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Abstract

Numerous genes in diverse organisms have been shown to be under positive selection,

especially genes involved in reproduction, adaptation to contrasting environments,

hybrid inviability, and host-pathogen interactions. Looking for genes under positive

selection in pathogens has been a priority in efforts to investigate coevolution dynamics

and to develop vaccines or drugs. To elucidate the functions involved in host

specialization, here we aimed at identifying candidate sequences that could have

evolved under positive selection among closely related pathogens specialized on

different hosts. For this goal, we sequenced c. 17 000–32 000 ESTs from each of four

Microbotryum species, which are fungal pathogens responsible for anther smut disease

on host plants in the Caryophyllaceae. Forty-two of the 372 predicted orthologous genes

showed significant signal of positive selection, which represents a good number of

candidate genes for further investigation. Sequencing 16 of these genes in 9 additional

Microbotryum species confirmed that they have indeed been rapidly evolving in the

pathogen species specialized on different hosts. The genes showing significant signals of

positive selection were putatively involved in nutrient uptake from the host, secondary

metabolite synthesis and secretion, respiration under stressful conditions and stress

response, hyphal growth and differentiation, and regulation of expression by other

genes. Many of these genes had transmembrane domains and may therefore also be

involved in pathogen recognition by the host. Our approach thus revealed fruitful and

should be feasible for many non-model organisms for which candidate genes for

diversifying selection are needed.
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Introduction

Understanding the processes of speciation represents a

central challenge in evolutionary biology, and it has
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immediate and direct implications to broader societal

interests concerning biodiversity. The mechanisms of

speciation are particularly relevant to studies of patho-

gens, where the diversification frequently involves

adaptation to new hosts and there is great importance

in the context of disease emergence in humans, live-

stock and crops. The genetic architecture of species dif-

ferences has just begun to re-emerge with great promise
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from the era of comparative genomics (Wu & Ting

2004; Noor & Feder 2006). Morphological and physio-

logical differences between species that are the result of

adaptation leave signatures of positive selection upon

the genes responsible, and thus allow evolutionary

analyses of divergence for a combination of genetic and

phenotypic traits. The genes involved in specialization

to different hosts, which likely also contribute to patho-

gen speciation, are expected to be fast-evolving and

therefore to show signs of positive selection (reviewed

in Aguileta et al. 2009). However, other types of genes

are expected to be under positive selection and have an

important role in the formation of pathogen species.

‘Speciation genes’ (i.e. genes contributing directly to

hybrid inviability or sterility) have been detected in

model organisms, such as Drosophila, and indeed show

the signatures of positive selection (Wu & Ting 2004;

Noor & Feder 2006). These are genes that have evolved

rapidly between geographically separated incipient spe-

cies, for whatever reason, and then cause genetic incom-

patibilities in hybrids upon secondary contact. Such

‘speciation genes’ would likely also occur in pathogens,

as in any organism. Also, genes involved in mate recog-

nition and contributing to prezygotic isolation have

been shown to be under positive selection in some

organisms (e.g. Lee et al. 1995; Swanson et al. 2001; Gal-

indo et al. 2003).

Powerful statistical methods for describing the nature

of selection on various types of genes have been

recently developed (Yang & Bielawski 2000a; Nielsen

2005; Aguileta et al. 2009). The most widely used indi-

cator of positive selection between species is an excess

of nonsynonymous nucleotide substitutions, that alter

amino-acid sequence, relative to the number of synony-

mous fixed differences and scaled to the number of

such available sites. By this criterion, numerous genes

in very diverse organisms have been shown to be under

a positive selection pressure (e.g. Ting et al. 2000; Swan-

son et al. 2001; Presgraves et al. 2003; Nielsen et al.

2005; Aguileta et al. 2009). Such an approach, looking

for signatures of selection on genes to find ecologically

important functions, has been recently coined ‘reverse

ecology’ (Fuga Li et al. 2008; McKay & Stinchcombe

2008).

Most studies focusing on positive selection in patho-

gens have targeted specific genes that were likely candi-

dates due to their functional relevance, such as those

coding for antigenic proteins or genes involved in drug

resistance (for a review see Aguileta et al. 2009). More

recently, studies have taken advantage of large

sequence datasets to identify genes under positive selec-

tion without a priori candidates (e.g. Barrier et al. 2003;

Nielsen et al. 2005), in particular in pathogens (Chen

et al. 2006; Anisimova et al. 2007; Ge et al. 2008; King
� 2009 Blackwell Publishing Ltd
et al. 2008). These genomic scans have targeted closely

related pathogens to detect genes involved in coevolu-

tion. Such blind approaches have, however, never been

performed among closely related species that are spe-

cialized on different types of hosts, which should iden-

tify the functions of genes most frequently involved in

specialization and speciation. The genes identified in

this manner may not necessarily be those expected a

priori, and could allow the formulation of new hypoth-

eses about the role of certain molecular processes in vir-

ulence and specialization.

Here, we undertook comparative genomics to identify

candidates for rapidly evolving genes among closely

related species of Microbotryum, a fungal species com-

plex responsible for the anther-smut disease on more

than one hundred of Caryophyllaceae species (Thrall

et al. 1993). In diseased plants, the anthers become filled

with fungal spores rather than pollen, sterilizing the

plant. The spores are spread to healthy plants by insect

pollinators, thus representing a case of sexually trans-

mitted disease in plants. Microbotryum violaceum sensu

lato represents a species complex: isolates from different

hosts species have recently been shown to constitute

different sibling species (Le Gac et al. 2007a), highly

specialized on specific host plants. Microbotryum species

are isolated by strong post-mating barriers, such as

hybrid inviability and sterility (Le Gac et al. 2007b;

Sloan et al. 2008; de Vienne et al. 2009). A phylogenetic

study has shown that speciation events have occurred

mostly by host-shifts (Refrégier et al. 2008), and field

studies have in fact revealed several cases of incipient

host shifts in nature (Antonovics et al. 2002; Hood et al.

