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Abstract

Smut fungi are well-suited to investigate the ecology and evolution of plant pathogens, as they are strictly biotrophic, yet cultivable on
media. Here we report the genome sequence of Melanopsichium pennsylvanicum, closely related to Ustilago maydis and other
Poaceae-infecting smuts, but parasitic to a dicot plant. To explore the evolutionary patterns resulting from host adaptation after this
huge host jump, the genome of Me. pennsylvanicum was sequenced and compared with the genomes of U. maydis, Sporisorium
reilianum, and U. hordei. Although all four genomes had a similar completeness in CEGMA (Core Eukaryotic Genes Mapping
Approach) analysis, gene absence was highest in Me. pennsylvanicum, and most pronounced in putative secreted proteins, which
are often considered as effector candidates. In contrast, the amount of private genes was similar among the species, highlighting that
gene loss rather than gene gain is the hallmark of adaptation after the host jump to the dicot host. Our analyses revealed a trend of
putative effectors to be next to another putative effector, but the majority of these are not in clusters and thus the focus on
pathogenicity clusters might not be appropriate for all smut genomes. Positive selection studies revealed that Me. pennsylvanicum
has the highest number and proportion of genes under positive selection. In general, putative effectors showed a higher proportion of
positively selected genes than noneffector candidates. The 248 putative secreted effectors found in all four smut genomes might
constitute a core set needed for pathogenicity, whereas those 92 that are found in all grass-parasitic smuts but have no ortholog in
Me. pennsylvanicum might constitute a set of effectors important for successful colonization of grass hosts.

Key words: comparative genomics, effector genes, evolutionary biology, genome assembly, host jump, positive selection,
smut fungi.

Introduction genus Persicaria (Begerow et al. 2000, 2006). Mature galls

Melanopsichium pennsylvanicum is a nonobligate biotrophic
pathogen and is responsible for gall smut of Persicaria species
(Hirschhorn 1941), forming sturdy lobe-shaped smut galls on
the host plant, like other Melanopsichium species (McAlpine
1910; Fischer 1953). Most of the members of Ustilaginaceae
are parasitic to Poales and Cyperales, and some are infecting
economically important cereal crops such as maize, barley,
wheat, and oat (Vanky 1994). As an exception among
Ustilaginaceae, Me. pennsylvanicum colonizes the dicot

are often covered with black material, which hardens upon
desiccation (Halisky and Barbe 1962; Vanky 2002), in contrast
to most members of the Ustilaginaceae which liberate a
powder of dark-colored spores from their galls. Molecular phy-
logenetic studies have revealed that Me. pennsylvanicum is
embedded in Ustilago s.l. infecting Poaceae (Begerow et al.
2004; Weif3 et al. 2004; Stoll et al. 2005). Other, more distantly
related species of the Ustilaginaceae are parasitic to the mono-
cot Cyperaceae and Juncaceae (Begerow et al. 2000, 2004).
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Hemibiotrophic and biotrophic filamentous plant patho-
gens manipulate their hosts with a suite of effector proteins,
which are secreted by the pathogens and function in the
apoplast or are translocated into the host plant cell, where
they exert their function. Past studies have characterized sev-
eral effectors secreted by fungal and oomycete plant patho-
gens (Kamoun 2006; Birch et al. 2008; Doehlemann et al.
2009; Tyler 2009; Djamei et al. 2011). Effector proteins gen-
erally have a conserved N-terminal signal domain that directs
the effector proteins to the host and a C-terminal domain,
which is often under strong selection pressure and is respon-
sible for the virulence effects on the host tissues (Win et al.
2007). A huge amount of putative-secreted effector proteins
(PSEPs) has been reported in the genomes of the smuts
Ustilago hordei (Laurie et al. 2012), Sporisorium reilianum
(Schirawski et al. 2010), and U. maydis (Kédmper et al.
2006). In general, PSEPs show higher sequence divergence
and less sequence conservation than noneffector proteins
(Schirawski et al. 2010). Many of these secreted effectors
have been reported to be organized into pathogenicity clus-
ters in the U. maydis genome (Kémper et al. 2006) and com-
parative studies have been performed to estimate the
conservation of these clusters within the other smut genomes
(Schirawski et al. 2010; Laurie et al. 2012).

