenic versus non-syntenic scaffolds.
doi:10.1371/journal.pgen.1003088.t004

Table 5. Location of gene models of C. fulvum in regions syntenic or non-syntenic with the D. septosporum genome.

Number of gene modelsa Percentage of gene modelsb

Total Syntenic Non-syntenic Syntenic Non-syntenic

All proteinsc 14,127 9,890 4,237 70.0 30.0

BDBHd 11,092 8,900 2,192 89.9g 51.7g

Secreted proteinse 1,195 754 441 7.6h 10.4h

Secreted Cys-rich proteinsf 271 151 120 1.5 2.8

aValues are numbers of gene models located in regions of the C. fulvum genome syntenic or non-syntenic with the D. septosporum genome as described in Materials
and Methods.
bFor all proteins the percentage of gene models represents the fraction of all gene models present in the C. fulvum genome; for other categories (BDBH, secreted
proteins, secreted Cys-rich proteins) the percentage of gene models represents the fraction of gene models present in syntenic and non-syntenic regions.
cAll proteins encoded by predicted gene models in the C. fulvum genome.
dBi-directional best BLAST hit between C. fulvum and D. septosporum proteins with at least 50% (global) pairwise amino acid similarity and at least 60% coverage by
overlap-corrected blastp HSPs.
eGene models predicted to encode secreted proteins.
fSecreted small cysteine-rich proteins contain less than 300 amino acids of which at least four are cysteines.
gThe mean amino acid similarities of all protein gene models in syntenic regions and non-syntenic regions are 85.2% and 65.1%, respectively.
hThe mean amino acid similarities of secreted protein gene models in syntenic regions and non-syntenic regions are 81.1% and 60.7%, respectively.
doi:10.1371/journal.pgen.1003088.t005
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species with the largest number of hydrophobin genes reported so

far. In the D. septosporum genome only four hydrophobin genes

were found, one of which (Ds75009) is predicted to encode a class

II hydrophobin and was highly expressed both in culture and in

planta. Based on EST data the 11 C. fulvum hydrophobin genes

show a range of different expression patterns. Of the six class I C.

fulvum hydrophobins, two were only expressed in culture

[Cf184635 (Hcf-2) and Cf189850 (Hcf-4)], three were expressed

both in culture and in planta [Cf189770, Cf187601 and Cf193176

(Hcf-1)], and one was not expressed in culture or in planta

[Cf184193 (Hcf-3)]. Three of the class II C. fulvum hydrophobins

were only expressed in culture [Cf197052, Cf188363 and

Cf193013 (Hcf-5)], whilst Cf193331 (Hcf-6) and Cf183780 were

expressed neither in culture nor in planta. None of the C. fulvum

hydrophobin genes were expressed in planta only. It has been

proposed that hydrophobins may act as ‘stealth’ factors, prevent-

ing the invading fungus from detection by its host plant [69] or

protecting it against deleterious effects of plant chitinases and b-1,3

glucanases as reported for C. fulvum [70]. Early functional studies

focused on the hydrophobin genes Hcf-1 (Cf193176) and Hcf-2

(Cf184635). Knocking down expression of Hcf-1, Hcf-2, or both

genes by homology-dependent gene silencing did not compromise

virulence [71,72]; a similar result was reported for knock-down

mutants of class I Hcf-3 and Hcf-4 and class II Hcf-6 genes [73]. A

phylogenetic tree (Figure S3) shows that the four class I genes (Hcf-

1 to Hcf-4) are paralogs, suggesting functional redundancy that

might explain the lack of a phenotype; functional redundancy may

also exist between different classes. It would be interesting to

examine the role in virulence of the two most similar hydrophobin

class I and class II genes of C. fulvum and D. septosporum (Cf 189770/

Ds67650 and Cf197052/Ds75009, respectively) either by knock-

out or knock-down strategies.

Carbohydrate active enzyme gene and expression
profiles reflect adaptation to different host plants

Because C. fulvum and D. septosporum have very different plant

hosts and pathogenic lifestyles, we expected that their capacity to

degrade carbohydrates would also differ and that this might be

reflected in their gene complements and expression profiles. We

compared numbers of genes predicted to encode carbohydrate-

active enzymes (CAZymes) [74] in these two fungi to those in other

fungi representative of different lifestyles. As seen for grouped

families of CAZyme genes in Table 6 (e.g., GH family of glycoside

hydrolases), both C. fulvum and D. septosporum have gene numbers in

the same range as hemibiotrophic and necrotrophic fungi, and

many more than the obligate biotroph B. graminis f. sp. hordei.

Despite this, both C. fulvum and D. septosporum have fewer predicted

cellulolytic enzyme genes (e.g., GH6, GH7) as well as fewer genes

classified in carbohydrate binding module gene families (e.g.,

CBM1) than most of the other fungi shown except for M.

graminicola (Table 6, Table S5). The reduced number of predicted

genes for cell wall-degrading enzymes in M. graminicola was

hypothesized to represent an adaptation to avoid host defenses

during stealth pathogenicity [59], which also may apply to C.

fulvum and D. septosporum. However, it is known that even a small

number of genes can enable high levels of enzymatic activity, as

has been shown for the strongly cellulolytic fungus Trichoderma reesei

[75].

Next we focused on CAZyme gene families that appear to differ

in gene number between C. fulvum and D. septosporum. Because

small differences in gene number could be due to mis-annotation,

only families that differed by two or more genes were considered

and examples of these are shown in Table 6 (full data in Table S5).

Potentially interesting is the expansion of genes associated with

pectin degradation in C. fulvum. For example, in the GH28 family

that includes many pectinolytic enzymes, C. fulvum has 15 genes

whilst D. septosporum has only four. A higher pectinolytic activity in

C. fulvum is concordant with the higher pectin content of its host,

tomato, compared to the pine host of D. septosporum [76,77], but

larger numbers of genes encoding pectin-degrading enzymes have

generally been associated with a necrotrophic rather than a

biotrophic lifestyle in fungi [78]. High pectinolytic activity is

observed in fungi such as Botrytis cinerea [79,80] that invades soft,

pectin-rich plant tissues causing a water-soaked appearance of the

Figure 4. Recognition of Dothistroma septosporum effectors by tomato Cf receptors. A) DsEcp2-1, the D. septosporum ortholog of CfEcp2-1,
was cloned into pSfinx. Tomato plants were inoculated with Agrobacterium tumefaciens transformants expressing pSfinx::DsEcp2-1. A hypersensitive
response (HR) was induced in the tomato line carrying the Cf-Ecp2 resistance gene (MM-Cf-Ecp2). Empty vector was used as a negative control and
caused only mosaic symptoms. Pictures were taken at four weeks post inoculation. B) The C. fulvum avirulence gene Avr4 (CfAvr4) and its ortholog in
D. septosporum (DsAvr4) were heterologously expressed in Cf-4 transgenic Nicotiana benthamiana using the A. tumefaciens transient transformation
assay (ATTA). Expression of CfAvr4 and DsAvr4 results in an HR demonstrating that the tomato Cf-4 receptor recognizes DsAvr4. Picture was taken at
six days post inoculation.
doi:10.1371/journal.pgen.1003088.g004
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infected tissues [43]. However, during colonization of tomato

leaves by C. fulvum this type of symptom is never observed [79,80].

Instead of contributing to the destruction of host cell walls, the C.

fulvum pectinolytic enzymes may facilitate local modification of

primary cell walls of mesophyll cells allowing the fungus to thrive

in the apoplast of tomato leaves, as suggested for the ectomycor-

rhizal fungus Laccaria bicolor that thrives on plant roots [81].

Although C. fulvum has a large arsenal of pectinolytic genes

compared to D. septosporum, not all of them appear to be functional.

For example, two of the six GH78 and one of the two GH88

pectinolytic genes are pseudogenized in C. fulvum, whilst the

corresponding D. septosporum families do not contain pseudogenes.

Another constraint to function is that gene expression appears to

be tightly regulated. As shown in Table 6, none of the 15 C. fulvum

GH28 genes appear to be expressed in planta, whilst all four D.

septosporum GH28 genes are expressed. Indeed in all gene families

with predicted pectinolytic function shown in Table 6 (GH28,

GH78, GH88, GH95, PL1, PL3), expression in planta was only

detected for 2 of the 31 C. fulvum genes, whilst all 6 genes in these

pectinolytic gene families were expressed in D. septosporum. It is

possible that C. fulvum pectinases are only expressed very locally to

modulate complex primary cell wall structures. The location and

accessibility of pectin structures embedded in the cell wall is an

important consideration for its enzymatic degradation. For

instance, the Basidiomycete Schizophyllum commune grows predom-

inantly on beech and birch wood which is poor in pectin [82].

However, the pectin in these cell walls is concentrated around the

bored pits that are used by S. commune to enter the wood,

explaining why this fungus contains a higher number of pectinase

genes than would be expected based on the overall host pectin

content. Differences in pectinolytic gene content and expression

between C. fulvum and D. septosporum may therefore be related to

their different strategies of host invasion and subsequent coloni-

zation.

In addition to increased numbers of pectinolytic genes

compared to D. septosporum, C. fulvum has more genes for enzymes

that degrade hemicelluloses (e.g., families GH31, GH35 and

GH39) [83] and hemicellulose-pectin complexes (GH43) (Table 6).

It also contains 11 genes (compared to 4 in D. septosporum) encoding

CE5 enzymes; these include cutinases that are required for early

recognition and colonization of the host by fungal pathogens

[84,85]. The presence of so many genes encoding enzymes for

plant cell wall and cuticle degradation in a biotrophic fungus like

C. fulvum that enters its host via stomata is unexpected. However,

Figure 5. Repetitive regions flanking known effectors of Cladosporium fulvum. Scaffolds harboring sequenced C. fulvum effector genes with
flanking repeats. Repeat regions longer than 200-bp are shown, with different types indicated in different color code. Red arrows depict the effector
genes and sizes are in kb. The sizes of scaffolds range from 8 to 213-kb but some are shortened to fit the figure due to differences in size.
doi:10.1371/journal.pgen.1003088.g005
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the number of cutinase genes, and other secreted lipase genes is

particularly low in the D. septosporum genome compared to other

Dothideomycetes, a feature shared with the other tree pathogens

Mycopshaerella populorum and M. populicola [42].

Overall our comparison shows a similar complement of CAZy

genes between C. fulvum and D. septosporum, but an increased

number of particular CAZyme families in C. fulvum including genes

encoding pectin- and hemicellulose-degrading enzymes. However,

a large proportion of genes in the C. fulvum CAZyme families lack

expression in planta and some genes are pseudogenized.

C. fulvum and D. septosporum share a broad range of
carbohydrate substrates

A second aspect of carbohydrate metabolism that we considered

was a comparison of growth on defined and complex carbon

substrates (Figure 6 and Figure S4; www.fung-growth.org). It was

anticipated that growth profiles could illuminate differences

between pathogens with dicot and gymnosperm hosts and show

correlations with their respective gene complements. In a study of

polysaccharide hydrolysis activities of many fungal pathogens,

King et al. [86] showed preferential substrate utilization based on

host specificity (dicot or monocot). In general D. septosporum grows

more slowly on minimal control medium [87] than C. fulvum, but

surprisingly overall the growth profiles of the two fungi are similar

on most substrates (Figure 6 and Figure S4; Table S6) and both

appear to utilize a broader range of substrates than M. graminicola

(Figure 6). This is not only the case for the oligomeric and

polymeric carbon substrates, requiring CAZymes for degradation,

but also for monomeric carbon substrates, suggesting a diverse and

efficient carbon catabolism in C. fulvum and D. septosporum. The

good growth of D. septosporum on sucrose is particularly striking,

suggesting that it can utilize sucrose available in apoplastic fluid

during its early biotrophic colonization phase.

In terms of complex carbon sources, D. septosporum shows a

slightly better capacity than C. fulvum to utlise apple and citrus

pectin (Figure 6 and Figure S4). This seems to contradict the

higher pectinolytic gene numbers in C. fulvum compared to D.

septosporum, but is supported by the expression of fewer C. fulvum

pectinolytic genes during infection of tomato when compared to

the D. septosporum pectinolytic genes during infection of pine needle

(Table 6). Interestingly, good growth on pectin is also observed for

M. graminicola, despite an even lower number of putative pectinases

than D. septosporum. This suggests that regulation of expression is a

Table 6. Comparison of selected CAZy gene families between C. fulvum, D. septosporum, and five other Ascomycetes.