2003; Lopez-Villavicencio et al. 2005). Microbotryum has

been widely recognized as an important model for

host-pathogen dynamics and fungal genetics (Antonov-

ics et al. 2002; Garber & Ruddat 2002; Hedges 2002;

Martı́nez-Espinoza et al. 2002; Bernasconi et al. 2009).

The fungus has no impact on human activities, but is

related to major crop pathogens, including the rust and

smut fungi (Devier et al. 2009).

Because the numerous sibling species in the Micro-

botryum complex are highly host-specific, and because

hybrids show inviability and sterility, genes evolving

under positive selection should be involved in coevolu-

tion, specialization and speciation on different host

plants, but also adaptation to the abiotic conditions the

host lives in, and adaptation to the microfloral commu-

nity associated with the particular host. In order to

identify candidate genes potentially involved in these

processes in the Microbotryum complex, we sequenced c.

17 000–32 000 ESTs from each of four Microbotryum spe-

cies, specialized on different host plants: M. lychnidis-

dioicae on Silene latifolia, M. lagerheimii on S. vulgaris, M.

dianthorum on Dianthus carthusianorum, and M. violaceum
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s. str. on S. nutans. RNA was extracted in conditions of

mating and of production of the infection stage (Yockt-

eng et al. 2007). These conditions were thus designed to

identify the genes that are likely involved in speciation

and host specialization processes. We then assembled

ESTs into contigs and built clusters of orthologs shared

by at least three of the four species. Analyses aiming at

detecting footprints of selection were performed on the

alignments of the ortholog clusters using statistical

models implemented in PAML (Yang 1997, 2007). To

validate the in silico approach, we then analysed 16 of

the genes with signals of positive selection in additional

Microbotryum species, specialized on yet other plant

species.

Our specific aims were thus: (i) to detect candidate

genes with signals of positive selection among four sib-

ling species of the pathogen Microbotryum complex, for

further validation and investigation, (ii) if possible,

annotate these candidate genes to gain insights into

their function and assess whether they are putatively

involved in virulence, specialization, and speciation.
Material and methods

Strains, culture conditions, RNA isolation, cDNA
library construction and sequencing

Four strains were used: 100.02 of M. lychnidis-dioicae,

collected from the host S. latifolia in 2001 in the Alps,

near Tirano in Italy; 300.27 of M. lagerheimi, collected

from the host S. vulgaris in 2003 near the Pic du Midi

de Bigorre in the Pyrénées mountains in France; 309.05

of M. dianthorum, collected from the host D. carthusiano-

rum in 2003 in the val d’Esquierry in the Pyrénées

mountains in France; LB of M. violaceum s. str, collected

from the host S. nutans in 2003 in the Jura mountains,

in France. Teliospores from these strains were plated on

GMB1 medium (Thomas et al. 2003). On such nutritive

media, diploid teliospores germinate and produce hap-

loid sporidia of the two mating type A1 and A2. A1

and A2 sporidia lines were identified by pairing with

existing stocks of known mating type.

A mixed suspension of A1 and A2 sporidia (250 lL

of each) was plated on water agar supplemented with

a-tocopherol (10 IU ⁄ g) and incubated at 4 �C for

1 week. These conditions of low nutrients with a-

tocopherol are thought to mimic the host plant surface

for the fungus, because sporidia conjugate and produce

hyphae of a few cells (Day & Garber 1988). This was

checked using a light microscope (400X). RNA extrac-

tion and sequencing were performed as previously

reported (Yockteng et al. 2007; Giraud et al. 2008),

except that only the library built from M. lychnidis-dioi-

cae was normalized.
Sequence cleaning, assembly and annotation

Sequences are available in Genbank (accessions num-

bers CU368079-CU457702, FP567975-FP578296). Raw

sequence data were cleaned from vector and adaptor

sequences. Contaminating plasmid sequences, such as

E. coli, were removed from the analyses. The SURF

(SeqUence Repository and Feature detection) package

(Lannuccelli 2005) was used for sequence base-calling,

cleaning, and for detection of any contamination in

putative inserts. This analysis involved three steps

including the use of PHRED (Ewing & Green 1998;

Ewing et al. 1998), which detected bad quality regions,

of RepeatMasker, which masked low complexity

regions, and of Crossmatch, which found putative con-

taminated sequences of the UNIVEC database and sin-

gle nucleotide repetitions. Only sequences with a SURF

score over 20 on at least 100 bp were released in the

EST division of the EMBL-EBI Nucleotide Sequence

Database.

Expressed sequence tags were aligned and assem-

bled into contigs (Huang & Madan 1999) when the

criterion of a minimum identity of 95% over 50 bp

was met. When an EST could not be assembled with

others in a contig, it was retained as a ‘singlet’. The

contigs and the singlets should thus correspond to

sequences of unique genes, and will be called hereafter

‘unisequences’.

The consensus sequences of the contigs and the

sequences of the singlets were compared to the

sequences in the GenBank database and in the Uniprot

database (Consortium 2007) using the tBLASTx and the

BLASTx algorithms (Altschul et al. 1997). Unisequences

showing significant similarity (E-value £ 10)4) to data-

base entries were annotated using their most significant

match. Unisequences were also classified into Gene

Ontology functional categories (http://www.geneontol-

ogy.org) based on BLAST similarities to known genes of

the NCBI nr (non-redundant) protein database and

using the Blast2GO annotation tool (Conesa et al. 2005).