However, all the currently available smut genomes are from
hosts within Poaceae, which makes it difficult to identify the
core set of conserved effectors that are needed for plant col-
onization and the more variable effector complement that is
needed to exploit a certain group of hosts. Thus,
Melanopsichium species, which evolved as the result of a
host jump to dicots, offer the possibility to address several
major questions in plant pathogen evolution. These include
the following: What general changes can be observed in ge-
nomes after a long-range host jump? Is the adaptation
to the new host associated with gene gain or gene loss? Is
there a suit of core pathogenicity effector genes? To what
extent are also noneffector genes affected by the adaptation
process?

To address the above-mentioned questions, whole-
genome sequencing, assembly, and annotation of the Me.
pennsylvanicum strain 4 (Mp4) were performed using high-
throughput sequencing and bioinformatic tools. The bioinfor-
matic analyses presented in this study shed light on several
evolutionary events after long-range host jumps and provide a
basis for future functional investigations into the biology and
function of effectors of smut fungi.

This study was conducted using available bioinformatics
tools and newly developed shell/perl scripts. Solely computa-
tional approaches were used to perform the analyses. Thus,
even though multiple computational approaches were applied
to crosscheck the outcome of a single tool, the findings of our
study should be substantiated by experimental data in future
studies.

Materials and Methods

DNA Isolation and Sample Preparation

DNA was isolated from the single yeast strain Mp4, which was
grown from the specimen Mycotheca Graecensis number 285
distributed by the herbarium GZU. Yeasts cells were harvested
from PDA (Potato Dextrose Agar) medium using a phenol-
chloroform extraction method as described in Ploch et al.
(2011).

Data Preprocessing

lllumina reads of 76bp read length and 300bp insert size
derived from GAIl sequencers were used. In the data filtering
steps, lllumina adapter and primers were trimmed, reads that
were having N's were filtered out along with their pairs. In the
final step of data processing, all reads with average base qual-
ity score less than 26 were excluded along with their pairs.

Genome Assembly and Scaffolding

Initially Velvet (Zerbino and Birney 2008) was run on the reads
for k-mers 21, 31, 41, 45, 49, 51, 55, and 61 for calculating
the average insert size and insert size standard deviation.
Reads from both of the lanes used were mapped back on
the assemblies using Bowtie2 (Langmead and Salzberg
2012) with an input insert size within the limit of 100~
600 bp. The resulting SAM file from Bowtie2 was used to
calculate the average and standard deviation of insert sizes
of the mapped reads, which were 220 and 20, respectively.
After calculating the average insert size and standard devia-
tion, Velveth was run using these values for all odd k-mers
from 21 to 67. The k-mer coverage cutoff for different k-mers
was calculated using the R statistical package (R Development
Core Team 2008), according to the manual of the Velvet soft-
ware. These values were in the range of 2—15 for all tested k-
mers. All assemblies resulting from different k-mers were
compared using the following assembly quality parameters:
N50 contig size, largest contig size, number of contigs,
number of reads used in the assembly, number of reads
mapped back to the assembly, assembly completeness as as-
sessed by CEGMA pipeline (Parra et al. 2007), and size of the
assembled genome. Assemblies with a k-mer length of 63
and a k-mer coverage cutoff of 3 generated the best assem-
bly. Scaffolding of the Velvet contigs was performed by the
SSPACE (Boetzer et al. 2011) scaffolding package. The optimal
scaffolded assembly was selected again considering the
above-mentioned assembly quality parameters.

CEGMA Analyses to Check the Genome Completeness

CEGMA is a pipeline to detect the core housekeeping genes of
eukaryotes. CEGMA uses the KOGs database (clusters of
euKaryotic Orthologous Groups) (Tatusov et al. 2003) to
build a set of 458 highly conserved ubiquitous proteins. The
CEGMA pipeline was run to compare the completeness and
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continuity of the four smut genomes on the basis of these
proteins according to the manual for all four smut fungi ge-
nomes, with their respective average intron lengths that were
calculated before starting the analyses.

Genome Comparison

To align the genome of Mp4 to the other three smut genomes
available, the Mummer3 (Kurtz et al. 2004) whole-genome
alignment tools were used. Mummer3 is a collection of tools
for comparing whole genomes and to graphically visualize the
alignments in the form of dot-plots and maps. To check
the similarity of Mp4 genome to the other three genomes
at the nucleotide level, the nucmer module was used with
default arguments. Plots were produced using mummerplots
with the delta file generated by promer. The promer module
was used to generate alignments at the protein level by trans-
lating the genome in all six reading frames prior to alignments.
Again plots were produced using mummerplots and the delta
file generated by promer.