CAZy familiesa Predicted functionb Cf c Ds Mg Sn Mo Ss Bg

Biotroph Hemibiotroph Hemibiotroph Necrotroph Hemibiotroph Necrotroph Biotroph

GH family FCW/energy/PCW-C/H/
HP/pectin

274 201 191 289 268 223 63

GH3 PCW/FCW 19 (15, 8) 12 (12, 12) 16 16 18 13 1

GH5 PCW/FCW 16 (12, 2) 12 (11, 12) 9 18 13 14 3

GH6 PCW-C 0 0 0 4 3 1 0

GH7 PCW-C 2 (0, 0) 1 (1, 1) 1 5 5 3 2

GH10 PCW-H 2 (2, 1) 1 (1, 1) 2 7 7 2 0

GH28 PCW-pectin 15 (8, 0) 4 (4, 4) 2 4 3 17 0

GH31 PCW-H 15 (12, 0) 10 (9, 8) 7 11 6 6 1

GH32 Energy 4 (2, 1) 2 (2, 2) 4 4 4 1 0

GH35 PCW-H 6 (3, 0) 3 (3, 1) 2 4 0 4 0

GH39 PCW-H 2 (1, 0) 0 1 1 1 0 0

GH43 PCW-HP 22 (14, 3) 11 (9, 9) 10 15 20 4 0

GH78 PCW-pectin 6 (2, 2) 1 (1, 1) 2 4 3 4 1

GH88 PCW-pectin 2 (1, 0) 0 0 1 1 0 0

GH95 PCW-pectin 2 (2, 0) 0 0 2 1 1 0

PL family PCW-pectin 9 4 3 10 5 5 0

PL1 PCW-pectin 3 (2, 0) 1 (1, 1) 2 4 2 4 0

PL3 PCW-pectin 3 (1, 0) 0 1 2 1 0 0

CE family FCW/PCW-H/HP/pectin 35 23 18 53 54 32 10

CE5 PCW-H 11 (7, 1) 4 (3, 4) 6 11 18 8 2

CBM family FCW/energy/PCW 28 24 21 77 113 65 14

CBM1 PCW 0 1 (1, 1) 0 13 22 19 0

aPredicted CAZymes were identified using the carbohydrate-active enzymes database tools (www.cazy.org). GH, glycoside hydrolases; PL, polysaccharide lyases; CE,
carbohydrate esterases; CBM, carbohydrate-binding modules. Total gene numbers in these families are shown in bold. Families that are discussed in the text and differ
greatly in copy number between Cf and Ds are also shown. Additional data are in Supporting Table S5.
bWhere known, CAZy functions are shown as plant cell wall (PCW) or fungal cell wall (FCW) degrading and modifying enzymes, or energy-related, with substrate
preferences for PCWs of cellulose (C), hemicellulose (H), hemicellulose or pectin side-chains (HP) or pectin, using classifications as in [43].
cFungal species and their pathogenic lifestyles are shown: Cf, C. fulvum; Ds, D. septosporum; Mg, Mycosphaerella graminicola; Sn, Stagonospora nodorum; Mo,
Magnaporthe oryzae; Ss, Sclerotinia sclerotiorum; Bg, Blumeria graminis. Numbers in parenthesis for Cf and Ds are number of genes expressed under two conditions (in
culture, in planta) as described in Tables S12 and S13.
doi:10.1371/journal.pgen.1003088.t006
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more dominant factor in pectin degradation by these plant

pathogens than the number of pectinase-encoding genes in their

genomes. In contrast, pectinase gene numbers correlate well with

growth profiles of Aspergillus nidulans, A. oryzae and A. niger [88].

Compared to growth on controls lacking a carbon source, D.

septosporum also showed slightly better growth than C. fulvum on

lignin. This would be consistent with the higher proportion of

lignin in pine needles, estimated to be 25–30% of dry weight [89],

compared to less than 10% in dicots [90]. However, due to the

very slow growth of both fungi and the non-uniform growth habit

of D. septosporum on these media, firm conclusions about their

abilities to utilize lignin cannot be made.

Adaptations for coping with chemical and structural
defences

Tomato plants produce the antimicrobial saponin, tomatine. The

tomato pathogen Fusarium oxysporum produces a-tomatinase, which

functions as a virulence factor as it degrades tomatine into the non-

toxic compounds tomatidine and lycotetraose [91]. A gene

predicted to encode a-tomatinase, classified as a GH10 enzyme,

was found in the C. fulvum genome (JGI ID 188986) but is absent

from the D. septosporum genome. Another gene found only in C.

fulvum shows predicted similarity to the GH5 family enzyme

hesperidin 6-O-a-L-rhamnosyl-b-glucosidase that can degrade

hesperidin [77]. Hesperidin occurs most abundantly in citrus fruits

[92] and is a member of the flavonoid group of compounds that is

well known for its antimicrobial activity. Flavonoid-degrading

enzymes such as hesperidin 6-O-a-L-rhamnosyl-b-glucosidase

might enable C. fulvum to detoxify hesperidin or related compounds

present in tomato.

Chemical defence molecules in pine needles include antimicro-

bial monoterpenes. Thus it is expected that D. septosporum is adapted

to tolerate or degrade these compounds whilst C. fulvum is not.

Recent work on the pine pathogen Grosmannia clavigera revealed

several classes of genes that are upregulated in response to terpene

treatment [93]. After 36 h, major classes of upregulated genes

included those involved in b-oxidation as well as mono-oxygenases

and alcohol/aldehyde dehydrogenases that may be involved in

activating terpenes for b-oxidation. A drug transporter,

GLEAN_8030, was functionally analyzed and found to be required

for tolerance of the fungus against terpenes, enabling G. clavigera to

grow on media containing these compounds. A search for three of

these genes, including GLEAN_8030, showed that both C. fulvum

and D. septosporum genomes contain putative homologs and share a

similar gene complement to each other (Table S7). However, since

these genes have not all been functionally characterized in G.

clavigera and all are predicted to encode proteins involved in general

metabolic processes, further work is required to determine the roles

of the homologs found in both C. fulvum and D. septosporum.

As well as chemical mechanisms, plants employ basal structural

defence mechanims including lignification of cell walls [94,95].

Due to the abundance of lignin in pine needles that block access to

usable cellulose, fungal pathogens and saprophytes living on pines

have a particularly challenging environment [96]. For D.

septosporum to complete its lifecycle, degradation of pine needle

tissue must occur so that conidiophores bearing conidia can erupt

through the epidermis (Figure 1H), which contains lignin [97].

This is in contrast to C. fulvum whose conidiophores emerge from

tomato leaves through stomatal pores (Figure 1D). Thus, we

investigated genes that may be involved in lignin degradation.

Some saprophytic fungi utilize oxidoreductases, particularly

class-II peroxidases such as lignin peroxidases, manganese

peroxidases and laccases, and a number of H2O2-producing

enzymes, to achieve lignin breakdown [98,99]. However, the

number of genes encoding oxidoreductases in D. septosporum is no

higher than those of other Dothideomycetes (C. fulvum, M. graminicola

and S. nodorum) that infect plants with lower levels of lignin (Table

S8). D. septosporum appears to have a similar complement of laccase

genes as C. fulvum and only one distant relative of a class-II

peroxidase, missing in C. fulvum, but also present in M. graminicola

and S. nodorum. Interestingly, the classical Ascomycete laccases found

in C. fulvum, D. septosporum and M. graminicola bear a carbohydrate-

binding domain (CBM20, putative starch binding domain). This

type of laccase is only found in Dothideomycetes but the significance

of this novel modular structure is unclear. Brown-rot saprophytes

such as Serpula lacrymans have a reduced complement of ligninolytic

genes compared to lignin-degrading white-rot fungi and are

proposed to initially weaken lignocellulose complexes by non-

enzymatic use of hydroxyl radicals prior to enzymatic assimilation of

accessible carbohydrates [81]. It is likely that D. septosporum uses a

similar strategy to breach the lignin-rich components of pine

needles, as complete degradation of this polymer is not required to

complete its life cycle.

The secondary metabolite gene complement of C. fulvum
and D. septosporum

Secondary metabolites (SMs) are important compounds for the

colonization of specific ecological niches by fungi. In particular,

Figure 6. Comparative growth profiling of fungi on various
carbohydrate substrates. Growth on different substrates was
compared between six fungi on nine media to highlight differences.
Cf, C. fulvum; Ds, D. septosporum; Mg, M. graminicola; Sn, S. nodorum;
Mo, Magnaporthe oryzae; Ss, Sclerotinia sclerotiorum. D-Glucose, D-
xylose, L-arabinose and sucrose were added at a final concentration of
25 mM. Birchwood xylan, apple pectin and lignin were added at a final
concentration of 1% (w/v).
doi:10.1371/journal.pgen.1003088.g006
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plant-pathogenic fungi can produce non-specific and host-specific

toxic SMs [100]. SMs also include mycotoxins that contaminate food

and feed and are harmful to mammals [100]. The only currently

known SMs produced by C. fulvum and D. septosporum are cladofulvin

and dothistromin, respectively [101,102]; both compounds are

anthraquinone pigments. In fungi, SM biosynthetic pathways often

involve enzymes encoded in gene clusters [103] and always require

the activity of at least one of four key enzymes: polyketide synthase

(PKS), non-ribosomal peptide synthetase (NRPS), terpene cyclase

(TC) or dimethylallyl tryptophan synthase (DMATS) [104]. It has

been suggested that loss of SM biosynthetic pathways is associated

with biotrophy [44], thus we searched for SM gene pathways in both

genomes. Surprisingly, the biotroph C. fulvum has twice the number of

key SM genes (23 in total) compared to the hemibiotroph D.

septosporum (11 in total) (Table 7), of which 14 and 9, respectively, are

organized into gene clusters along with other SM-related genes. The

numbers of key SM enzyme-encoding genes are comparable to those

of M. graminicola, but are lower than those in most other sequenced

Dothideomycetes [42]. Like all Ascomycetes [105], the majority of

key SM enzymes in C. fulvum and D. septosporum are PKSs, NRPSs and

hybrid PKS-NRPSs. Annotation of all key SM genes was manually

checked and two truncated (Pks4 and Nps1) and five pseudogenized

(Pks9, Hps2, Nps5, Nps7 and Nps10) genes were found in the C. fulvum

genome, while all D. septosporum genes except Pks4 (truncated) are

predicted to encode functional enzymes. Overall, the number of

predicted functional pathways suggests that C. fulvum and D.

septosporum can produce at least 14 and 10 different SMs, respectively.

Surprisingly, only three of the key SM genes are predicted to

belong to biosynthetic pathways shared between the two species

(Table S9) suggesting a diverse SM repertoire. This is much lower

than expected given the overall level of similarity in gene content

between the two genomes, and suggests that this SM repertoire is

under strong selection. The three common genes are predicted to

be involved in production of a pigment related to melanin (Pks1), a

siderophore (Nps2) and dothistromin (PksA) based on similarities to

other characterized genes. In C. fulvum, the three other functional

non-reducing PKS enzymes are candidates for production of

cladofulvin.

The genomic locations of the 11 biosynthetic SM genes in D.

septosporum do not show any enrichment at sub-telomeric positions,

as reported for Aspergillus spp. and Fusarium graminearum [106,107],

or near putative centromeres (Figure 3). However, 8 out of the 11

genes are located on chromosomes smaller than 2-Mb (chromo-

somes 8 to 12; Figure 3). The genomic regions immediately

surrounding all 11 D. septosporum SM genes are conserved in the C.

fulvum genome, although 8 of them lack the key SM gene itself and,

sometimes, putative accessory genes also (Figure S5). Reciprocally,

only 9 C. fulvum SM genomic regions out of 23 are conserved in D.

septosporum with 6 of these lacking the key SM gene, suggesting

either gain or loss of SM genes has occurred. For two of the

regions where flanking genes are conserved but SM gene(s) are

missing in C. fulvum (regions corresponding to those surrounding

Pks3 and Nps3 in D. septosporum), the presence of repeats suggests

that SM gene loss may have occurred in C. fulvum (Figure S5). The

C. fulvum-specific SM loci Pks5, Pks6, Nps5/Dma1 and Nps9 include

many transposable elements and genes that have similarity to

genes scattered in the D. septosporum genome, often on the same

chromosome, leading to the hypothesis that these SM loci were

assembled by gene relocation as recently proposed for the

fumonisin gene cluster in F. verticillioides [108].

Dothistromin toxin genes are present in both genomes
Analysis of the D. septosporum 1.3-Mb chromosome 12 revealed

that the three previously identified mini-clusters of dothistromin

genes [38] are widely dispersed, confirming fragmentation of this

gene cluster (Figure 3 and Figure 7). Candidates for additional

dothistromin genes, previously predicted based on aflatoxin

pathway genes [39], are also present. Although three of these

genes (OrdB, AvnA, HexB) are located in the published VbsA mini-

cluster, the others are dispersed over different regions of

chromosome 12 as shown in Figure 7. The end of the Nor1 gene

cluster (Nor1, AdhA, VerB) is less than 10-kb from one predicted

telomere, whilst Ver1 (previously called dotA [35]) is only 81-kb

from the other telomere. As expected, a gene similar to the

aflatoxin AflR regulatory gene is present and, like in aflatoxin-

producing species of Aspergillus, is divergently transcribed with an

adjacent AflJ regulatory gene candidate. Functional analysis of

these genes is in progress.