Finally, a modified version of the ESTIMA tool (Ku-

mar et al. 2004), was used to develop a public database

named MICROBASE, dedicated to Microbotryum violace-

um EST management and analysis. This database

includes information on EST sequences, contigs, annota-

tions, gene ontology functional categories and search

programs to compare similarities of any sequence

against the database. MICROBASE is accessible freely

through a web interface at the URL http://genome.-

jouy.inra.fr/microbase. We previously reported the EST

library built from M. lychnidis-dioicae collected from the

host S. latifolia (Yockteng et al. 2007). The libraries from

the three other Microbotryum species are now available

via MICROBASE.
� 2009 Blackwell Publishing Ltd
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Unisequence CDS predictions and clustering

The pipeline of the Prot4EST software (Wasmuth &

Blaxter 2004) was used to predict unisequence CDS

positions and to translate coding regions into protein

sequences. In a first step, all putative ribosomal

sequences in the dataset were identified through a

BLASTn search against the rRNA sequence database

(Ribosomal Database II) and the sequences whose

BLASTn E-value ‡1e-65 were discarded. The second

and third steps use the BLASTx algorithm to detect any

similarity between unisequences and sequences from

both the mitochondrial protein database (NCBI ftp site)

and the Uniprot database (Consortium 2007). Unise-

quences showing a significant BLAST result (i.e. cutoff of

e-08) against the mitochondrial database were anno-

tated as mitochondrial genes to be translated subse-

quently with the relevant genetic code. We removed all

sequences corresponding to transposable elements, as

well as those containing internal stop codons.

Sequences that matched the Uniprot-Swissprot database

significantly (i.e. cutoff of e-08) were considered as CDS

and a HSP tile path was constructed. This means that

Prot4EST then considers that the nascent translation of

these sequences can be extended at either end in the

same reading frame. Only sequences that yielded no

sequence similarity were then submitted to the fourth

step of the pipeline which aims at identifying coding

regions using hidden Markov models implemented in

the ESTscan software (Iseli et al. 1999). For this step, a

transition matrix was created from the genome

sequence of Ustilago maydis, a related Basidiomycete

fungus, as well as the CDS EMBL-EBI file that is also

available for the same species. Predicted polypeptides

satisfying a given length threshold criteria (CDS of at

least 30 codons in length and covering at least 10% of

the input sequence) then underwent the extension pro-

cess (like for HSP tiling). In a fifth step, the DECODER

program (Fukunishi & Hayashizaki 2001) is used to pre-

dict the CDS and polypeptide translations for the

remaining sequences. DECODER exploits the quality

scores of the sequences produced from base calling soft-

ware (such as PHRED used in the SURF package) and

additional text base information (such as optimal codon

usage). DECODER computes a likelihood score for each

possible CDS, and the one with the lowest score is cho-

sen as the correct CDS. Finally, a last attempt is per-

formed to provide a putative polypeptide translation

based on the longest string of amino acids uninter-

rupted by stop codons from a six-frame translation of

the sequence. In spite of all the caution exerted at the

previously described stages for predicting CDSs, poten-

tial problems could arise from the incorporation of an

intron that does not destroy the reading frame. In this
� 2009 Blackwell Publishing Ltd
case, the predicted CDS would contain a region of neu-

tral sequence that could bias analyses of selective pres-

sure. This phenomenon however should not have been

a problem here as gaps were removed from alignments.

Clustering of unisequence CDSs into groups of ortho-

logs included three main steps for which we employed

custom-made Perl scripts. The first step detected the

single-copy unisequences from each CDS library. To do

this, each library was aligned against itself by using a

BLASTn algorithm. All CDS sequences having exactly

one significant hit (e-value <1e-10) were considered as

single-copy unisequences (thus avoiding hidden paralo-

gy) and were kept for the detection of orthologs among

the four libraries, using a derivative of the Best Bidirec-

tional Hit for n sequences. The single-copy unisequenc-

es from all four libraries were combined in a single file

and aligned against themselves using the BLASTn algo-

rithm. All single-copy unisequences with a hit (e-value

<0.1) with a unisequence of another library were con-

sidered to have an ortholog in the corresponding spe-

cies and were therefore kept for the last step. The last

script compiled alignment results and built clusters of

putative orthologs, including either 3 or 4 sequences,

each of them belonging to a different species. Although

very unlikely, it is not impossible that chimeric

sequences were present among the single-copy unise-

quences, as CAP3 may merge into a single contig ESTs

derived form two recently duplicated paralogs that dif-

fer at only a few sites.
Ortholog gene alignment, filtering and sorting by
alignment length

The predicted protein unisequences of orthologs were

aligned using T-coffee (Notredame et al. 2000) with

default settings. The corresponding nucleotide align-

ments were performed by using the protein alignments

as guide, as implemented in the tranalign program of

the EMBOSS package (http://embossgui.source-

forge.net/demo/manual/tranalign.html). In order to

keep only reliable alignments, which are crucial for the

subsequent detection of selection, the alignments were

then filtered using different criteria. First, we required a

level of protein sequence identity of at least 70% for all

alignments of putative orthologs. Second, the align-

ments were post-processed to remove gaps and keep

only unambiguously aligned blocks of sequence. This

step was performed using Gblocks (Castresana 2000)

with the maximum number of non-conserved positions

set to 8, and the minimal block size set to 5 (for all

other parameters, default settings were used). Finally,

we used the length of the final alignments to classify

the resulting ortholog clusters for subsequent analysis:

clusters with at least 300 nucleotides were analyzed
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individually, and those whose length was less than 300