Data Sources

Genomic sequences, general feature format (gff) for gene
coordinates, protein and gene/transcript sequence files of U.
maydis, U. hordei, S. reilianum, and Malassezia globosa were
downloaded from the MIPS (Munich Information Center for
Protein Sequences) and JGI (The Genome Portal of the
Department of Energy Joint Genome Institute) (Grigoriev
et al. 2012) databases. The upload dates, ftp sources, and
references for these genomes are given in supplementary
table S9, Supplementary Material online.

Repeat Element Prediction

Repeat elements were predicted using the package
RepeatScout (Price et al. 2005). RepeatScout uses five steps
to investigate and mask the repeat elements within the
genome. The program “build_Imer_table” of RepeatScout
was run with the -mer length of 14. Low-complexity regions
were removed using the “filter-stage-1.prl” script and tandem
repeats using the TRF software (Benson 1999), and the script
“filter-stage-2.prl” was used to filter out the repeat elements
not present more than three times in different genomic loca-
tions. RepeatMasker (A.F.A. Smit, R. Hubley, and P. Green;
RepeatMasker at http://repeatmasker.org, last accessed July
22, 2014) was used to mask the repeats predicted from the
above steps. In the final step, the U. maydis repeat libraries
from the RepBase library (version 20110920) (Jurka et al.
2005; Kohany et al. 2006) were taken for repeat masking
using RepeatMasker.

Gene Prediction

Both ab initio and homology-based prediction were used for
defining the genes within the repeat-masked Me.

pennsylvanicum  genome  (supplementary  fig. S5,
Supplementary Material online). An Exonerate (Slater and
Birney 2005) hint file was generated by mapping the U.
maydis protein sequences on the assembled Mp4 genome.
Augustus (Stanke et al. 2006) was run by using the generated
hint file and input parameters: —strand=both; -
genemodel=partial; —extrinsicCfgFile=extrinsic.E.XNT.cfg.
Another set of genes was generated using GlimmerHMM
(Majoros et al. 2004) according to the manual. The
TrainGlimmerHMM  module was used to train the
GlimmerHMM with the U. maydis gene set. In the final step
of GlimmerHMM annotations, GlimmerHMM was run on the
resulting U. maydis training set. A third gene model was gen-
erated by GeneMark-hmm-ES (Ter-Hovhannisyan et al. 2008).
For this, the Perl script “gm_es.pl” was used according to the
manual.

The three gene models were then fed into the Evigan (Liu
et al. 2008) package to predict the consensus gene models.
Transfer-RNA genes were predicted using tRNA-Scan (Lowe
and Eddy 1997; Schattner et al. 2005) according to the user
manual.

In the later annotation steps, all intergenic sequences were
extracted and aligned against all protein sequences from the
three Ustilaginales genomes including the protein sequences
of Mp4 generated from the above-mentioned annotations.
These alignments were performed by tBLASTn (Altschul
et al. 1990) and Exonerate (Slater and Birney 2005). Genes
found were then added to initially predicted gene models.

Gene Annotation

Gene annotations were added on the basis of orthology in-
formation from other three annotated genomes. InterProScan
(Zdobnov and Apweiler 2001) was used to assign biological
functions, gene ontology (GO), and biological pathway infor-
mation of the predicted genes of Mp4. The InterProScan pro-
gram searches the Interpro (Hunter et al. 2009) database,
which integrates several other databases: PROSITE (Sigrist
et al. 2002), PRINTS (Attwood et al. 1994), Pfam
(Sonnhammer et al. 1997), ProDom (Corpet et al. 1998),
SMART (Schultz et al. 1998), TIGRFAMs (Haft et al. 2003),
PIR superfamily (Barker et al. 1996), SUPERFAMILY (de Lima
Morais et al. 2011), Gene3D (Buchan et al. 2002), PANTHER
(Mi et al. 2005), and HAMAP (Lima et al. 2009). These
searches provide information regarding the GO (Harris et al.
2004) and KEGG (Kanehisa 2002) pathways of the predicted
genes.

Prediction of PSEPs

The Expassy toolkit (Gasteiger et al. 2003) was used to gen-
erate protein sequences from the predicted genes. The SignalP
v4.0 package (Petersen et al. 2011) was used to identify pro-
teins with an extracellular secretion signal. SignalP v4.0 can
discriminate signal peptides from transmembrane regions,
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which makes it highly accurate for secreted protein predictions
(Petersen et al. 2011). PSEPs within all four Ustilaginales ge-
nomes were investigated and were compared with published
data. Another set of candidate secreted proteins was gener-
ated by using TargetP v1 (Emanuelsson et al. 2007) for all four
genomes.