Although C. fulvum is not known to produce dothistromin, the

complete set of predicted dothistromin genes is present in its

genome, encoding proteins with amino acid identities ranging

from 49% (AflJ) to 98% (Ver1) when compared with those of D.

septosporum (Table S10). The arrangement of predicted dothis-

tromin genes in C. fulvum reveals a high level of synteny with some

rearrangements. With the exception of the Ver1 gene cluster, the

mini-clusters contain the same genes in the same orientations in

the two species (Figure 7A). The three mini-clusters on C. fulvum

scaffold 130775 are much closer together than in D. septosporum,

but are still separated from each other by considerable distances

(approximately 24-kb between Est1 and the VbsA gene cluster,

Table 7. Key secondary metabolism genes in Ascomycete genomes.

Fungal species Lifestyle PKS NRPS Hybrid TC DMATS Total

Cladosporium fulvum Biotroph 10 10 2 0 1 23

Dothistroma septosporum Hemibiotroph 5 3 2 0 1 11

Mycosphaerella graminicola Hemibiotroph 11 6 2 1 0 20

Stagonospora nodorum Necrotroph 22 10 2 2 2 38

Magnaporthe oryzae Hemibiotroph 22 8 10 3 3 46

Fusarium graminearum Necrotroph 13 12 2 3 0 30

Aspergillus nidulans Saprophyte 26 10 2 5 2 45

Neurospora crassa Saprophyte 6 3 1 1 1 12

Numbers of predicted polyketide synthase (PKS), non-ribosomal peptide synthetase (NRPS), hybrid PKS-NRPS (Hybrid), terpene cyclase (TC) and dimethylallyl tryptophan
synthase (DMATS) genes are shown. Data are from this study and from Collemare et al. 2008 [105].
doi:10.1371/journal.pgen.1003088.t007
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and 40-kb between the VbsA and Nor1 gene clusters). A

comparison of the relative locations of the mini-clusters in the

two species suggests inversions (AflR/J and VbsA gene clusters) as

well as rearrangements over relatively small (VbsA-Nor1) and large

(Ver1-AflR/J) distances. This is consistent with the overall pattern

of intrachromosomal rearrangements observed between these two

genomes.

Given the presence of the dothistromin biosynthetic pathway

genes, we tested whether dothistromin is produced by C. fulvum.

However, no dothistromin was detected by HPLC analysis of

extracts from C. fulvum PDB cultures, which is a condition

favorable to dothistromin production by D. septosporum. Despite the

lack of dothistromin production under these conditions, a strong

evolutionary constraint on dothistromin biosynthetic genes was

seen by analyzing the ratio of non-synonymous to synonymous

mutations (Ka/Ks) between C. fulvum and D. septosporum. The low

Ka/Ks ratios seen for dothistromin genes (range 0.018–0.169) are

indicative of purifying selection [109] and did not differ from the

distribution observed for four housekeeping genes (Tub1, Eif3b,

Pap1, Rps9; range 0.003–0.073) (P = 0.561). Evidence for purifying

selection was also shown for aflatoxin pathway genes in Aspergillus

flavus and A. nomius [110]. On the basis of this we propose that C.

fulvum might produce dothistromin, or a metabolite related to

dothistromin, under certain environmental conditions when it is

required.

Regulation of secondary metabolite biosynthetic
pathways suggests lifestyle adaptation at the
transcriptome level

Many fungal SM biosynthetic pathways are cryptic, meaning

that they are not expressed in wild-type strains under laboratory

conditions. However, manipulation of genetic regulatory pathways

or environmental conditions has shown that some of these cryptic

pathways are functional [111,112].

As seen for other gene families such as CAZyme genes, C. fulvum

appears to be more economical in its expression of SM genes than

D. septosporum, particularly in planta. In C. fulvum, EST support was

obtained from in vitro conditions for all key SM genes except Hps2,

Nps7 and Nps10, which are pseudogenized. The two truncated

genes (Pks4 and Nps1) and the pseudogenized Nps5 genes also have

EST support but the resulting proteins are unlikely to be

functional. However, no evidence for in planta expression could

be obtained for any of the C. fulvum key SM genes from this EST

library. In contrast, all D. septosporum key SM genes have EST

support from both in vitro and in planta libraries, with the unique

Figure 7. Arrangement of predicted dothistromin genes in Dothistroma septosporum and Cladosporium fulvum. A) Predicted dothistromin
genes within the labeled clusters (left to right) are: Ver1, DotC (Ver1 cluster); PksA, CypX, AvfA, MoxY (PksA cluster); AflR, AflJ (AflR/J cluster); OrdB, AvnA,
HexB, HexA, HypC, VbsA (VbsA cluster); Nor1, AdhA, VerB (Nor1 cluster). Positions of mini-clusters are approximate and they are not drawn to scale.
Dothistromin genes within the published D. septosporum PksA and VbsA clusters [36,38] and the newly discovered AflR/J and Nor-1 clusters are found
in the same order and orientation in C. fulvum. B) Expression of dothistromin biosynthetic genes (Ver1, PksA, VbsA) and regulatory gene (AflR) was
determined in D. septosporum by quantitative PCR. Mean expression and standard deviations are shown for at least 3 biological replicates relative to
b-tubulin expression. In D. septosporum all genes but DsVbsA are expressed more highly in planta (late-stage sporulating lesions from a forest sample)
than in culture (PDB or B5 media) as highlighted by the dashed-grey line. C) Expression of C. fulvum genes is shown as for (B), revealing that
expression is not higher during tomato infection than in culture (dashed-grey line). Note the different scales for expression, which reveal a much
lower level of transcription both in planta and in PDB medium compared to D. septosporum.
doi:10.1371/journal.pgen.1003088.g007
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DsPKS2 being one of the most highly expressed genes during pine

needle infection.

Differences in dothistromin pathway regulation were confirmed

by quantitative PCR. In D. septosporum, Ver1, PksA, AflR and VbsA

show higher expression during pine infection than in controlled

culture conditions used to induce dothistromin production

(Figure 7B). In contrast, the same genes show a low expression

level in C. fulvum during infection and in vitro (Figure 7C). Because

no dothistromin could be detected in vitro, this low expression likely

represents background transcription with no biological relevance.

Such an expression pattern is significantly different from the

upregulation of Avr4 and Avr9 genes during tomato infection

(Figure S6).

SM production is associated with development in fungi and

involves common regulators [113]. We searched the genomes of C.

fulvum and D. septosporum for conserved regulators of development

and SM production and, based on predicted protein sequences,

found clear homologs for most of these genes in both fungi (Table

S11). The two species appear to lack a PpoB oxygenase, but PpoA

and PpoC are sufficient to produce all psi factors (oxylipins)

identified in Aspergillus species [114]. In addition, C. fulvum lacks

clear homologs of the G-protein regulators FlbA and RgsA, while

possible homologs are found in D. septosporum. In Aspergillus species

both proteins are negative regulators of G-protein signaling

pathways. Neither C. fulvum nor D. septosporum have a homolog of

BrlA, an essential regulator of conidiation in Aspergillus species

[115], suggesting that they use another regulator for this role.

Future studies analyzing expression of the SM genes, and the roles

of regulatory genes, will help to determine fundamental differences

in how C. fulvum and D. septosporum differentially regulate their SM

gene expression.

Conclusion
We embarked upon a comparative genomics analysis of C.

fulvum and D. septosporum to test for differences that might explain

their host specificity and lifestyles. The comparison revealed

surprising similarities, such as the presence of dothistromin toxin

genes in C. fulvum and functional Avr4 and Ecp2 effector genes in D.

septosporum. However, the genome sizes of the two fungi are

remarkably different, mainly due to a vast expansion of

transposable elements in C. fulvum, and show several key

differences in gene content. Adaptation of C. fulvum to its host

plant tomato is exemplified by the specific presence of a gene

encoding a-tomatinase, likely involved in degradation of tomatine.

In contrast, the dothistromin gene cluster is present in both fungi,

but while it is strongly expressed in D. septosporum at late stages of

pine needle infection, it is lowly or not expressed in C. fulvum

during infection of tomato leaves. Both fungi contain additional

key SM genes, but the majority of these are not in common,

contrasting with the high degree of homology between the two

genomes. We suggest that this lack of conservation of key SM

genes in the C. fulvum and D. septosporum genomes is a consequence

of different evolutionary pressures that result from their different

lifestyles, either as a pathogen inside their host or possibly as a

saprophyte outside their host.

Another key difference between the two fungi during patho-

genesis concerns their differential gene regulation. Gene expres-

sion in C. fulvum is strictly regulated in planta, with many SM,

hydrophobin and CAZy genes not expressed, while expression in

D. septosporum is more constitutive. This differential regulation of

expression may be crucial in determining differentiation between

these fungi despite very similar gene profiles. Furthermore, this

expression pattern is consistent with a biotrophic lifestyle without

gene loss. Finally we suggest that the higher repeat content of the

C. fulvum genome, along with evidence for gene pseudogenization

(van der Burgt A et al., unpublished data) has facilitated the

evolution of different lifestyles between C. fulvum and its sister

species D. septosporum. Overall, our comparison of the two genomes

suggests that even closely related plant pathogens could adapt to

very different hosts and lifestyles by differentiating gene content

and regulation, whilst retaining genetic signatures of a common

ancestral way of life.

Materials and Methods

Fungal strains and growth conditions
The fungal strains of C. fulvum (race 0WU; CBS131901) and D.

septosporum (strain NZE10; CBS128990) were isolated from tomato

growing in an allotment garden in Wageningen, The Netherlands,

in 1997, and from a needle from an eight-year-old Pinus radiata tree

on the West Coast of the South Island of New Zealand in 2005,

respectively. Monospore cultures, whose identities were confirmed

by ribosomal ITS sequencing, were used throughout. Unless

specified otherwise, cultures of these fungi were maintained on

potato dextrose agar (PDA) or potato dextrose broth (PDB) media

(C. fulvum) or Dothistroma Medium (DM; 5% w/v malt extract,

2.8% w/v nutrient agar or nutrient broth) at 22uC prior to use.

Growth conditions used for generation of EST libraries (Protocol

S1) are shown in Tables S12 and S13. Cultures were maintained

for long-term storage in closed vials at 280uC stocks in 20%

glycerol.

Tomato infections
Conidia of C. fulvum were harvested from two-week-old PDA

plates with distilled water. The conidial suspension was filtered

through Calbiochem Miracloth (EMD Millipore Chemicals,

Philadelphia, PA) and washed once with water prior to calibration

to 56105 conidia/mL. Five-week-old Heinz tomato plants were

sprayed on the lower side of the leaves with the conidial suspension

(10 mL per plant). The plants were kept at 100% relative humidity

for 48 h. The plastic-covered cages were then opened to grow the

plants under regular greenhouse conditions (70% relative

humidity, 23–25uC during daytime and 19–21uC at night, light/

dark regime of 16/8 h, and 100 W/m2 supplemental light when

the sunlight influx intensity was less than 150 W/m2). The 4th

composite leaves of infected tomato plants were harvested

at 2, 4, 8, 12 and 16 dpi, and immediately frozen in liquid

nitrogen.

Phylogenetic comparison of fungal species
To highlight the phylogenetic relationships of C. fulvum and

D. septosporum with Dothideomycetes and other fungi relevant

to this study, conserved protein families were predicted by use

of the MCL Markov clustering program [116] with pairwise

blastp protein similarities and an inflation factor of 4. From

this multi-gene family set, 51 orthologous groups of genes were

identified. Predicted protein sequences were concatenated,

aligned using MAFFT 6.717b [117] and a species tree

calculated using RAxML 7.2.8 [118]. We also determined

protein homology data based on bidirectional best hits when

comparing the proteomes of eleven Dothideomycete species

(Alternaria brassicicola, C. fulvum, Cochliobolus heterostrophus, D.

septosporum, Hysterium pulicare, Mycosphaerella fijiensis, Mycosphaer-

ella graminicola, Pyrenophora tritici-repentis, Rhytidhysteron rufulum,

Septoria musiva and Stagonospora nodorum), together with four out-

group species (Aspergillus nidulans, Fusarium graminearum, Neuros-

pora crassa and Magnaporthe grisea).