nucleotides were concatenated, as they were too short

to be analyzed individually without risking stochastic

sampling errors.
Detection of positive selection

Positive selection was tested using the codeml program

of the PAML4 package (Yang 2007). Selective pressure

was measured by using the nonsynonymous ⁄ synony-

mous substitution rate ratio (dN ⁄ dS), also referred to as

x. An x < 1 suggests purifying selection, x = 1 is con-

sistent with neutral evolution, and x > 1 is indicative of

positive selection (Yang & Bielawski 2000b). Nested

codon models implementing the x ratio can be com-

pared by means of a likelihood ratio test (LRT) (Anisim-

ova et al. 2001). We used the null model M1a, which

assumes two site classes with 1 > x0 > 0, and x1 = 1,

which therefore implicitly supposed that no site is

under positive selection, and compared it with the alter-

native model M2a, which adds an extra class of sites

that allows x to take values >1. We also compared the

null model M7, which assumes a beta distribution of x
across sites, with the alternative model M8, which adds

an extra class of sites to M7 where x can take values

>1. Thereby positive selection can be detected if a

model allowing for positive selection is significantly

more likely (as estimated by the LRT) than a null model

without positive selection. Because we analyzed differ-

ent partitions of the same data we corrected for multi-

ple testing using the Bonferroni correction method

(Anisimova & Yang 2007). These corrections were done

taking into account the number of tests conducted to

analyze the same data.
Functional annotation

In order to assign functional annotation to cluster ortho-

logs exhibiting evidence for positive selection, we first

used the available MICROBASE annotation of individ-

ual unisequences contained in each cluster. As

described previously, this annotation was obtained from

the BLASTp best hit and the corresponding GO terms.

We then performed three complementary analyses in

order to collect maximal functional information con-

tained in the clusters of interest. In a first step, we

looked for all possible motifs, signal and domains in

the individual sequences using the Interproscan soft-

ware (assuming default settings) of the Interpro data-

base (Mulder et al. 2007). In the second step and third

step, we tried to identify distant homologs for each

individual sequences using two complementary meth-

ods: (i) the PSI-BLAST (Position-Specific Iterated

BLAST) algorithm (Altschul et al. 1997), which is an
efficient method to detect weak but biologically relevant

sequence similarities against the Uniprot database, and

(ii) the FROST algorithm (Marin et al. 2002), a recent

threading method allowing to detect three dimensional

structure similarities with protein structures described

in the PDB (Berman et al. 2000). Fold recognition meth-

ods such as FROST are often used when sequence or

profile alignment methods such as PSI-BLAST are

unable to find similar sequences.
Sequences of 16 candidate genes in other
Microbotryum species

We chose 16 genes among those with signals of positive

selection, based on their function or their elevated x
ratio, and we sequenced them in several other Micro-

botryum species, specialized on yet other host species.

We designed primers based on the cluster alignments

of the EST libraries (Clusters chosen, species analysed

and primers used are given in Table S9). Alignments

were analyzed for positive selection as described above.

We used in addition codeml to compare a model allow-

ing a single dN ⁄ dS ratio across all branches of the tree

with a model that allows each branch to have a differ-

ent dN ⁄ dS ratio. This test, known as free-ratios test is

not a formal test for ratio variation among branches;

however, it gave an approximate idea about possible

lineages where the dN ⁄ dS ratio has increased relative to

the rest of the tree. We also conducted a branch-site

analysis, which is a more powerful test that evaluates

whether there have been positive selection events at

specific sites in particular lineages.
Results

Sequence analysis: gene finding, assembly and
clustering

Figure 1 shows a diagram of the pipeline we imple-

mented for the extraction, identification and clustering

of ESTs. Four EST libraries were processed, one for each

Microbotryum species. Following the sequence cleaning

and assembly steps, unisequences (i.e. contigs or sing-

lets corresponding to sequences of unique genes) were

retrieved and assembled for each species (Table 1).

Coding sequences (CDS) were predicted to obtain the

coding frame required for detecting synonymous and

nonsynonymous substitutions (Table 1). Comparisons

between the four libraries yielded 372 clusters of ortho-

logs, including sequences from three or four species, 53

of which being at least 300 nucleotides long. This fairly

low number of clusters of orthologs stems from our

stringent parameters to avoid hidden paralogy and

wrong coding frames. Many sequences had to be
� 2009 Blackwell Publishing Ltd
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Fig. 1 Pipeline used for sequence analysis of EST libraries and identification of genes under positive selection. Abbreviations for spe-

cies name are *CA: for EST collected from the Microbotryum species infecting the host Dianthus carthusianorum, *LA: for EST collected

from the Microbotryum species infecting the host Silene latifolia, *NU: for EST collected from the Microbotryum species infecting the

host Silene nutans, *VU: for EST collected from the Microbotryum species infecting the host Silene vulgaris. Abbreviations for cluster

names are concatenations of the abbreviations above.

Table 1 Results obtained from the sequence analysis of the four Microbotryum EST libraries

EST library

Microbotryum on

D. carthusianorum (CA)

Microbotryum on

S. latifolia (LA)

Microbotryum on

S. nutans (NU)

Microbotryum on

S. vulgaris (VU)

Number of EST 32 233 24 126 28 446 16 896

Number of singlets 2319 4178 3316 2015

Number of contigs 2874 3587 3762 3095

Number of unisequences 5193 7765 7078 5110

Number of CDSs 4905 7409 6595 4844

Mean CDS length (bp) 249 265 429 321

Total length (bp) 1 221 002 1 960 417 2 830 111 1 553 075
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dropped to avoid misalignment. Clusters of orthologs

including sequences from at least three of the four spe-

cies provides five species groups. These species groups

were named according to the combination of host-spe-

cific species of Microbotryum as follows: LA stands for

Microbotryum from Silene latifolia, CA from Dianthus car-

thusianorum, NU from Silene nutans and VU from Silene

vulgaris. Thus there was one species group called

LACANUVU, which contained clusters with ortholo-

gous sequences for all four species, and four groups

contained sequences from three species, respectively
� 2009 Blackwell Publishing Ltd
called LACANU, CANUVU, LACAVU and LANUVU