Pathogenicity Cluster Prediction

PSEPs from all the four genomes were defined as organized in
pathogenicity clusters if at least three PSEPs were present in a
row. Pathogenicity clusters were further extended if the ini-
tially defined cluster has PSEP-encoding genes downstream or
upstream to it and two interruptions by nonsecreted protein-
coding genes were allowed if the following gene was again a
PSEP-encoding gene. This is referred to as the TDN method
here. This method had also been used previously for U. maydis
pathogenicity cluster determination (Kamper et al. 2006).
Both TargetP v1.1 (Emanuelsson et al. 2007) and SignalP
v4.0 predictions for secreted proteins were used for pathoge-
nicity cluster definition. In another approach of defining path-
ogenicity clusters, windows of size 3kb were searched for
secreted effectors. Regions were defined as pathogenicity
clusters if in three such windows in a row effectors were pre-
sent. The output of this method was compared to the previous
method by estimating the percentage of pathogenicity clus-
ters identified by both of these methods (supplementary fig.
S6, Supplementary Material online).

To check the conservation of the pathogenicity clusters,
orthologs were investigated in all four species. Pathogenicity
clusters were defined as conserved in all four genomes if at
least one of the secreted proteins of the respective pathoge-
nicity cluster had an ortholog in all four genomes and was
observed in a pathogenicity cluster of that particular species.

Prediction of Subcellular Localization

Protein subcellular localization was investigated using the
ProtComp v9 package (www.softberry.com, last accessed
July 22, 2014). ProtComp was locally installed and run for
all four genomes and percentages of proteins localized to
certain  subcellular ~ components  were  calculated.
Transmembrane domains within the protein sequences were
predicted using TMHMMZ2.0c (Krogh et al. 2001).

Ortholog Prediction

For ortholog predictions, both orthoMCL (Li et al. 2003) and
Inparanoid (Ostlund et al. 2010) were run on the protein se-
guences of all four genomes. After generating the list of
orthologs and paralogs, perl and shell scripts were used for
further analysis of the orthology information obtained.

The percentage of identity of the 1:1 orthologs
within the four smut genomes was calculated using BLASTP
searches. A circular plot (fig. 1) of the aligned sequences was
generated using the Circos package (Krzywinski et al. 2009).
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pal.;nag

Fic. 1.—Conservation of proteins in smut genomes and their d\/dS
ratios according to their subcellular localization. The outmost ring “A”
represents Melanopsichium pennsylvanicum protein sequences according
to their subcellular localization. Ring “B" represents the d\/dS ratios of the
proteins of Me. pennsylvanicum shown in Ring “A."” Red and green bars
represent the d\V/dS ratios of the positively selected (1% FDR, >95% BEB
confidence) and nonselected (nonsignificant considering 1% FDR) genes,
respectively. Similarly the rings “D,” “F,” and “H" represent the d\/dS
ratios of Sporisorium reilianum, Ustilago maydis and U. hordei, respectively.
Rings “C,” “E" and “G" represent the BLASTP percentage identity of Me.
pennsylvanicum proteins with the S. reilianum, U. maydis and U. hordei
proteins, respectively. Green dots highlight a BLASTP identity greater than
85%, blue dots represent an identity in the range of 65-85%, red dots in
the range of 50-65%, and black dots are highlighting a BLASTP identity
less than 50%.

Gene Gain and Gene Loss

To investigate the genes lost or gained in the smut genomes
during evolution, the ortholog information generated by the
methods described above was used. Orthologs were consid-
ered to be absent in one genome if the orthologs were pre-
sent in all other three genomes and not predicted in the
genome under consideration. Similarly a gene was considered
to be a species-specific gene if it was only found in the species
under consideration, but no orthologs were found in the other
three genomes. Gene presence and absence were further
tested with tBLASTn and Exonerate searches, by compiling a
database of all proteins from the four genomes and perform-
ing tBLASTN searches using an identity cutoff of 55% against
the intergenic regions of all the four genomes separately.
More relaxed searches were further done by using a 35%
identity cutoff and an alignment length of at least 30% of
the query protein.
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To perform more stringent search of gene gain, BLASTP
searches were done on the proteins which did not show
any orthologs in other three species. For these BLASTP
searches only those hits were considered which showed an
alignment length more than 35% of the query protein length,
e value less than e =2, and more than 35% identity. To further
confirm gene losses, local BLASTP searches of the protein se-
guences that were present in all three genomes but absent in
one were performed. For these BLASTP searches, a very re-
laxed search string was used, with e value cutoff ase~' and a
minimum identity of 35%. Genes were only considered to be
fully absent (lost) if they failed to return hits with this search
strategy.