Cladosporium and Dothistroma Genomes

PLOS Genetics | www.plosgenetics.org 16 November 2012 | Volume 8 | Issue 11 | e1003088



Repetitive sequences and transposable elements
Repeat sequences in both genomes were identified using

RECON [119]. To group repetitive elements together into

different families the default RECON output was parsed to

include families with 10 or more elements. The parsed

RECON repeat library was used to determine the extent of

the repetitive fraction in the D. septosporum and C. fulvum

genomes using RepeatMasker [120] and to annotate repetitive

families and identify structural features, such as Long Terminal

Repeats (LTRs) and Terminal Inverted Repeats (TIRs), using

BLAST.

Repeat-induced point mutation (RIP)
Sequences that had undergone Repeat-Induced Point mutation

(RIP) were identified according to the composite RIP index (CRI)

method [121]. The CRI was calculated for each 500-nt sequence

window, which was shifted at each 25-nt step. Sequences were

identified as having been subjected to RIP when the RIP product,

RIP substrate and composite RIP indices were at least 1.2, at most

0.8 and at least 1.0 respectively. As a final constraint, a series of

overlapping sequence windows had to exceed 750 nt in length and

the CRI value of any of the windows peaked to 1.5 in order to be

scored as a RIP’d locus.

Syntenic and non-syntenic regions
Syntenic regions shared between C. fulvum and D. septosporum

were detected ab initio on their repeat-masked genome

sequences using promer [122], blastp and a suite of custom

made python scripts. A script called blastpmer obtained all

translated ORFs above a threshold nucleotide length from

both query and subject genomes, performed a blastp on these

ORFs, and subsequently filtered on expected value and high-

scoring segment pair (HSP) length. Protein matches (using C.

fulvum as query and D. septosporum as subject) were obtained

with promer (–maxmatch) and blastpmer (–ORF 500 nt –HSP

250 nt –expect 1e-9). Both genomes were masked for these

protein matches before being subjected to a second round of

searching for weaker and shorter protein similarities, again

using promer (–b 50 –c 15 –l 5 –maxmatch) and blastpmer (–

ORF 300 nt –HSP 110 nt –e 1e-7). These four searches

yielded 57,270, 44,865, 1,864 and 2,367 matches, respectively,

many of which were redundant and overlapping. This large set

was reduced to 24,480 unique matches by removing all except

the best alignment for each unique genomic locus. This step

removed overlapping alignments with different phases or

orientations, and excluded suboptimal alignments caused by

paralogs and common protein domains. The product of amino

acid similarity and match length was employed as a final

alignment quality score. Matches were ordered by query

scaffold position and joined into linked syntenic regions

according to the following criteria: (i) adjacent matches were

identical on the query and subject scaffolds; (ii) matches had

the same strand orientation; and (iii) maximum and average

nucleotide distance between adjacent matches on the query

and subject scaffolds were ,10-kb and ,5-kb, respectively.

This step resulted in a reduction to 1,875 collinear match

regions, of which 1,277 were .5-kb. For comparison of

protein-coding genes in syntenic versus non-syntenic areas,

gene models were classified as syntenic if they overlapped with

any of the 1,875 collinear syntenic areas. Thus, subsets of

9,890 syntenic and 4,237 non-syntenic genes were inferred for

C. fulvum.

To investigate mesosynteny on a whole-genome scale, a refined

synteny dataset was created with correction for inversions and

rearrangements, and removal of spurious, small alignments.

Match regions were compared and merged further if (i) adjacent

groups had opposite orientations; or (ii) groups with identical

query and subject scaffolds were separated by at least one (group

of) matches on a conflicting subject scaffold, but maximum and

average nucleotide distances between match regions were at most

20-kb or on average ,10-kb apart; and finally (iii) match regions

,5-kb were rejected. The final refined dataset contained 1,103

syntenic regions between 5 and 226-kb (average 22,194-bp),

representing 22,700 matches from the original 24,480 unique

matches.

C. fulvum and D. septosporum-specific proteins
To identify potential C. fulvum and D. septosporum-specific

proteins, the total protein sets from both fungi were used in

comparative blastMatrix [123] searches against sequences from

the nine additional members of the Dothideomycetes listed in the

phylogenetics section.

C. fulvum and D. septosporum secretome analysis
Initially, subcellular localizations for all C. fulvum and D.

septosporum proteins were predicted using WoLF PSORT

(wolfpsort.org; [124]). Only proteins containing a signal

peptide and a signal peptide cleavage site, but lacking

transmembrane (TM) domains or proteins containing a single

TM that overlaps with the secretion signal, were selected.

Signal peptides and cleavage sites were predicted using SignalP

version 3.0 [125], where a final D-Score cut-off of 0.5 was used

to increase specificity while retaining sensitivity. Subsequently,

all proteins with signal peptides (1,886 and 1,591 for C. fulvum

and D. septosporum, respectively) were analyzed for the presence

of TM domains using the web servers Phobius [126] and

TMHMM (version 2.0; [127]). The servers identified different,

partially overlapping, sets of proteins with putative TM

domains. On average Phobius detected 22% more TM domain

proteins than did TMHMM, and about 75% of the predictions

were shared between the servers. For further analyses, all

proteins with putative TM domains as predicted by either of

the two servers were removed from the dataset. Then, the

proteins that contain a putative mitochondrial targeting signal

as predicted by TargetP version 1.1 [128] were removed.

Finally, proteins containing a potential GPI-anchor signal as

predicted by the PredGPI web service were discarded [129].

Functional analysis of D. septosporum Avr4 by A.
tumefaciens-mediated transient gene expression in N.
benthamiana

A C. fulvum Avr4 (Cf-Avr4) gene homolog was identified in the

genome of D. septosporum (Ds-Avr4) by blastp, with an E-value of

161024. To determine Cf-4-mediated HR-inducing ability of Ds-

Avr4 of D. septosporum, the Agrobacterium tumefaciens-mediated

transient gene expression assay (ATTA) was performed in N.

benthamiana as described by Van der Hoorn et al. [130]. The Cf-

Avr4 and Ds-Avr4 genes were each fused to a PR-1A signal peptide

sequence [131] for secretion into the apoplast. Subsequently a

Gateway cloning strategy was performed to clone them into a

pK2GW7 binary expression vector [132] containing the CaMV

35S promoter. A. tumefaciens (strain GV3101) was finally trans-

formed with pK2GW7 binary vectors containing Cf-Avr4 or Ds-Avr4

genes by electroporation. Agroinfiltration of Cf-4 transgenic N.

benthamiana leaves with Cf-Avr4- and Ds-Avr4-containing A.

tumefaciens clones was performed as described by van der Hoorn

et al. [130]. Photographs were taken at six days post inoculation.
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Heterologous expression of the D. septosporum Ecp2 (Ds-
Ecp2-1) gene in MM-Cf-Ecp2 tomato plants

Three D. septosporum homologs of C. fulvum Ecp2 genes (Ds-Ecp2-

1, Ds-ecp2-2 and Ds-Ecp2-3) were identified as described for Avr4. A

binary Potato Virus X (PVX)–based vector, pSfinx, was used for

transient expression of the Cf-Ecp2-1 ortholog, Ds-Ecp2-1, in MM-

Cf-Ecp2 tomato lines based on methodology described by

Hammond-Kosack et al. [131]. The recombinant viruses were

obtained by cloning Ds-Ecp2-1 (an intron-less gene), encoding the

mature protein, downstream of the PR-1A signal sequence for

secretion into the apoplast and under the control of the CaMV

35S promoter. Recombinant pSfinx::Ecp2-1, corresponding to the

C. fulvum Ecp2 (Cf-Ecp2-1), and pSfinx::Empty viruses were as

published [33]. A. tumefaciens (GV3101) was transformed with the

pSfinx::Ds-Ecp2-1 construct by electroporation. A. tumefaciens strains

containing the pSfinx constructs for the expression of Cf-Ecp2-1

and Ds-Ecp2-1 proteins were inoculated on MM-Cf-Ecp2

tomato lines containing the cognate R gene, and MM-Cf-0

tomato lines that contain no R genes, mediating recognition of the

Ecp2-1 effector. Photographs were taken four weeks post

inoculation.

Analyses of hydrophobin-encoding genes
All six previously reported hydrophobin genes from C. fulvum

[133] were found in the automated gene predictions performed on

the genome sequence. Five of the hydrophobins (Hcf-1 to Hcf-5) are

predicted to contain an interpro motif common in fungal

hydrophobins (IPR001338), while Hcf-6 has an interpro motif,

which is restricted to Ascomycetes only (IPR010636). To identify

putative hydrophobin-encoding genes in other genomes, all secreted

gene models of C. fulvum, D. septosporum and M. graminicola were

computationally annotated using Interpro scan and Gene Ontology

terms. Then, gene models with IPR001338 and IPR010636

Interpro scan terms were identified as putative hydrophobin

candidates. Also, a HMM profile search (which was built based

on the conserved cysteine motifs in class I hydrophobins) was

performed to identify hydrophobins missed by standard similarity

searches. In this way five additional hydrophobin genes were

identified in the C. fulvum genome. Hydrophobin sequences were

aligned with ClustalW and edited in GeneDoc software. Then a

consensus phylogenetic tree of predicted hydrophobin amino acid

sequences was constructed using MEGA5 software [134] perform-

ing the minimum-evolution algorithm with default parameters and

1000 bootstrap replications.

Analyses of carbohydrate-active (CAZy) enzymes
The carbohydrate-active enzyme catalogs of C. fulvum and

D. septosporum were compared with the corresponding catalogs

from other Dothideomycete fungi [42]. The boundaries of the

carbohydrate-active modules and associated carbohydrate-binding

modules of the proteins encoded by each fungus in the comparison

were determined using the BLAST and HMM-based routines of

the Carbohydrate-Active-EnZymes database ([74]; www.cazy.org).

For determining the growth profiles on different carbohydrate

substrates Aspergillus minimal medium [87] adjusted to pH 6.0

and containing 1.5% agar (Invitrogen, 30391–049) was used.

Carbon sources were added at concentrations as indicated in the

text and using standard methods as described at www.fung-

growth.org. Duplicate plates were inoculated with 2 mL of a

suspension containing 500 conidia/mL. Cultures were grown at

22–25uC for two weeks for C. fulvum and four weeks for D.

septosporum, and representative plates were photographed.

Secondary metabolite gene analysis
Genes encoding polyketide synthases (PKSs), non-ribosomal

peptide synthases (NRPSs), hybrids of PKS and NRPS, terpene

cyclases (TCs) and dimethylallyl tryptophan synthases (DMATSs)

were sought in the two genomes using tblastn/blastp and several

Ascomycete protein sequences as queries (Ace1 for PKS and

hybrids; MGG_00022.7 protein for NRPS; tri5, cps/ks, all TCs

from B. cinerea for TCs; Dma1 from Claviceps purpurea for

DMATSs). For each tblastn/blastp hit, search for conserved

domains (CDS at NCBI, InterproScan) and blastp analysis at

NCBI and InterproScan confirmed the functional annotation. The

locus of each key gene was analyzed for genes that could

potentially be involved in a biosynthetic pathway. Functional

annotation of downstream and upstream genes was confirmed

using blastp at NCBI. In addition, homologs to genes that were

shown to be involved in the regulation of fungal development and

secondary metabolism were sought using tblastn/blastp with the

sequences of the characterized proteins as queries.

Ka/Ks calculations were carried out to estimate evolutionary

constraints on putative dothistromin genes (PksA, VbsA, Ver1, HexA,

AvfA, CypA and MoxA) in comparison to four housekeeping genes

(Tub1 JGI PIDs Cf-186859 Ds-68998, Eif3b Cf-190521 Ds-75033,

Pap1 Cf-190301 Ds-180959 and Rps9 Cf-196996 Ds-92035). DNA

sequences from D. septosporum and C. fulvum were aligned with the

codon-aware multiple sequence alignment software, RevTrans

[135]. Sequence alignments were trimmed in codon units to

remove missing data across both species with the sequence editor,

Jalview [136]. The non-synonymous/synonymous amino acid

ratio (Ka/Ks or v) was obtained using the Ka/Ks Calculator

[137] with the algorithm of Nei and Gojobori [138]. Statistical

differences between Ka/Ks values for dothistromin and house-

keeping genes were determined using Student’s two-sided t test

[139]. For determination of dothistromin production, previously

published extraction and hplc methods were followed [140].