(Table 2).
Detection of positive selection

Positive selection is detected when a model of evolution

allowing for positive selection appears significantly

more likely than a null model without positive selec-

tion, as indicated by likelihood ratio tests (LRTs). For

the detection of positive selection, the clusters were ana-

lyzed in different data partitions (Fig. 2), depending on



Table 2 Number of clusters of putative orthologs according to

the five groups of species (same nomenclature as in Fig. 1)

Species group

All the

clusters

Small

clusters

Long

clusters

LACANUVU 45 40 5

CANUVU 60 49 11

LACANU 103 83 20

LACAVU 67 62 5

LANUVU 97 85 12

Total 372 319 53
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the length of the aligned cluster sequences: (i) The first

partition thus included the individual 53 clusters whose

alignment was at least 300 bp; (ii) the second partition

consisted of the concatenation of the 53 long clusters;

(iii) the third partition included the 319 clusters whose

individual alignments were shorter than 300 bp; (iv)

and a final partition included the concatenation of the

complete dataset of 372 alignments (Table 2). The clus-

ters whose alignment was shorter than 300 bp had to

be concatenated to avoid stochastic sampling errors (i.e.

sample size being too small; Anisimova et al. 2001).
Data partitions

< 300 bp

(319)

S
iz

e 
(b

p)
 

1) 53 individually analyzed genes 

Cluster ID, ranke

2)   53 concatenated genes

3)  319 concatenated genes

4)  372 concatenated genes 

Fig. 2 Gene cluster distribution, ranked by alignment size in bp, and

of the histogram are the 319 genes whose alignments are shorter than

longer than 300 bp.
The individual analysis of the 53 ortholog clusters

that were long enough to be analyzed individually indi-

cated that seven clusters showed significant signal of

positive selection, distributed among the species groups

LACANU, LACAVU and LANUVU (see Tables S1A

and B for codeml parameter estimates and LRTs). Most

of the 53 longest clusters had very low dN to dS ratios,

and were thus highly conserved among species (Fig. 3):

the x ratio showed high variation among the 53 clus-

ters, but most of them had x values between 0 and

0.30, well below 1.

The second data partition included the concatenations

by species group of the 53 alignments analyzed above

individually. This was done to investigate the effect of

concatenation on the detection of positive selection in

order to proceed with analysis based on concatenation

of sequences shorter than 300 bp. Only two species

groups, LACAVU and LANUVU, showed evidence for

a significantly accelerated nonsynonymous rate relative

to the rate of synonymous substitutions (see Tables S2A

and B for codeml parameter estimates and LRTs). Inter-

estingly, the analysis of the concatenated alignment of

the species group LACANU did not detect any sites

under positive selection, while the individual analysis
>300 bp

(53)

d by size in bp

illustration of the four data partitions analyzed. At the left part

300 bp, at the right part are the 53 genes whose alignments are

� 2009 Blackwell Publishing Ltd
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Fig. 3 dN, dS, x value distribution for the 53 longest clusters

(individual analysis); dN (A) denotes the number of non synon-

ymous substitutions over the total number of non synonymous

substitutions and dS (B) the number of synonymous substitu-

tions over the total number of synonymous substitutions; x (C)

is defined as the dN ⁄ dS ratio.

Microbotryum lagerheimii (MvSv1)
(on Silene vulgaris)0.08

Microbotryum violaceum 
(onSilene nutans)

s. str. (MvSn)
0.06

0.04

Microbotryum lychnidis-dioicae 
(on Silene latifolia)

(MvSl)  

0.04

Microbotryum dianthorum 
(on Dianthus carthusianorum)

(MvDc)0.1

0.02

Fig. 4 Phylogenetic tree of the four species analyzed with esti-

mates of sysnonymous substitution rate (dS). The tree was

built from the concatenation of the alignments of the 41 ortho-

logs detected in all the four species. Branch lengths are esti-

mated based on dS substitution rates, which are an indication

of among-species divergence. Names of Microbotyum species

names are in indicated, as in Lutz et al. (2005) and in brackets

as in Refrégier et al. (2008), as well as names of host plants.

LOOKING FOR GENES INVOLVED IN HOST SP ECIALIZATI ON 299
of the same data showed two different clusters with

evidence of positive selection. Nevertheless, the sites

found to be under positive selection in the concatenated

analysis were included in the significant sites from the

individual analysis. In both cases, LRTs remained statis-

tically significant even after correction for multiple test-

ing in the concatenated analysis.

The third data partition involved the concatenation of

the 319 clusters whose alignments were less than 300

nucleotides long, which were therefore not suitable for

individual analysis. A single concatenated alignment

was built for each of the five species groups. We found

evidence for positive selection in all five species groups

(Table S3). A total of 27 genes were found to exhibit

sites under positive selection among the 319 concate-

nated.

Finally, in order to further test the effect of concatena-

tion, we analysed a fourth data partition, which con-

sisted in the concatenation of all 372 clusters. In this

case, positive selection was detected in only four of the

five species groups, the signal being lost in the

LACANU species group (Table S4). A total of 21 genes

were found to exhibit sites under positive selection

among the 372 tested. Table S12 indicates the overlap-
� 2009 Blackwell Publishing Ltd
ping of clusters with significant signal of positive selec-

tion between the different data partitions analyzed.