Genome Architecture Comparison

To compare the genome architecture of all four species, 5'-
and 3'-distances to the next gene were calculated for all genes
and for all four genomes. Heat-maps for all four genomes
were generated using the ggplot2 (http:/ggplot2.org/, last
accessed July 22, 2014) R-package after calculating the dis-
tances. Heat-maps of the four genomes were then further
analyzed to infer the compactness of gene-coding regions
within the genomes.

In another approach, the average 5'- and 3’-flanking dis-
tances of all genes were computed and compared with the
average 5'- and 3’-flanking distances of PSEP-encoding genes.
The same analysis was performed by using the smaller and
greater lengths among 5- and 3’-flanking distances of all
genes and PSEP-encoding genes of all four genomes.

Phylogeny

To perform phylogenetic analysis on all orthologous genes in
the four genomes and to produce an unrooted tree of the four
smut species for positive selection studies, the predicted 1:1
orthologs inferred by OrthoMCL were used. Mafft (Katoh
et al. 2002) with the G-INS-i algorithm (global alignments)
was used to generate alignments of all 5,200 1:1 orthologous
genes of the four species. Alignments were used as input for
RAXML (Stamatakis et al. 2005; Stamatakis 2006) for maxi-
mum-likelihood phylogenetic inference. RAXML was run with
1,000 bootstrap replicates using the GTRGAMMA model.

In another analysis, to produce a rooted tree, the genome
of Ma. globosa, a human skin pathogen, was used as out-
group, while all other steps were done as described above.

Pseudogene Discovery

To investigate both processed and unprocessed pseudogenes,
first a database of all proteins from all four genomes was
created. To align the protein sequences on the intergenic po-
sitions, all the intergenic sequences from four repeat-masked
genomes were extracted. For this, two approaches were im-
plemented, in the first approach tBLASTn was used with the
“-max_intron_length=5000" option. After obtaining the

alignment from the standalone tBLASTn, those alignments
were kept for further analysis, which were having a percent-
age of identity greater than 65, an alignment length greater
than 70% of the parent protein length, and an e value less
than e '°. From these BLAST hits, only those were further
analyzed that were starting from the first position of the
query protein and were having at least one premature stop
codon inside the alignment compared with the parent protein.

In another approach, Exonerate was used to map
the proteins from all four genomes on intergenic
sequences. Exonerate was run by using the following input
parameters: —model=protein2genome; maxintron=5000;
bestn=20; percent=55; score=100. The output from
Exonerate for all four genomes was again interrogated for
the presence of a start codon in any predicted gene structure.
Pseudogenes were defined if the predicted gene structure was
starting from the first position of the query protein and had at
least one premature stop codon. These methods also pre-
dicted some new genes, which were overlooked by the pre-
vious annotation methods.

Positive Selection Inference

The Prank-codon alignment module of Prank (Loytynoja and
Goldman 2010) was used for multiple sequence alignments of
all 1:1 orthologs among the four genomes. Prank-codon has
performed best in comparison to other multiple alignment
tools (Fletcher and Yang 2010), such as Mafft (Katoh et al.
2002), Muscle (Edgar 2004) and ClustalwW (Thompson et al.
2002), and prank-aminoacid was used for obtaining input files
for downstream positive selection studies. The CodeML
module of the PAML package V4.6 (Yang 2007) was used
for predicting positively selected genes within the four ge-
nomes. The test2 algorithm is highly recommended for a
branch-site model and was used accordingly. Parameters for
the branch-site model were as follows—Hg control files were
generated by assigning the parameters model=2, NSsite=2,
fix_omega=1, and omega=1. In the alternate hypothesis H,
files were generated using the parameters model=2,
NSsite=2, fix_omega=0, and omega=1. A RAXML tree for
the four genomes was used as the input tree file for
CodeML. After obtaining the output for the Hy and H; hy-
potheses, a likelihood ratio test (Anisimova et al. 2001; Yang
and Nielsen 2002; Zhang et al. 2005) was performed to com-
pare both null and alternate hypotheses. The testing of the
hypotheses was done with a %2 distribution at 5%, 1%, and
0.1% level of significance. P values were calculated by using
the Statistics::Distributions  (http://search.cpan.org/~mikek/
Statistics-Distributions-1.02/Distributions.pm, last accessed
July 22, 2014) perl module.

To perform multiple hypothesis testing, BC (Anisimova and
Yang 2007) and FDR tests were used. FDR inference was per-
formed by using the Q value R package (Storey 2002). Both of
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these tests were performed at 5%, 1%, and 0.1% levels of
significance.