Quantitative PCR
For quantification of dothistromin gene expression in D.

septosporum, RNA was extracted from sporulating lesions on Pinus

radiata needles collected from a forest in New Zealand (in planta

sample) or grown in PDB or B5 [141] broths for 6 days as

described previously [140]. cDNA synthesis and relative quanti-

tative RT-PCR were carried out using primers and methods

described earlier [140], with three biological replicates and two

technical replicates. For C. fulvum, similar protocols were followed

except that tomato infections, RNA extraction and cDNA

synthesis followed the protocols of van Esse et al. [142] and four

biological replicates were used. Oligonucleotides were designed

with Primer3Plus [143] and are shown in Table S14. Their

efficiency and specificity were tested on a genomic DNA dilution

series. For both species, quantitative PCR was performed with the

Applied Biosystems 7300 Real-Time PCR system (Applied

Biosystems, USA) using the default parameters. Raw data were

analyzed using the 22DCt method [144].

Supporting Information

Figure S1 Amino acid similarity to Dothistroma septosporum.

Genome-wide amino acid similarity of homologous proteins

between C. fulvum and other sequenced fungal species. A pair of

proteins is only reported as homologous when the predicted

similarity (blastp) spans at least 70% of their lengths and their

length difference is at most 20%. Axis indicates number of

homologous proteins. Bar shading indicates similarity: red, 91–

100%; orange, 81–90%; light green, 71–80%; medium green, 61–
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70%; turquoise, 51–60%; light blue, 41–50%; dark blue, 31–40%;

and purple, 0–30%. Homologous proteins with high amino acid

similarity are likely orthologs, whereas for those with lower

similarity this relation cannot be inferred. Species abbreviations:

Cf, Cladosporium fulvum; Sm, Septoria musiva; Mf, Mycosphaerella

fijiensis; Mg, Mycosphaerella graminicola; Rr, Rhytidhysteron rufulum; Hp,

Hysterium pulicare; Ab, Alternaria brassicicola; Pt, Pyrenophora tritici-

repentis; Ch, Cochliobolus heterostrophus; Sn, Stagonospora nodorum; An,

Aspergillus nidulans; Nc, Neurospora crassa; Mo, Magnaporthe oryzae; Fg,

Fusarium graminearum.

(TIF)

Figure S2 Synteny of Cladosporium fulvum and Dothistroma

septosporum genomes. A) Whole-genome synteny, computed using

the JGI synteny browser (available at http://genome.jgi-psf.org/

Dotse1/Dotse1.home.html) and shown as pairwise alignment

blocks. The 14 main D. septosporum chromosomes are shown with

colored blocks indicating regions of synteny with C. fulvum,

computed with a 1-kb cut-off. The different colored blocks

represent the different C. fulvum scaffolds; colour keys were

generated independently for the 14 chromosomes and are as

shown on the JGI synteny browser. B) Synteny between two

examples of large scaffolds of C. fulvum (top, Cf2, 526-kb; bottom,

Cf5, 315-kb) with corresponding regions of D. septosporum

chromosomes 2 (3.3-Mb) and 4 (2.6-Mb). In each case the top

line (e.g. Cf2) shows blocks indicating regions of synteny with D.

septosporum, computed with a 50-bp cut-off. Different colors

represent matches to different chromosomes, indicating that each

C. fulvum scaffold predominantly aligns with just one D. septosporum

chromosome. Slanting lines connecting Cf and Ds scaffolds show

matching regions between the two, illustrating that the syntenic

blocks are not collinear but show fragmentation and different

degrees of dispersal, consistent with intrachromosomal rearrange-

ments.

(PDF)

Figure S3 Hydrophobin genes in Dothideomycete species.

Consensus phylogenetic tree of predicted class I and class II

hydrophobins from Cladosporium fulvum (Cf), Dothistroma septosporum

(Ds), and Mycosphaerella graminicola (Mg). Amino acid sequences of

hydrophobins were aligned using ClustalW2 and the phylogenetic

tree was constructed using the minimum-evolution method of

MEGA5 with 1000 bootstraps. Bootstrap values less than 90% are

not shown. Scale bar shows the genetic distance (substitutions per

site). The labels (c) and (p) indicate whether expression was detected

in culture or in planta, respectively, in EST data. Asterisks indicate

hydrophobin proteins for which no hydrophobin conserved domain

could be identified using InterproScan. However, the phylogenetic

tree clearly shows that Ds67650 belongs to class I, and Mg965336

and Cf183780 belong to class II hydrophobins.

(TIF)

Figure S4 Growth profile assays for Cladosporium fulvum and

Dothistroma septosporum. The fungi were grown on 32 solid agar media

containing well-defined or complex carbohydrate substrates as

detailed at www.fung-growth.org. A) C. fulvum grown for 2 weeks

and B) D. septosporum grown for 4 weeks, both in the dark at 22–25uC.

(TIF)

Figure S5 Synteny of secondary metabolism loci between

Dothistroma septosporum and Cladosporium fulvum. Gene clusters of A)

D. septosporum-specific and B) C. fulvum-specific key genes were

predicted based on functional annotations. Synteny of the borders of

each gene cluster was checked in the other species. All D. septosporum-

specific gene clusters are located at conserved loci in C. fulvum.

Conversely, only 6 C. fulvum-specific gene clusters are located at

conserved loci in D. septosporum. For CfPks5, CfPks6 and CfNps5, the

border genes are scattered over one or more chromosomes in D.

septosporum. Black arrows represent key genes; dark grey arrows

represent putative accessory genes; light grey arrows represent

putative border genes; outlined arrows indicate genes present in

only one species; black triangles represent transposable elements.

The C. fulvum scaffold numbers and D. septosporum chromosome

numbers are indicated for syntenic loci. Loci are not drawn to scale.

(PDF)

Figure S6 Expression of Cladosporium fulvum effector genes Avr4

and Avr9 during infection of tomato. Expression of Avr4 and Avr9

was measured by quantitative PCR during tomato infection and in

two in vitro conditions (PDB and B5 media). Expression was

calibrated using the tubulin gene according to the 22DCt method

[136]. Expression was not detected in vitro for Avr9 and weakly in B5

medium only for Avr4. Induction of the expression of both effectors

during tomato infection is highlighted by the grey-dashed curve.

Relative expression of actin is shown as the control for calibration.

(TIF)

Protocol S1 Genome sequencing, assembly and annotation

methods.

(DOC)

Table S1 Cladosporium fulvum and Dothistroma septosporum sequence

statistics.

(DOC)

Table S2 Dothistroma septosporum genome scaffolds.

(DOC)

Table S3 Overview of Repeat-Induced Point Mutations (RIP) in

Cladosporium fulvum, Dothistroma septosporum and other related

Dothideomycete fungi. Neurospora crassa is used as a reference.

(DOC)

Table S4 Repetitive regions flanking known effectors of

Cladosporium fulvum and Dothistroma septosporum.

(DOC)

Table S5 Comparison of CAZy gene numbers in Cladosporium

fulvum and Dothistroma septosporum.

(DOC)

Table S6 Growth diameters of Cladosporium fulvum, Dothistroma

septosporum and other fungi on various carbon sources.

(DOC)

Table S7 Putative monoterpene-degrading genes.

(XLS)

Table S8 Comparison of oxidoreductase gene numbers in

Cladosporium fulvum, Dothistroma septosporum, Mycosphaerella graminicola

and Stagonospora nodorum.

(DOC)

Table S9 Key secondary metabolism enzyme identifiers in

Cladosporium fulvum and Dothistroma septosporum.

(DOC)

Table S10 Putative dothistromin genes in Cladosporium fulvum

and Dothistroma septosporum.

(DOC)

Table S11 Regulatory genes involved in development and

secondary metabolism of Cladosporium fulvum and Dothistroma

septosporum.

(DOC)

Table S12 Conditions for Cladosporium fulvum EST libraries.

(DOC)
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Table S13 Conditions for Dothistroma septosporum EST libraries.

(DOC)

Table S14 Primers used for reverse transcription quantitative

PCR.

(XLS)
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Genome sequencing, assembly and annotation methods

Fungal DNA and EST library preparation
DNA was isolated from C. fulvum mycelia that were scraped from PDA plates

using a DNeasy plant mini kit (Qiagen Benelux bv, Venlo, The Netherlands)
according to the manufacturer’s instructions and from D. septosporum grown in liquid
DM (Dothistroma medium) using a modification of the method of Raeder and Broda
[1] with Phase Lock Gel tubes (5 PRIME, Hamburg, Germany).

Three EST libraries were produced from C. fulvum (Table S12). C. fulvum
race 0WU  was grown under various different conditions that were intended to trigger
the expression of as many genes as possible. For the induction EST library of C.
fulvum (Library 1), the fungus was pre-cultured in 100 ml liquid B5 medium (105

conidia/ml) including vitamins and supplemented with sucrose (2 g/100 ml), at 22 °C
and grown in an incubator at 200 rpm for 6 days in order to get sufficient fungal
starting material. After 6 days the culture was filtered and transferred to 20 different
induction media (Table S12), such as nitrogen limited medium, medium without
carbon source, in the presence of H2O2 or saponins and alkaloids, or at different pH
(pH 4, 7 or 9). Progressive starvation EST library (Library 2) was prepared from C.
fulvum grown in liquid B5 medium and mycelium harvested at 5, 8, 12, 16 and 22
days after incubation at 180 rpm at RT. In planta EST library (Library 3) was
prepared from tomato Heinz 1706 plants at 4, 6, 9, 12 and 15 days post inoculation
with race 0WU. Total RNA was extracted with RNeasy® Plant Mini Kit (Qiagen
Benelux bv, Venlo, The Netherlands) according to the manufacturer’s instructions
following DNase treatment on the RNA purification column. The cDNAs were
prepared using a SMART cDNA Library Construction Kit (Clontech), normalized
using a Trimmer kit (Evrogen) according to the manufacturer's instructions, and
cloned into pCR2.1 (Invitrogen).

Three EST libraries were also made from D. septosporum (Table S13). For the
two in vitro libraries, RNA was extracted from mycelium grown in either water agar
or pine agar/broth (minimal medium prepared with pine-needle soaked water [2] then
combined after RNA extraction (CHAA, ‘pine’ library) or in nutrient-rich media
including PDA, PDB, V8 agar, DM agar and DM broth [3] (combined as CHAB,
‘rich’ library). The in planta EST library was prepared from Pinus radiata needles
showing late-stage Dothistroma needle blight symptoms (red bands and fruiting
bodies) collected from a forest near Rotorua, New Zealand. Total RNA was extracted
from D. septosporum using TRIZOL (Invitrogen) and Phase Lock Gel tubes
(5PRIME) followed by TURBO (Ambion) DNase treatment and precipitation with
2.5 M lithium chloride.

C. fulvum genome sequencing and assembly
GS FLX and GS FLX Titanium single stranded shotgun libraries were

prepared using 5 μg gDNA fragmented by nebulization to average sizes of 450 bp and
850 bp, respectively, according to manufacturer’s protocols (Roche). A paired-end
454 single stranded DNA library was made using 8.5 μg C. fulvum gDNA fragmented
to an average length of 3900 bp using a hydroshear (GeneMachines) device. Library
construction was performed according to manufacturer’s protocol. HPLC-purified
oligonucleotides were annealed in a thermal cycler (Applied Biosystems 9700) to
create paired-end adaptors. After purification using ampure beads (Agencourt) C.
fulvum gDNA fragments were EcoRI methylated, end-polished, ligated with hairpin
adaptors, cleaved with exonuclease and restriction-digested with EcoRI. The resulting



fragments were column-purified and yield was measured by fluorescence (PicoGreen,
Invitrogen) using a plate reader (Tecan, Fluor scan). Fragments with two EcoRI sticky
ends were circularized by self-ligation. Double-stranded C. fulvum gDNA fragments
(4 to 5 kb in size) were used as carrier DNA prior to purification and fragmentation
by nebulization. From this step on the library preparation was comparable to the
shotgun library preparation including end-polishing, library immobilization using
Dynal M-270 streptavidin coated magnetic beads and adaptor ligation. After fill-in of
the ligated adaptors, the obtained fragment library was amplified using 15 PCR
cycles. This finally resulted in a paired-end 454 single stranded DNA library.

Based on titration sequencing runs clonal amplifications were carried out with
ratios of 0.4 and 1.0 DNA fragments to beads for shotgun and paired-end libraries,
respectively. After emulsion PCR, amplification beads were recovered and enriched
for DNA-carrying beads. Sequencing was performed after loading 900,000 or
2,000,000 beads per region, respectively, on large (70X75) GS FLX or GS FLX
Titanium pico titer plates, with all plates divided in two regions. Pyro-sequencing was
performed on a 454 Genome Sequencer FLX using 100 flow cycles for GS FLX
shotgun and GS FLX paired-end runs whereas 200 flow cycles were used for GS FLX
Titanium shotgun sequencing. Initially, six GS FLX shotgun runs and four GS-FLX
paired-end runs were carried out. This resulted in 4,639,208 high quality reads with
an average read length of 238 bases. Of these, 750,341 reads contained paired-end
information derived from 3 kb fragments. Two additional GS-FLX Titanium shotgun
runs were carried out resulting in 2,209,539 reads passing all quality filters showing
an average read length of 439 bases. Prior to assembly, the 454 reads were divided per
chemistry (FLX and Titanium) and subsequently divided into shotgun and matepair
reads. The reads were processed as follows, per type without removal of the matepair
linker sequence, if present. Duplicate reads, which most likely correspond to
(emulsion) PCR duplicates created during library construction, were identified and for
each set of duplicates only the longest read was retained. Reads containing more than
one ambiguous basecall (N) were discarded, as well as extremely short (<25 flows for
FLX chemistry, <50 for Titanium) and extremely long (>250 flows for FLX
chemistry, >450 for Titanium) reads. All filtering was performed using custom scripts
implemented in Python version 2.6. In total, 20% of the read data were discarded after
filtering (Table S1), the majority of which were clonal duplicates.