In general, we observed a low divergence level

among the four species analyzed, the average dS values

ranging between 0.1 and 0.04. We built a phylogenetic

tree from the concatenation of the 43 genes shared by

all four species, estimated the rate of synonymous sub-

stitutions observed along each branch on the tree and

used this measure as an approximate measure of diver-

gence between species (Fig. 4). Given the few changes

that have accumulated among species, it is unlikely that

our estimates for positive selection are affected by satu-

rated synonymous substitution rates. In spite of the low

divergence level, we obtained significant evidence for

positive selection after LRTs in 42 clusters of orthologs

out of the 372 putative orthologs present in at least

three Microbotryum species. However, it is important to

note that the high number of genes detected as being

under positive selection should be interpreted with cau-

tion, as it may be inflated by false positives mainly due

to the small size of the sample analyzed (e.g. four clo-

sely related species). Because our aim was to produce a

list of candidate genes, we decided to keep all the 42

genes detected initially for experimental validation in

future studies. Table 3 shows a summary of the evi-

dence of positive selection and the level of sequence

divergence in each of the concatenated alignments. In

general, these comparisons suggest that codeml is less

powerful in detecting sites under positive selection with

concatenated datasets, as has been previously suggested

(Anisimova et al. 2001).

We then tested whether codeml was more powerful if

the concatenation was done only between genes having

similar evolutionary rates. We tested this idea by

grouping the 53 longest clusters in three classes accord-

ing to the branch lengths inferred by codeml. Clusters



Table 3 Summary of the results for the detection of positive selection in the different data partitions

Species group

Number of orthologs

under positive selection

in the 53 long clusters

analysed individually

Detection of positive

selection and mean

sequence identity in

the 53 clusters analysed

by concatenation

Detection of positive

selection and mean

sequence identity in

the 319 short clusters

concatenated

Detection of positive

selection and mean

sequence identity in

the 372 clusters

concatenated

LACANUVU 0 No ⁄ 98% Yes ⁄ 96% Yes ⁄ 96%

CANUVU 0 No ⁄ 97% Yes ⁄ 94% Yes ⁄ 95%

LACANU 2 No ⁄ 96% Yes ⁄ 95% No ⁄ 95%

LACAVU 2 Yes ⁄ 86% Yes ⁄ 94% Yes ⁄ 92%

LANUVU 3 Yes ⁄ 96% Yes ⁄ 95% Yes ⁄ 95%

Total 7
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were then concatenated according to their group species

and class of branch length. Interestingly, codeml recov-

ered a significant signal in the LACANU group, as in

the individual alignment analysis, whereas it was lost

in the total concatenation of the 53 clusters.
Functional annotation of the 42 putative genes detected
as being under positive selection

We performed the functional annotation of the 42 genes

exhibiting evidence of positive selection. In a first step,

we assigned functional categories to genes using both

the BLASTp best hit obtained for each of the coding

sequences included in the clusters (Table S5). The 42

genes were classified into 6 GO (Gene Ontology) cate-

gories according to their function: (i) regulation of gene

expression (7 clusters), (ii) respiratory and energy

metabolism (5 clusters), (iii) protein degradation and (4)

protein secretion (1 cluster), (5) cellular development (6

clusters) and (6) unknown function (23 clusters)

(Fig. 5). We compared the proportions of genes in the
BLAST or 
Psi-BLAST

FROST

Interproscan

23

1

2

3

1
6

4

Fig. 5 Number of clusters with annotation using three differ-

ent methods. The number of clusters with annotation refers to

those among the 42 clusters detected under positive selection.

Annotations were obtained using the three different methods

(BLAST or Psi-BLAST, INTERPROSCAN and FROST).
different GO classes in the whole set of orthologs and

in the 42 genes under positive selection. Some GO clas-

ses appeared to include a higher proportion of genes

under positive selection, as compared to the whole set

of orthologs (especially the ‘molecular function class’).

However, the differences between the two distributions

were not significant (Chi-square test, data not shown).

Because the first step using BLASTp did not yield

annotations for all genes (Table S5, 23 clusters falling in

the ‘unknown function’ GO class), we performed a sec-

ond step of annotation, by using three complementary

methods on each sequence of the 42 genes: (i) motif

and domain prediction using the Interpro database

(Table S6), (ii) PSI-BLAST comparisons (Table S7),

allowing detecting weak but biologically relevant

sequence similarities with the Uniprot database and (3)

FROST, a recent threading method allowing to search a

compatible fold in the PDB structure database

(Table S8). Interestingly, these methods provided infor-

mation on putative functions for genes that obtained no

annotation using BLASTp (Fig. 5). Overall, owing to

the use of multiple annotation methods, 40 of the total

42 clusters of putative interesting orthologs could be

annotated. Among the putative functions of the genes

showing significant signal of positive selection, many

could be related to virulence and specialization (see dis-

cussion).
Validation of the blind in silico approach by
sequencing candidate genes in additional
Microbotryum species

In order to validate our blind in silico approach for

detecting genes under positive selection, we chose 16

genes among the 42 showing signs of positive selection,

based on their function or their elevated x ratio. We

chose those that looked interesting based on these crite-

ria even if the associated LRTs were not always signifi-

cant. We sequenced the 16 genes in nine additional

Microbotryum species, specialized on other host species
� 2009 Blackwell Publishing Ltd
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(see Table S9 and Fig. 6). To have an independent sam-

ple, we looked for signals of positive selection in the

alignments containing only these additional Microbotr-

yum species. No mixed signals were detected in the

chromatograms, which would have indicated hidden

paralogs. The analysis using codeml detected sites

under positive selection in 12 of these genes. LRTs were

significant for only three genes (C1686, P237, P336), but

this test is known to be conservative (Anisimova et al.