Positively selected sites were detected by using Naive
Empirical Bayes (Nielsen and Yang 1998; Yang 2000; Yang
and Bielawski 2000) and the BEB (Yang et al. 2005) informa-
tion from the CodeML output files. Only those genes were
considered to be under positive selection that had at least one
site under selection with greater than 95% BEB confidence at
less than 1% FDR.

Data Access

All lllumina short reads used in this study have been submitted
to the European Nucleotide Archive (ENA) database (study
accession number: PRJIEB4565). The assembled genome and
the annotations of the Me. pennsylvanicum genome
have been submitted to the ENA and can be accessed from
accession IDs HG529494 to HG529928. The Mp4 Genome
scaffolds, protein sequences, and gff file are available at http://
dx.doi.org/10.12761/SGN.2014.3  (last accessed July 22,
2014).

Results

[llumina Genome Sequencing, Assembly, and
Completeness Estimation

After filtering out reads with N's and low-quality reads (quality
< 26), 44,636,214 reads were used for genome assemblies,
reaching an average coverage depth of 339.23 at an assumed
haploid genome size of 20 Mb. Velvet (Zerbino and Birney
2008) generated 1,746 contigs with an N50 contig size of
43.37 kb, and the largest contig was of 218.8kb. The final
scaffolded nuclear genome assembly was of 19,156,659 bp
and had an N50 scaffold size of 121.67 kb; the largest scaffold
was of 690.5kb, with 434 scaffolds in total. The mitochon-
drial genome was of 74,914 bp. Assembly quality was esti-
mated by computing the size and number of scaffolds in
respective N-classes (fig. 2A). After generating the final assem-
blies, all reads initially obtained by Illumina sequencing were
mapped back onto the generated scaffolds, and 99.6% of the
reads were successfully mapped back.

The completeness and continuity of the assembly were
tested using the CEGMA (Core Eukaryotic Genes Mapping
Approach) pipeline (Parra et al. 2007) and compared to the
completeness and continuity of the other three Ustilaginaceae
genomes. The completeness and continuity of the gene space
of Me. pennsylvanicum was found to be comparable to the
three other genomes: 95.16, 94.76, 95.97 and 95.16% of
highly conserved genes were found in Me. pennsylvanicum
(Mp4), U. hordei (Uh), S. reilianum (Sr), and U. maydis (Uh),
respectively (fig. 2B). The genome of Me. pennsylvanicum was
aligned with the other three smut genomes using Mummer3
(Kurtz et al. 2004) and mapped well on these (See supplemen-
tary fig. S1, Supplementary Material online).

Repeat Elements and Gene Predictions

A total of 3.15% of the genome consisted of masked repeat
elements. After masking all repeat elements, genes were pre-
dicted using both ab initio and homology-based methods (see
Materials and Methods). A total of 6,280 genes were identi-
fied in the genome of Me. pennsylvanicum including 107
transfer RNAs.

To estimate the number of PSEPs, both SignalP v4 (Petersen
et al. 2011) and TargetP v1 (Emanuelsson et al. 2007) were
used on all four Ustilaginales genomes. These predictions gen-
erated 418 PSEP-encoding genes in the genome of Me. penn-
sylvanicum. When applying the same methodology on the
other three smut genomes 545, 633 and 629 PSEP-encoding
genes were identified in the genomes of U. hordeli, S. reilia-
num and U. maydis, respectively.

Orthologous Genes

Orthologs and paralogs were identified using OrthoMCL (Li
et al. 2003) and inparanoid (Ostlund et al. 2010); further con-
firmations were done using BLASTP and tBLASTn searches
(see Materials and Methods). In total 5,277 orthologs were
found to be present in all four species, out of these 5,200
were 1:1 orthologs (fig. 3A). In total, 623 genes present
only in Me. pennsylvanicum had no ortholog in the other
smut genomes. Similarly 772, 449 and 580 were present
only in the genomes of U. hordei, S. reilianum and
U. maydis, respectively. Interestingly, 429 orthologs were pre-
sent in U. hordei, S. reilianum, and U. maydis, but absent in
Me. pennsylvanicum. In contrast 147, 37 and 61 orthologs
were absent in U. hordei, S. reilianum and U. maydis, respec-
tively, but present in the corresponding other three genomes.

Similar predictions including only PSEP-encoding genes
showed that 248 PSEPs were present in all genomes, and
92 PSEPs were present in all genomes except for Me. penn-
sylvanicum. In contrast 36, 17 and 15 PSEPs were absent in U.
hordei, S. reilianum and U. maydis, respectively, but present in
all other corresponding genomes (fig. 3B).