Reads were assembled with the Celera Assembler version 5.4 [4] using default
parameters (Table S1). The assembly resulted in 5,715 contigs that were ordered into
4,865 scaffolds spanning 61.2 Mb, and an additional 26 Mb in 50,572 degenerate
contigs that represent unresolved repeat copies with a GC content that deviated
somewhat from the remainder of the assembly. In total, 95% of the assembled
genome sequence was present in 2,565 scaffolds of 2 kb or larger.

C. fulvum EST sequencing and assembly
Twenty five μg total RNA from the three different C. fulvum growth

conditions; induction, starvation, and in planta, were used for normalized, random
primed cDNA library preparation suitable for 454 sequencing using sample-specific
6-base-long tag sequences (Vertis Biotechnology AG). The three cDNA libraries
consisting of 500 to 700 bp fragments were pooled in equimolar ratio, diluted and
used for clonal amplification and subsequent GS FLX Titanium 454 sequencing on
one pico titer plate as described above. 1,147,762 high quality reads covering in total
430,029,692 bases were obtained by 454 transcriptome analysis and reads split
according to their sample-specific tags then assembled into cDNA contigs and



unigenes using Newbler software version 2.5 (in vitro induction: 328,374 reads,
12843 unigenes representing 14.9 Mb; in vitro starvation: 473,359 reads, 13951
unigenes representing 18.8 Mb; in planta: 345,737 reads, 3221 unigenes representing
3.1 Mb).

C. fulvum genome annotation and availability
The assembled scaffolds were annotated using the Cyrille2 workflow

management system [5]. To reduce the false-positive rate during gene prediction, a C.
fulvum specific repeat set was generated using the RepeatScout program [44] with
default parameters. The identified repeats were annotated using HMMER [6], and
BLASTp [7] searches and subsequently manually curated to remove false positives.
Repeats in the scaffold sequences were masked using RepeatMasker [8] with the
aforementioned C. fulvum repeat set and the RepBase repeat database [9] and
RepeatScout [10].  Genes were subsequently predicted on the masked sequences
using GeneMark-ES [11], Augustus [12] and SNAP [13]. Upon comparison of the
predicted gene models to the aligned protein sequences of M. fijiensis and M.
graminicola, the GeneMark-ES predictions were selected to represent the C. fulvum
proteome.

All predicted gene models were functionally annotated using SignalP [14],
TMHMM [6], InterProScan [15], BLASTp [7] against GenBank nr, and hardware-
accelerated double-affine Smith-Waterman alignments (deCypherSW;
www.timelogic.com/decypher_sw.html) against SwissProt (www.expasy.org/sprot),
KEGG [16], and KOG [17]. KEGG hits were used to assign EC numbers
(www.expasy.org/enzyme), and Interpro and SwissProt hits were used to map GO
terms (www.geneontology.org). Multigene families were predicted with the Markov
clustering algorithm MCL [18] to cluster the proteins, using BLASTp alignment
scores between proteins as a similarity metric. Functional annotations can be found at
the JGI website (www.jgi.doe.gov). This Whole Genome Shotgun project has been
deposited at DDBJ/EMBL/GenBank under the accession AMRR00000000. The
version described in this paper is the first version, AMRR01000000.

D. septosporum genome sequencing and assembly
The D. septosporum genome was sequenced using a combination of 454

(Titanium unpaired), Illumina (2x76 bp, 0.3 kb insert paired-end) and Sanger (41 kb
insert fosmid) sequencing platforms (Table S1). All general aspects of library
construction and sequencing can be found at the JGI website (www.jgi.doe.gov). Two
lanes of the Illumina data were assembled with the Velvet assembler (version 0.7.55;
[19] with a hash length of 61 and the following options -fastq -cov_cutoff 2 -
min_contig_length 100, to produce an assembly with a final graph with 9746 nodes
and n50 of 90611, max 423460, total 29985518.  Contigs greater than or equal to 800
bp in length were shredded into 1000 bp chunks, if possible, with 800 bp overlap to
be used for Newbler assembly. Reverse complemented shreds were also created at
contig ends. After eliminating possible contaminant data, the combined set of velvet
shredded fragments and 454 reads was assembled with Newbler (version 2.5-internal-
10Apr08-1) with the following options; -fe reads2remove.MPA -nrm -info -consed -
finish –rip -a 50 -l 350 -g -ml 20 -mi 99 -e 30. This resulted in 20 scaffolds with an
N/L50 of 5/2.6 Mb, and 199 contigs with an N/L50 of 31/0.4 Mb and estimated
assembled coverage of 34X (Table S1).

D. septosporum EST sequencing and assembly



For in vitro samples, polyA+ RNA was isolated from total RNA using the
absolutely mRNA Purification kit and manufacturer’s instructions (Stratagene, La
Jolla, CA). Subsequently, the mRNA was used to construct cDNA libraries using the
cDNA Rapid Library Preparation Method (Roche 454 Life Sciences, Branford, CT,
USA), followed by sequencing on the 454 GS-FLX platform. Sequencing of libraries
CHAA and CHAB resulted in 1,637,800 and 1,414,120 ESTs respectively. Ribosomal
RNA, low quality and low complexity reads were filtered out from each set and the
1,083,610 and 509,385 remaining reads were assembled using Newbler (version 2.3-
PreRelease-6/30/2009) with default parameters, resulting in 13,184 isotigs (>50 bp
long). For in planta samples, polyA+ RNA was isolated using magnetic oligo dT
beads and cDNA library prepared according to the 2009 Illumina mRNA Sequencing
Sample Preparation Guide, followed by sequencing on an Illumina GAIIx. 38,212,684
75-base single-end reads were obtained, of which approximately 11.6% mapped
uniquely to the D. septosporum genome.

D. septosporum genome annotation and availability
The D. septosporum genome was annotated using the Joint Genome Institute

annotation pipeline (http://www.jgi.doe.gov/). This Whole Genome Shotgun project
has been deposited at DDBJ/EMBL/GenBank under the accession AIEN00000000.
The version described in this paper is the first version, AIEN01000000.
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Table S1. Cladosporium fulvum and Dothistroma septosporum sequence statistics

Library Library
Type

Raw
Reads

Raw
Bases

Trimmed
Bases

Assembled
Reads

Assembled
Bases Coverage

Insert
size,
bp

Cladosporium fulvum A 454FLX 3,053,288 717,865,558 545,297,631 1,855,025 441,718,496 7.27x

B 454TIT 2,192,601 963,755,636 792,642,814 1,474,485 648,566,068 10.67x

C 454FLX 1,571,588 382,601,325 308,506,129 1,144,907 192,973,089 3.17x 2kb

Total 6,817,477 2,064,222,519 1,646,446,574 4,474,417 1,283,257,653 21.11x

Dothistroma septosporum GPOS Sanger 69,316 62,858,400 53,631,693 66,118 50,704,082 1.69x 41kb

GSAP 454 1,075,566 485,029,662 484,833,109 1,057,754 475,696,807 15.82x

GSWB 454 978,564 371,069,611 370,824,521 952,938 358,058,185 11.91x

NODE Illumina 148,633 146,488,764 146,488,764 148,532 146,440,524 4.87x

Total 2,272,079 1,065,446,437 1,055,778,087 2,225,342 1,030,899,598 34.28x



Table S2. Dothistroma septosporum genome scaffolds

Scaffold
number

Length
(bp)

Predicted
chromosome

size (Mb)a

Telomere
sequence
each end
(Yes/no)

% in
gaps

Number of
annotated
genes

Number of
genes in
Cf-
syntenic
blocksb

Ratio Cf-
syntenic
genes to
annotated
genes

Number
of
syntenic
blocks

Largest
syntenic
block
(kb)

%
Syntenic

%
repetitive
sequence

1 5111597 5.0 Y Y 0.51 2148 1359 0.63 160 210 87.4 1.42
2 3306877 3.2 Y n 0.61 1382 829 0.60 112 81 81.9 1.26
3 2752214 2.6 Y Y 0.32 1079 547 0.51 98 103 78.0 4.68
4 2620707 2.5 Y Y 0.37 1060 306 0.29 119 53 64.2 3.16
5 2595548 2.5 Y Y 0.39 1142 250 0.22 93 46 48.8 2.48
6 2187679 2.1 Y Y 0.40 925 402 0.43 82 87 72.7 5.35
7 2106062 2.1 Y Y 0.50 846 429 0.51 75 76 77.6 4.82
8 1927254 2.0 Y Y 0.32 745 288 0.39 75 46 71.1 1.97
9 1757826 1.8 Y Y 0.39 861 338 0.39 66 75 70.2 3.94

10 1635767 1.6 Y Y 0.47 681 264 0.39 65 35 68.1 3.93
11 1558309 1.5 Y n 0.76 679 251 0.37 57 40 67.8 4.71
12 1256034 1.3 Y Y 0.31 509 196 0.39 45 47 61.1 5.45
13 962570 1.0 Y Y 0.49 418 157 0.38 37 38 64.3 2.90
14 407968 NDC Y n 0.14 164 52 0.32 18 24 60.9 1.79

aSizes predicted from pulsed-field gel electrophoresis [1].
bSyntenic blocks are defined as outlined in Material and Methods.
cNot Determined (due to lack of resolution).

1. Bradshaw RE, Jin HP, Morgan BS, Schwelm A, Teddy OR, et al. (2006) A polyketide synthase gene required for biosynthesis of the aflatoxin-like toxin,
dothistromin. Mycopathologia 161: 283-294.



Table S3. Overview of Repeat-Induced Point Mutations (RIP) in Cladosporium fulvum, Dothistroma septosporum and other related

Dothideomycete fungi. Neurospora crassa and Leptosphaeria maculans are used as a reference.

C. fulvum D. septosporum M. graminicola S. nodorum N. crassa L. maculans

Repeat sequence ≥500nt 27,170 kb 44.5%a 798 kb 2.6%a 6,121 kb 15.4%a 2,430 kb 6.5%a 2,004 kb 5.1%a 15,219 kb 33.9%a

Repeat loci ≥500nt 7101 133 967 405 653 1230

RIP’d sequence 25,882 kb 42.4%a 1,114 kb 3.7%a 7,236 kb 18.2%a 2,504 kb 6.7%a 2,361 kb 6.0%a 15,628 kb 34.8%a

RIP’d loci 5447 65 1331 421 596 1182

Repeated sequence ≥500nt with RIP
signature 26,397 kb 97.2%b 782 kb 98.0%b 5,991 kb 97.9%b 2,360 kb 97.2%b 1,402 kb 69.9%b 15,194 kb 99.8%b

Repeat loci ≥500nt with RIP signature 6506 91.6%c 114 85.7%c 890 92.0%c 381 94.1%c 358 54.8%c 1198 97.4%c

Repeat loci ≥500nt without RIP signature 595 8.4%c 19 14.3%c 77 8.0%c 24 5.9%c 295 45.2%c 32 2.6%c

RIP’d loci not assigned as repeat 27 0.5%d 11 16.9%d 173 13.0%d 26 6.2%d 210 35.2%d 61 5.2%d

a percentage of the genome; b percentage of repeated sequence ≥500nt; c percentage of repeat loci ≥500nt; d percentage of RIP’d loci



Table S4. Repetitive regions flanking known effectors of Cladosporium fulvum (Cf) and
Dothistroma septosporum (Ds)

Gene name
and JGI
protein ID

Scaffold number Gene position
Direction
fwd/rev

Repeat position Repeat size Repeat type

CfAvr2 scf7180000130334 174089..174376 fwd 172831..173186 355 Retrotransposon00021