2001). We also investigated variation of x among

branches for these 16 genes using these data sets with

all 13 Microbotryum species (the 4 initial species plus the

9 additional species). In 14 of the 16 genes, very high x
values were inferred in branches for at least one of the

new Microbotryum species that we added, and often sev-

eral species had elevated dN ⁄ dS ratios (see Tables S9,

S10 and S11 and an example in Fig. 6). Finally, the

branch-site analysis confirmed that, although there were

no branches or sites with dN ⁄ dS > 1, there was evidence

of accelerated substitution rates along specific lineages

(Fig. 6). These results yield strong support for the

validity of our prediction of genes under positive selec-

tion, showing that genes detected to be under selection

based on a blind in silico approach also show footprints

of positive selection in other closely related pathogenic

species.
Discussion

We have sequenced a large number of ESTs obtained

under conditions allowing the detection of candidate

genes that are likely involved in the speciation pro-

cesses of a complex of fungal species that have special-

ized in infecting a range of related plant hosts (Le Gac

et al. 2007a,b). The analysis pipeline we have developed

makes an efficient use of the information available for
Mv on S. vulg

Mv on S. nutans (Mv

Mv on S. latifolia (M

Mv on S. dioic0.006/
0.014 = 0.4 0.011/

Mv on S. otites

Mv on S. acaulis (MvSa)

M S ffi i li (M S ff)

0.011/
0.013 = 0.81

0.014 = 0.79

Mv on Sa. officinalis (MvSoff)

Mv on Sa. ocymoides (MvSoff)

h ( )Mv on D. carthusianorum (MvDc)

Mv on D. carthusianorum (MvDc)

Mv on D carthusianorum (MvDsp)

Mv on D. carthusianorum (MvDsp)

Mv on D. carthusianorum (MvDsp)
0.017/
0.027 = 0.63

> Dsp2

0.005
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non-model species, without complete genomes avail-

able, and by using powerful standard methods for the

detection of positive selection we have detected a num-

ber of proteins with potentially important functions that

may have contributed to host specialization and pro-

moted speciation.

Detection of positive selection using a site-based

approach has some power limitations, especially when

analyzing a few closely related species, as in our case.

It is known that LRTs do not have much power when

the analyzed sequences are short or have low diver-

gence (Anisimova et al. 2001; Suzuki & Nei 2002; Mun-

dy & Cook 2003). We have tried to be conservative in

order to reduce the number of false positives in our

site-based analyses. We have conducted two LRTs (M1a

vs. M2a and M7 vs. M8) and have kept only those

genes yielding significant LRTs in both tests. We have

analyzed different partitions of the same data to check

the convergence of results and made sure to correct for

multiple tests of the same data. Overall, a total of 42

genes were detected as candidate genes to be evolving

under positive selection. This number includes the short

genes that were analyzed only in concatenated analyses.

Aligning data from genes that evolve at different rates

may however alter the positive selection signal and

result in false positives. Nevertheless, these 42 genes

represent good candidates, that will warrant and

require further validation and investigation. Further-

more, the seven genes detected as being under positive

selection by the individual analysis are very strong can-

didates for being functionally important.

Many of the genes identified as evolving under posi-

tive selection among the closely related Microbotryum

species specialized on different hosts had putative func-

tions that could be related to virulence and specializa-

tion. The most striking example is the cluster P350,
aris (MvSv2)

Sn)

vSl)

a (MvSd)

Fig. 6 Example of a gene tree used to

conduct the free-ratios test (P336). The

free ration test allows each branch to

have a different dN ⁄ dS ratio (estimates

with an accelerated dN ⁄ dS ratio are indi-

cated on the branches). Names of host

plants are indicated, as well as Microbot-

yum species names after those in Refs.

(Le Gac et al. 2007a; Refrégier et al.

2008).
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similar to the CAP10 gene from the human pathogen

fungus Cryptococcus neoformans that is required to pro-

duce its thick extracellular polysaccharide capsules,

which are well recognized as virulence factors (Chang

& Kwon-Chung 1999). P133 was similar to plasma

membrane vacuolar type H+-ATPases (V-ATPases),

which are proton pumps playing a key role in the phys-

iology of fungi, controlling essential functions such as

nutrient uptake (Portillo 2000). P306 was annotated as a

Proteasome subunit, which are large protein complexes

whose main function is to degrade by proteolysis dam-

aged proteins or toxins (Lucyshyn et al. 2008), such as

those that can be produced by host plants against

pathogens. Several genes identified as evolving under

positive selection (P1741, P146, P376, P1709, P1711)

were putatively involved in respiration under stressful

conditions, such as those that can be found within the

host plant. The NADH-ubiquinone oxidoreductase for

instance enables respiration to continue in the presence

of inhibitors. A cAMP binding domain was also

detected in a gene under positive selection, which is

usually involved in stress response (Berman et al. 2005).

Transporters were also well represented (sulphate trans-

porters, ABC transporter, equilibrative nucleoside trans-

porter) (P424, P244, P195, P177). These transmembrane

proteins have an important role in the uptake of essen-

tial elements from the host plants (Lee & Cooksey

2000). Other genes appeared to be involved in the syn-

thesis of secondary metabolites that play a role in path-

ogenicity. Monooxygenase (P146) for instance has been

implicated in the production of secondary metabolites

involved in plant infection (Hohn et al. 1993). GTP-

binding proteins (P246, P1702, P119) are involved in the

dimorphic switch from budding to hyphal growth in U.

maydis, which are an essential step of infection in Ustil-

ago and Microbotryum (Mahlert et al. 2006; Bohmer et al.

2007). P20, P821, P1137, P147, P19 are involved in tran-

scription and DNA binding, meaning that the regula-

tion of expression, in addition to the evolution of the

proteins themselves, can be important for specialization,

as suggested by transcriptomics and other approaches

that look at the evolution of regulatory regions (Wong

& Nielsen 2004; Hahn 2007; Egea et al. 2008).