Ortholog prediction also identified the orthologs of genes
corresponding to the mating-type loci of U. maydis in Me.
pennsylvanicum; these genes were mp02686 (bE1),
mp02694 (bW1), and mp02947 (Pheromone receptor 1).

Gene Gain and Gene Loss

For assuring also the complete absence of similar genes, which
did not fulfill the criteria for orthology but still show limited
similarity, BLASTP (Altschul et al. 1990) searches for the ortho-
logs that were found in three genomes and were absent
in the fourth were performed locally using standalone
BLAST (e value < 0.1 and percentage identity > 35%). In
addition, also the intergenic regions were again scanned for
genes that might have been missed in the annotations. These
searches, including the ten stretches of intergenic sequences
found by BLAST that were not predicted as genes, resulted in
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Fic. 2.—Genome assembly quality and completeness estimation. (A) Genome assembly quality as assessed by calculating the number of scaffolds and
minimum scaffold length in the respective N-class, where N is the percentage of the genome covered after sorting the scaffolds from largest to smallest. (B)
Genome completeness assessed by CEGMA analysis on the basis of 458 KOGs. The CEGMA pipeline categorizes these 458 core proteins in four groups on
the basis of their conservation in eukaryotic genomes. Dotted and solid lines are representing partial mapping and complete mapping of the KOGs,
respectively.
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Fic. 3.—Orthologs within the four smut genomes. (4) Venn diagram representing the orthologs within the four genomes. (B) Orthology of the PSEPs
from all four genomes.
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Fic. 4.—Phylogenetic tree reconstruction using all nuclear 1:1 orthologs from five species. Maximum-likelihood inference based on MAFFT alignments
using RAXML with 1,000 bootstrap replicates. Numbers at branches indicate bootstrap support percentages for the respective branches. Red and green
arrows represent the number of gene lost and gained, respectively; number in brackets represents the number of gene lost or gained in terms of PSEP-
encoding genes. Numbers in bold represent gene losses/gains in the four genomes without including gene remnants in intergenic regions. Genes losses/gains
were further tested for gene remnants or distantly similar genes using lower cutoffs, the corresponding figures are given in italics. Genome sizes refer to

assembled genome sizes.

292 genes present in all other species but absent in Me. penn-
sylvanicum,99 in U. hordei, 17 in S. reilianum, and 47 in
U. maydis. The list and functional annotations of the 292
genes lost in Me. pennsylvanicum but present in the grass-
infecting smuts are given in supplementary table S1,
Supplementary Material online. To screen for gene remnants
in intergenic regions of all genomes, relaxed tBLASTN searches
were performed using a percentage cutoff of 35% and an
alignment length of at least 30% of the query sequence
length. These predictions resulted in genes present in one
genome, but with no gene remnants or distantly similar
genes in the other three species. There were 136 such
genes in Me. pennsylvanicum, 69 in U. hordei, 14 in S. reilia-
num, and 42 in U. maydis (fig. 4). The functional annotations
of these lost genes are given in supplementary table ST,
Supplementary Material online.

In terms of PSEP-encoding genes, 57 (supplementary table
S1, Supplementary Material online) were absent in the
genome of Me. pennsylvanicum, 17, 3, and 2 were absent
in U. hordeli, S. reilianum, and U. maydis, respectively (fig. 4).
Of these genes 44, 13, 1, and 2 of Me. pennsylvanicum,
U. hordei, S. reilianum, and U. maydis, respectively, had no
gene remnants or distantly similar genes in the other three
genomes.

The 623, 772, 449, and 580 genes found in Me. pennsyi-
vanicum, U. hordeli, S. reilianum, and U. maydis, respectively,
which were not having a predicted ortholog in the corre-
sponding other three genomes were further analyzed as de-
scribed for gene losses. These searches revealed that 324, 510,

335, and 422 genes of Me. pennsylvanicum, U. hordeli,
S. reilianum, and U. maydis, respectively, had no similar
gene in the corresponding other three genomes and were
thus considered as gene gains. Regarding PSEP-encoding
genes, only 40 were gained in the genome of Me. pennsylva-
nicum, but 75, 93, and 75 were gained in U. hordei, S. reilia-
num, and U. maydis, respectively (fig. 4). When including
searches for gene remnants and distantly similar genes, the
respective figures were 291, 461, 274, and 395 for Me. penn-
sylvanicum, U. hordei, S. reilianum, and U. maydis, respec-
tively, for all genes, of which 39, 69, 82, and 67 were
encoding for PSEPs, respectively. Thus, although Me. pennsyl-
vanicum had the highest number of PSEP-encoding genes lost,
it had the lowest number of PSEP-encoding genes gained
among the four smut genomes.