No gene 173187..173788 601 Unknown00134

annotation 173788..174020 232 Retrotransposon00021

CfAvr4 scf7180000130296 14866..14459 rev 20351..21488 1137 Unknown00048

189855 21554..22407 853 Copia00004

22441..26579 4138 Retrotransposon00021

26675..27046 371 Retrotransposon00021

27050..27932 882 Unknown00048

27931..31267 3336 Copia

31238..34286 3048 Retrotransposon00028

34286..35268 982 Unknown00052

35268..36214 946 Retrotransposon00020

36210..36854 644 Copia00005

CfAvr4E scf7180000126296 5317..5682 fwd 7429..8224 795 Unknown00048

183814 6225..7360 1135 Unknown00048

300..4000 3700 Retrotransposon00019

1..299 298 Unknown00020

CfAvr9 scf7180000130851 12970..12720 rev 6900..11782 4882 Copia00002

No gene 6078..6901 823 Unknown00111

annotation 1500..6700 5200 Copia00004

570..1270 700 Unknown00052

1..445 444 Retrotransposon00001

CfEcp1 scf7180000126735 11769..12213 fwd 12844..13385 541 Unknown00048

184167 9333..10722 1389 Retrotransposon00038

7981..9336 1355 Unknown00032

3665..7148 3483 Retrotransposon00021

2689..3542 853 Unknown00020

503..1445 942 Retrotransposon00008

2..502 500 Unknown00052

CfEcp2-1 scf7180000130979 8402..7849 rev 47850..48263 413 Retrotransposon00025

197200 42691..47438 4747 Retrotransposon00007

41585..42708 1123 Retrotransposon00030

35740..41359 5619 Retrotransposon00005

29062..35753 6691 Gypsy00006

28578..29095 517 Gypsy00004

27628..28578 950 Retrotransposon00005

26426..27630 1204 Retrotransposon00021

2081..2821 740 Unknown00021

1642..2085 443 Retrotransposon00006

1..1640 1639 Copia00001

CfEcp2-2 scf180000130842 19702..20877 fwd 1..412 411 Retrotransposon00025

195482 406..1860 1454 Unknown00020

1854..2886 1032 Retrotransposon00030

116937..117679 742 LINE00003

CfEcp2-3 scf7180000130692 74368.. 74848 fwd 1..2961 2960 Copia00001

193474 2959..3369 410 LINE00003

3365..3869 504 Unknown00134

94099..94465 366 Unknown00174

127600..135000 7400 Gypsy0004/1

135000..138350 3350 Unknown

CfEcp4 scf718000012883 41393..40977 rev 3555..5087 1532 Unknown00018

186834 1681..2697 1016 LINE00001

1..1687 1686 Retrotransposon00030

CfEcp5 scf7180000130562 4403..5148 fwd 7313..7930 617 Retrotransposon00021
No gene
annotation

2229..4130 1901 Unknown00018

1..2010 2009 Retrotransposon00014

CfEcp6 scf7180000130247 40667.. 39820 rev 1..1327 1326 Retrotransposon00021

189398 1324..8223 6899 Gypsy00001

8313..9076 763 Unknown00016

77361..80312 2951 Unknown00015/17

CfEcp7 scf7180000130885 72088..71738 rev 1..5678 5677 Retrotransposon00030/7

No gene 5767..6903 1136 Unknown00048

annotation 6902..11762 4860 Copia00004

11756..14450 2694 Retrotransposon00017

14450..15542 1092 Unknown00052

15529..16141 612 Copia00004

16142..16682 540 Unknown00038

30955..32971 2016 Unknown00021

75708..76845 1137 Unknown00048

77726..81906 4180 Copia00003

81902..82349 447 Copia00002



Gene name
and JGI
protein ID

Scaffold
number

Gene position
Direction
fwd/rev

Repeat position Repeat size Repeat type

DsAvr4 sc_8 384698..385195 fwd 265709..265982 273 Unknown
36707 266619..266844 225 Unknown

268341..269589 1248 LTR retrotransposon
269598..270121 523 Unknown
270135..270476 341 Unknown
270487..271265 778 Unknown
271266..272646 1380 LTR retrotransposon
272649..273859 1210 LTR retrotransposon
273864..274387 523 Solo-LTR
274397..275182 785 Unknown
275605..285125 9520 Ty3-gypsy
283126..287511 4385 Ty3-gypsy
287499..298272 10773 Ty3-gypsy
298362..299329 967 Unknown

DsEcp2-1 sc_10 215524..216247 rev 200681..200999 318 MITE
158381 255020..255539 519 Solo-LTR

255543..261770 6227 Ty1-copia
261775..262294 519 Solo-LTR
263025..266791 3766 Ty3-gypsy
266794..267805 1011 Unknown
267811..269773 1962 Ty3-gypsy
269772..283070 13298 LTR retrotransposon
282714..283118 404 LTR retrotransposon
283168..283384 216 Ty3-gypsy
283384..283589 205 Ty1-copia
283574..284204 630 Ty1-copia
283580..284136 556 Ty1-copia
284205..284418 213 Unknown
284670..286915 2245 Ty3-gypsy
286946..287470 524 Solo-LTR
287471..288454 983 Ty3-gypsy

DsEcp2-2 sc_4 2241857..2242851 rev 2173799..2197290 23491 Helitron-like
127671 2198517..2199631 1114 Ty1-copia

2198677..2199631 954 Ty1-copia
2199864..2200107 243 Ty3-gypsy
2200409..2201259 850 Ty3-gypsy
2200415..2200943 528 Ty3-gypsy
2201257..2201660 403 LTR retrotransposon
2201301..2208429 7128 LTR retrotransposon
2208417..2208939 522 Solo-LTR
2208943..2213523 4580 Ty1-copia
2213527..2214497 970 Ty1-copia
2214499..2215020 521 Solo-LTR
2215020..2221252 6232 LTR retrotransposon
2221251..2222417 1166 Ty3-gypsy
2221288..2223284 1996 Ty3-gypsy
2223283..2236548 13265 LTR retrotransposon
2236195..2236673 478 LTR retrotransposon
2236195..2236839 644 LTR retrotransposon

DsEcp2-3 sc_4 1398479..1400737 fwd 1253254..1253612 358 Ty3-gypsy
23431 1253494..1263757 10263 Ty3-gypsy

1263934..1265861 1927 Ty3-gypsy
1263943..1265469 1526 Ty3-gypsy
1265833..1266042 209 Ty3-gypsy
1265890..1266094 204 Ty3-gypsy
1265926..1266211 285 Ty3-gypsy

1595341..1595542 201 Unknown

DsEcp4 sc_1 4798997..4799409 fwd 4711941..4712363 422 LTR retrotransposon
192200 4712006..4712363 357 LTR retrotransposon

4712363..4719052 6689 Helitron-like
4718786..4719110 324 Helitron-like
4720643..4720948 305 Unknown
4723716..4724517 801 Unknown
4723719..4724435 716 Unknown
4724518..4724845 327 Ty1-copia
4724970..4725491 521 Solo-LTR
4725269..4725892 623 Unknown
4725494..4726164 670 Unknown
4726394..4726959 565 Ty1-copia
4726960..4727974 1014 Unknown
4729166..4729432 266 Ty1-copia
4731871..4732112 241 Unknown
4732137..4732616 479 Unknown
4732620..4733059 439 Unknown

DsEcp5
(pseudogene) sc_2 1483406..1483849 fwd

DsEcp6 sc_8 112019..113076 fwd 233792..234362 570 Unknown
46236 265709..265982 273 Unknown

266619..266844 225 Unknown
268341..269589 1248 LTR retrotransposon
269598..270121 523 Unknown
270135..270476 341 Unknown



Table S5. Comparison of CAZy gene numbers in C. fulvum (Cf) and D. septosporum (Ds)
Predicted functiona CAZy familyb Cf Ds Predicted function CAZy familya Cf Ds
PCW-C GH6 0 0 PCW CBM1 0 1
PCW-C GH7 2 1 PCW CBM6 0 0
PCW-C GH12 4 4 PCW CBM13 1 0
PCW-C GH45 1 1 PCW CBM35 2 1
PCW-C GH61 2 2 PCW CBM42 1 1
PCW-C GH74 0 0 PCW CBM63 1 1
PCW-C GH94 0 0 FCW CBM14 1 1
PCW-H GH10 2 1 FCW CBM18 7 6
PCW-H GH11 2 2 FCW CBM24
PCW-H GH26 0 0 FCW CBM43 1 1
PCW-H GH27 1 2 FCW CBM52 1 0
PCW-H GH29 1 1 energy CBM20 4 4
PCW-H GH31 15 10 energy CBM21 1 1
PCW-H GH35 6 3 energy CBM48 3 3
PCW-H GH36 2 2 CBM32 1 1
PCW-H GH39 2 0 CBM50 4 3
PCW-H GH67 1 1 Total CBM 28 24
PCW-HP GH43 22 11 PCW-H CE1 5 2
PCW-HP GH51 2 1 PCW-H CE2 0 0
PCW-HP GH53 2 1 PCW-H CE3 3 2
PCW-HP GH54 1 1 PCW-H CE5 11 4
PCW-HP GH62 0 1 PCW-H CE15 0 0
PCW-HP GH93 2 1 PCW-H CE16 7 5
PCW-pectin GH28 15 4 PCW-HP CE12 2 2
PCW-pectin GH78 6 1 PCW-pectin CE8 2 3
PCW-pectin GH88 2 0 FCW CE4 3 4
PCW-pectin GH95 2 0 Other CE9 2 1
PCW-pectin GH105 4 3 Total CE 35 23
PCW-pectin GH115 1 1 GT1 6 5
PCW/FCW GH1 3 2 GT2 18 15
PCW/FCW GH2 5 4 GT3 1 1
PCW/FCW GH3 19 12 GT4 5 5
PCW/FCW GH5 16 12 GT5 2 2
FCW GH16 16 16 GT8 10 11
FCW GH17 8 8 GT15 3 4
FCW GH18 13 10 GT17 3 3
FCW GH20 2 2 GT20 3 3
FCW GH55 5 4 GT21 1 1
FCW GH64 5 6 GT22 4 4
FCW GH71 2 1 GT24 1 1
FCW GH72 8 7 GT25 2 6
FCW GH75 1 1 GT31 9 6
FCW GH76 8 8 GT32 5 7
FCW GH81 1 1 GT33 1 1
FCW GH92 7 8 GT34 6 5
Energy GH13 15 13 GT35 1 1
Energy GH15 2 2 GT39 3 3
Energy GH32 4 2 GT41 1 1
Energy GH37 2 1 GT48 1 1
Energy GH65 1 1 GT50 1 1

GH24 2 1 GT57 2 2
GH25 0 1 GT58 1 1
GH30 2 2 GT59 0 1
GH38 1 1 GT62 3 3
GH42 1 1 GT66 1 1
GH47 8 8 GT69 2 2
GH63 1 1 GT71 4 4
GH79 6 4 GT76 0 1
GH114 1 1 GT90 5 7
GH125 3 2 Total GT 105 110
GH127 1 0 PCW-pectin PL1 3 1
GH128 5 3 PCW-pectin PL3 3 0
Total GH 268 198 PCW-pectin PL4 2 2

aPredicted family functions assigned according to Amselem J et
al. (2011) Genomic analysis of the necrotrophic fungal
pathogens Sclerotinia sclerotiorum and Botrytis cinerea. PLoS
Genetics 7:e1002230.

PCW-pectin PL9 0 0
PCW-pectin PL11 0 0

PL7 1 0
PL14 0 1
Total PL 9 3

bFamilies defined in the Carbohydrate-active enzymes database [www.cazy.org; Cantarel BL et al. (2009) The
Carbohydrate-Active EnZymes database (CAZy): an expert resource for Glycogenomics. Nucl Acids Res 37: D233-238



Table S6. Colony diameters of Cladosporium fulvum, Dothistroma
septosporum and other fungi cultured on various carbon sources.

(diameter in cm) Cf Ds Mg Sn Mo Ss
No C 0.5 0.3 0.4 0.7 0.6 0
No C 0.5 0.3 0.4 0.6 0.6 0
D-glucose 0.7 0.7 0.4 0.7 1.7 2.2
D-glucose 0.6 0.7 0.4 0.7 1.7 2.3
D-xylose 0.5 0.4 0.4 0.6 1.2 0.1
D-xylose 0.5 0.4 0.4 0.6 1.2 0.1
D-arabinose 0.4 0.3 0.4 0.6 1.3 0.1
D-arabinose 0.4 0.3 0.4 0.5 1.3 0.1
Sucrose 0.5 0.7 0.3 1.1 1.7 0.8
Sucrose 0.5 0.6 0.3 1.1 1.7 0.8
Inulin 0.6 0.3 0.4 0.9 1.9 0.1
Inulin 0.6 0.3 0.4 0.9 1.8 0.1
Birchwood xylan 0.7 0.3 0.3 0.5 1.7 0
Birchwood xylan 0.7 0.3 0.3 0.5 1.8 0
Apple pectin 0.8 1.2 0.6 1.0 1.8 3.2
Apple pectin 0.8 1.2 0.7 1.0 1.8 3.2
Lignin 0.6 0.6 0.3 0.8 0.7 0.1
Lignin 0.6 0.7 0.3 0.9 0.8 0.1

Cf, Cladopsorium fulvum; Ds, Dothistroma septosporum; Mg, Mycosphaerella
graminicola; Sn, Septoria nodorum; Mo, Magnaporthe oryzae; Ss, Sclerotinia
sclerotiorum

D-glucose, D-xylose, L-arabinose and sucrose were added at a final concentration of
25 mM. Inulin, birchwood xylan, apple pectin and lignin were added at a final
concentration of 1% (w/v). Numbers represent diameters from duplicate plates.