In summary, many of the genes putatively evolving

under positive selection among close species of fungal

pathogens specialized on different host plants are thus

putatively involved in regulation of other genes, nutri-

ment uptake from the host plants, secondary metabo-

lite synthesis and secretion, respiration under stressful

conditions and stress response, and hyphal growth

and differentiation. Many of these genes have trans-

membrane domains and may therefore contribute to

the recognition of the pathogen by the host. These

functions are indeed likely to be involved in coevolu-
tion with the host and especially specialization onto

new hosts.

Codeml seemed to lose power to detect the signal of

positive selection on concatenated alignments relative to

the analysis of individual genes. This may stem from

the differences in rates of evolution among genes.

Indeed, codeml estimates the rates of synonymous and

nonsynonymous substitutions to estimate branch

lengths. After proper scaling, codeml compares, site by

site, the two rates of substitutions in a ratio. Because it

is based on a ratio, positive selection is relative. There-

fore, to be detected as being under positive selection, a

site must exhibit a higher number of nonsynonymous

substitutions if the gene evolves globally faster (i.e. if

branches are longer). When sequences from different

genes are concatenated into a single alignment, branch

lengths will be estimated as if the concatenated

sequences were a single gene evolving under the same

evolutionary rate. If evolutionary rates are heteroge-

neous in the concatenation, positive selection will likely

be overestimated in fast evolving genes, whereas it will

likely be underestimated in slow evolving ones, thus

producing both false positives and false negatives.

Another important aspect in the detection of positive

selection is the comparison of the models implemented

in codeml by means of a LRT. As discussed in Anisim-

ova et al. (2001), the LRT can be conservative depend-

ing on the sequence divergence level. The LRT

compares two nested models (e.g. M1a vs. M2a, and

M7 vs. M8), with a v2 distribution, but under certain

circumstances the assumption that the LRT statistic fol-

lows the v2 distribution can make it a conservative test

(Anisimova et al. 2001). In particular, the test can be too

conservative if the sequences are short and highly simi-

lar, as is the case with the 319 cluster alignments that

are less than 300 nucleotides long. All alignments

showed high sequence identity among sequences, with

values ranging between 92–98%. This high sequence

similarity is expected to reduce the power of the LRT to

find significant evidence for positive selection (Anisim-

ova et al. 2001). Increasing the number of sequences

under comparison can increase the power of the LRT,

but in our case, at the time of the present study there

were only four EST libraries available for Microbotryum.

It is remarkable that even under conservative conditions

(i.e. many of our sequences were short and some were

highly similar), we were able to detect positive selection

at several sites, as significant LRTs, precisely because

they are stringent.

Our approach to detect genes under positive selection

without a priori candidates among closely related path-

ogen species thus allowed getting good candidates for

genes involved in specialization on different hosts. Such

an approach, especially using only four species, can
� 2009 Blackwell Publishing Ltd
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yield false positives, but we show that it yields a good

number of candidate genes that will be used for further

testing and validation. We performed a first validation

by sequencing 16 of the genes detected to be evolving

under positive selection in nine additional species. Sig-

nals of positive selection were detected in these genes

for several other species than the four initially analyzed,

confirming that the genes are rapidly evolving among

the close Microbotryum species specialized on different

hosts. The interests of our approach using ESTs include

the lack of introns and pseudogenes in the sequences,

both of which can create false signals in whole genome

scans aiming at detecting positive selection. The draw-

backs are that the sequences do not encompass the

complete genes or all the genes from the genomes, but

we showed that it nevertheless identified a number of

good candidate genes to be under positive selection.

Such an approach could therefore be very useful for

non-model organisms, without complete genomes avail-

able. Also, because our approach used ESTs and not

complete genomes, some of our clusters may have con-

tained paralogs. Paralogs do not seem however not be a

serious concern as we amplified 16 of the genes

detected to be under positive selection in nine addi-

tional Microbotryum species, and found no evidence of

paralog amplification. Indeed, no mixed signals were

observed. Even if the positive selection detected in

some clusters was due to recent diversification of multi-

gene families instead of rapid evolution between ortho-

logs, this would still be an interesting signal showing

that these genes are rapidly evolving. Furthermore, par-

alogs are not likely to be widespread in Microbotryum

as the RIP (Repeat-induced Point Mutation) mechanism

seems very active (Hood et al. 2005). This defence

mechanism against transposable elements mutates

repeated sequences, which has been shown to impair

duplication in other fungi (Dean et al. 2005).

In conclusion, our approach to detect genes likely

evolving under positive selection without a priori can-

didates among closely related pathogen species pro-

vided valuable insights on possible genes involved in

coevolution or specialization on different hosts for bio-

troph pathogens, some of which were not necessarily

expected. It was for instance highly interesting that

most of the genes putatively involved in host specializa-

tion had functions in hyphal growth, nutrient uptake,

respiration under stressful conditions and regulation of

other genes. The genes detected here will be subjected

to experimental validation, (i) using additional sequenc-

ing, in other species and at the intraspecific level, (ii)

using expression studies to assess whether they are dif-

ferentially expressed in conditions of saprophytic

growth vs. plant infection, (iii) using transformation

studies, to explore the phenotypes of mutants having
� 2009 Blackwell Publishing Ltd
the candidate genes disrupted, (iv) by investigating

whether the candidate genes experience a higher degree

of divergence between close Microbotryum species than

the rest of the genome, then suggesting that they have

been involved in early differentiation, (v) by investigat-

ing if they colocalize with regions identified as involved

in hybrid inviability and sterility using QTL

approaches. The ESTs libraries from the four Microbotr-

yum species will furthermore be an invaluable resource

and for all scientists working on these species, and also

for comparative genomic studies in fungi.
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