Table S8. Comparison of oxidoreductase gene numbers in Cladosporium fulvum (Cf),
Dothistroma septosporum (Ds), Mycosphaerella graminicola (Mg) and Stagonospora nodorum
(Sn).

Module
codea

Putative function Cf Ds Mg Sn Eastwood 2011
categoriesb

Sn from
Eastwood
2011

AA1_1 Laccasec 5/10d 3/9 2/5 1/8 Multicopper
oxidases

8

AA1_2 Ferroxidase 1/1 1/2 1/1 1/1 NDe ND

AA2 Lignin or manganese
or versatile peroxidase

0/0 0/1 0/1 0/4 Class II
peroxidase

5

AA3_1 Cellobiose
dehydrogenase

2/2 2/2 1/1f 3/4 f Cellobiose
dehydrogenase

3

AA3_2 Aryl-alcohol oxidase 0/5 0/5 0/4 0/2 Aryl-alcohol
oxidase

2

AA3_2 Glucose oxidase 0/1 1/1 0/0 1/2 Glucose
oxidase

2

AA3_3 Alcohol oxidase 3/4 2/2 2/2 3/3 Alcohol oxidase 3

AA4 Vanillyl-alcohol
oxidase

0/0 1/1 0/0 0/1 ND ND

AA5_1 Glyoxal oxidase,
copper radical oxidase

2/2 2/2 0/0 2/2 Glyoxal
oxidase

1

AA5_2 Galactose oxidase 1/2 1/1 1/1 3/3 ND ND

AA6 Quinone reductase 1/1 1/1 1/1 1/1 Quinone
reductase

1

AA7 Glucooligosaccharide
oxidase

0/0 0/0 0/0 1/3 ND ND

AA8 Iron reductase domain 3/3 3/3 2/4 9/9 ND ND
a Sequence-based family definitions for oxidoreductase enzyme modules as determined by Henrissat and
Levasseur (unpublished). Families AA1, AA3 and AA5 are subdivided into sequence-based subfamilies
denoted AA1_1, AA1_2, AA3_1, AA3_2, AA3_3, AA3_4, AA5_1 and AA5_2.
b To enable comparison with oxidoreductase analyses of Eastwood et al (2011), equivalent categories are
indicated, along with numbers of those genes recorded for Stagonospora nodorum (Sn) (Hane et al. 2007).
c One putative laccase gene from each species also has a carbohydrate-binding domain (CBM20).
d n/m : the first number represents the close relative(s), i.e. those whose function can be reliably inferred
while the second number is the total number (close plus distant relatives)
e ND: not determined.
f One also has an iron reductase domain and carbohydrate-binding domain (CBM1).

References
Eastwood DC, Floudas D, Binder M, Majcherczyk A, Schneider P, et al. (2011) The plant cell wall-
decomposing machinery underlies the functional diversity of forest fungi. Science 333: 762-765.
Hane JK, Lowe RGT, Solomon PS, Tan KC, Schoch CL, et al. (2007) Dothideomycete-plant
interactions illuminated by genome sequencing and EST analysis of the wheat pathogen
Stagonospora nodorum. Plant Cell 19: 3347-3368.



Table S9. Key secondary metabolism enzyme identifiers in Cladosporium fulvum and
Dothistroma septosporum.

Classification Cladosporium
fulvum

Dothistroma
septosporum

PKSa Pks1: 191425
Pks2: 186350
Pks3: 188474
Pks4: 188483
Pks5: 184292
Pks6: 184395
Pks7: 196875
Pks8: 196070
Pks9: 188153
PksA: 194256

Pks1: 47338
Pks2: 73814
Pks3: 90367
Pks4: 24654
PksA: 48345

NRPSb Nps1: 185841
Nps2: 193954
Nps3: 186614
Nps4: 192008
Nps5: 191780/191781
Nps6: 189598
Nps7: 196498/196499/196500/196501
Nps8: 191358
Nps9: 190730
Nps10: 196066/196067/196068

Nps1: 52251
Nps2: 90481
Nps3: 71189

Hybrid PKS-NRPS Hps1: 192259
Hps2: 188140/188141/188142

Hps1: 180045
Hps2: 157678

DMATSc Dma1: 191785 Dma1: 28625

Numbers are JGI protein identification numbers for
C. fulvum (http://genome.jgi-psf.org/Clafu1/Clafu1.home.html) and
D. septosporum (http://genome.jgi.doe.gov/Dotse1/Dotse1.home.html).
Genes shown in bold are considered to be involved in biosynthetic pathways shared between the
two species, based on similarity and conserved synteny of associated cluster genes.

aPolyketide Synthase.
bNon-Ribosomal Peptide Synthetase.
cDiMethylAllyl Tryptophan Synthase.



Table S10. Putative dothistromin genes in Dothistroma septosporum and
Cladosporium fulvum.

Dothistromin
gene name

Predicted
A. flavus
ortholog

D. septosporum
Protein IDa

C. fulvum
Protein IDa

Ds-Cf %
amino acid
identity

HexA aflA 66976 194433 85.5
HexB aflB 181128 194434 b 86.6
PksA aflC 192192 194256 86.5
Nor1 aflD 75691 194456 86.6
AvnA aflG 57312 194434b 88.9
AdhA aflH 48495 194457 88.6
AvfA aflI 75546 194254 74.3
Est1 aflJ 75609 194417 81.1
VbsA aflK 75656 194430 94.4
VerB aflL 75692 194459 93.3
Ver1c aflM 192193 197005 97.7
AflR aflR 75566 197014 83.6
AflJ aflS 57214 197013 49
DotC aflT 75413 194202 86.2
CypX aflV 139960 194255 89.6
MoxY aflW 75547 194253 90.9
OrdB aflX 75648 194437 94.0
HypC aflZ 75655 194431 80.0

aProtein identification (accession) numbers refer to those at
(http://genome.jgi.doe.gov/Dotse1/Dotse1.home.html) for D. septosporum and
(http://genome.jgi-psf.org/Clafu1/Clafu1.home.html) for C. fulvum.
bCf-AvnA was not annotated separately from the adjacent gene Cf-HexB thus both are numbered
194434
cPreviously called dotA.



Table S11. Regulatory genes involved in development and secondary metabolism of
Cladosporium fulvum (Cf) and Dothistroma septosporum (Ds).

Protein Pathway
Cf
protein
ID

e-
value

Ds
protein
ID

e-
value Query Ref

PPT 4’- phosphopantetheinyl
transferase 196722 1E-40 70926 1.16E-

36 XP_755193.1 [1]

LaeA Histone methyl transferase 186126 3E-28 148869 2.03E-
20 AAR01218.1 [2]

HdaA Histone deacetylase 192224 1E-
111 69309 1.2E-

130 XP_748144.1 [3]

RcoA (Tup1) Chromatin-associated
repressor 191985 1E-

178 72346 0.0 ACD46267.1 [4]

VeA Light-dependent regulator 188542 4E-63 69562 8.45E-
64 AAS07022.1 [5]

VelB Light-dependent regulator 184120 3E-65 139168 1.31E-
64 ABQ17967.1 [6]

FphA Red light phytochrome-like
receptor 186523 0.0 121759 0.0 CAI30283.1 [7]

WC1-LreA Blue light sensor 187550 1E-
141 74976 4.2E-

139 AAP47230.1 [8]

WC2-LreB Blue light sensor 186128 2E-56 70543 7.29E-
61 AAP47576.1 [8]

FadA G-protein alpha subunit 184993 0.0 68770 0.0 AAC49476.1 [9]

GpgA G-protein gamma subunit 194037 3E-10 67735 9.25E-
31 ABG73391.1 [10]

SfaD G-protein beta subunit 186471 1E-
137 69818 0.0 AAC33436.1 [11]

FlbA Regulator of G-proteins 189643 0.89 72196 5.0E-
162

Ds:
AAA73955.1
Cf: 72196

[12]

PhnA Phosducin regulator of G-
proteins 186472 5E-38 69817 7.63E-

45 XP_657686.1 [13]

RgsA Regulator of G-protein 189643 0.088 72181 6.3E-
42 CBF81270.1 [14]

PkaA cAMP-dep. kinase regulatory
subunit 189651 1E-

127 70102 8.7E-
91 CBF69742.1 [15]

PkaC cAMP-dep. kinase catalytic
subunit 191615 1E-

167 70835 0.0 AAF75762.1 [15]

PkcA Protein kinase C 187240 0.0 178140 0.0 BAD02338.1 [16]

StuA Transcription factor 194867 1E-
102 45737 1.52E-

92 AAA33325.2 [17]

mpkB MAP kinase 189973 0.0 73345 0.0 ABL85066.1 [18]

AreA Transcription factor 193392 1E-
109 41021 4.5E-

110 CAA36731.1 [19]

CreA Transcription factor 195369 2E-45 71762 1.51E-
82 AAR02858.1 [20]

PacC Transcription factor 189565 3E-92 68527 6.81E-
86 CAA87390.1 [21]

HapB CCAAT-binding tetrameric
transcription factor 192369 7E-37 68866 2.63E-

40 CAA74100.2 [22]



HapC CCAAT-binding tetrameric
transcription factor 190694 1E-34 71840 1.77E-

56 AAC49411.1 [22]

HapE CCAAT-binding tetrameric
transcription factor 189467 2E-71 72361 8.21E-

74 AAD12363.1 [22]

PpoA Fatty acid oxygenase
(oxylipins) 197623 0.0 67567 0.0 AAR88626.1 [23]

PpoB Fatty acid oxygenase
(oxylipins) No hit - No hit - AAX35769.1 [23]

PpoC Fatty acid oxygenase
(oxylipins) 197370 1E-

131 119905 2.0E-
113 AAT36614.1 [23]

CsnE COP9 subunit 5 (regulates
Ppo) 188488 1E-

114 69442 7.1E-
124 AAM95164.1 [24]

Cand1 cullin RING ubiquitin ligases
inhibitor 196436 0.0 69750 0.0 XP_660062.1 [25]

StrA ER striatin 195525 1E-
148 72705 0.0 XP_681340.1 [26]

HXK1 Hexokinase 194815 0.0 73129 0.0 ABY89285.1 [27]
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Table S12. Conditions for Cladosporium fulvum EST libraries

Induction condition EST Library
pH.9 Induced
pH.7 Induced
pH.4 Induced
MS Basal medium -Carbon Induced
Mannitol Induced
Nitrogen limitation Induced
Carbon minus Induced
B5 without vitamins & sucrose Induced
Excess of Nitrogen Induced
Excess of Carbon Induced
AF from non-infected tomato (MM) Induced
AF from infected MM-Cf9 tomato Induced
Induction with Alpha-solanine Induced
Heat-shock Induced
Cold-shock Induced
Glucose/Glucose oxidase Induced
5 mM H2O2 Induced
Benomyl Induced
Imidazole Induced
Azoxystrobine Induced
Tryfroxystrobin Induced
Cypronazole Induced
Total 22
Progressive Starvation for 5 days Starved
Progressive Starvation for 8 days Starved
Progressive Starvation for 12 days Starved
Progressive starvation for 16 days Starved
Progressive Starvation for 22 days Starved
Total 5
Infected Heinz 4 dpi In planta
Infected Heinz 6 dpi In planta
Infected Heinz 9 dpi In planta
Infected Heinz 12 dpi In planta
Infected Heinz 15 dpi In planta
Total 5



Table S13.  Conditions for Dothistroma septosporum EST libraries

Induction condition EST Library
Pine needle water agar [1] for 8 days CHAA
Water agar for 8 days CHAA
Pine minimal medium broth [1] for 8 days CHAA
Water for 8 days CHAA
Total 4
DSM agar [2] (light) for 8 days CHAB
DSM agar (dark) for 8 days CHAB
V8 juice agar for 8 days CHAB
Potato dextrose broth for 8 days CHAB
DM broth [3] for 8 days CHAB
Total 5
Infected Pinus radiata mixed late stage
forest sample In planta

Total 1
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