Distribution of Pseudogenes

Recently developed pseudogenes were predicted by first ex-
tracting the intergenic sequences from all the four species and
then searching a local protein database containing the pre-
dicted genes from all the four species with tBLASTn and
Exonerate (Slater and Birney 2005) (see Materials and
Methods).

This approach led to the discovery of new genes with intact
open reading frames that were not predicted by previous an-
notations. In total, 14 putative new genes were found in Me.
pennsylvanicum, 55 in U. hordej, 3 in S. reilianum, and 23 in
U. maydis. Using tBLASTn no pseudogene was found in Me.
pennsylvanicum, 142 pseudogenes were found in U. hordei,

Genome Biol. Evol. 6(8):2034-2049. doi:10.1093/gbe/evu148  Advance Access publication July 24, 2014 2041

¥T0z ‘8T 1NV Uo 159Nn6 Aq /BI0'seulnolpioyxo-agh/:dny woly pspeojumod


M.
M.
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
Blast
M.
F
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
M.
M.
M.
M.
M.
M.
while 
M.
Blast
S
M.
Blast
M.
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Sharma et al.

GBE

6 in S. reilianum, and 2 in U. maydis. Using Exonerate 3, 160,
2, and 9 pseudogenes were observed in the genomes of Me.
pennsylvanicum, U. hordei, S. reilianum, and U. maydis,
respectively. It should be noted, however, that the approaches
only detect recently developed pseudogenes as a measure-
ment of gene turnover and not for identifying genes deterio-
rated as a result of adaptation to the specific hosts.

Divergence of Four Smut Species

To infer the phylogenetic relationships among the four smut
fungal genomes, RAXML (Stamatakis et al. 2005; Stamatakis
2006) was run with 1,000 bootstrap iterations on multiple
sequence alignments of the 1:1 orthologs of the four smut
fungi and Ma. globosa, which was used as outgroup. A total
of 2,979 1:1 orthologs were found among the five genomes
and subjected to alignments and phylogenetic analysis. A
sister-group relationship of U. maydis and S. reilianum was
found, without significant support. Ustilago hordei and Me.
pennsylvanicum were found to group together, with maxi-
mum bootstrap support. The genetic distance between the
four smut fungi was similar (fig. 4).

Protein Subcellular Localization

The ProtComp9 package (www.softberry.com, last accessed
July 22, 2014) was used for the identification of protein sub-
cellular localization in the four genomes. In total 1,445, 1,455,
1,582, and 1,470 mitochondria-targeted proteins were found
in the genomes of Me. pennsylvanicum, U. hordei, S. reilia-
num, and U. maydis, respectively (supplementary fig. S2,
Supplementary Material online). Further, 1,888 nuclear pro-
teins were predicted in Me. pennsylvanicum, 2,139 in
U. hordei, 1,910 in S. reilianum, and 1,992 in U. maydis. In
addition, 1,351, 1,546, 1,271, and 1,323 proteins in the
genome of Me. pennsylvanicum, U. hordei, S. reilianum, and
U. maydis, respectively, were predicted as cytoplasmic.

To check the conservation and positive selection on the
genes coding for proteins targeted to different cellular organ-
elles, all 1:1 orthologs were compared and their percentage
identity was calculated using BLASTP. Positively selected genes
and dN/dS ratio information were inferred using the codeml
Branch-Site model of PAML at a 1% level of significance with
respect to false discovery rate (FDR) and with Bayes Empirical
Bayes (BEB) support greater than 95%. These analyses re-
vealed the lowest sequence conservation and highest propor-
tion of genes under positive selection for PSEP-encoding
genes, whereas peroxisome-targeted genes were most con-
served (fig. 1).

Patterns of Positive Selection among Four Smut Species

To detect genes under selection pressure, the codem| module
of PAML was used on all 1:1 orthologs of the four smut ge-
nomes. In further tests, multiple hypothesis testing was done
using Bonferroni Correction (BC) and FDR tests at 5%, 1%,

and 0.1% level of significance. All methods of hypothesis
testing revealed the highest percentage and proportion of
positively selected genes in the genome of Me. pennsyivani-
cum compared with the genes from the other three species
(fig. 5A). Detailed predictions with an FDR with a 1% level of
significance and considering only genes with at least one pos-
itively selected site with greater than 95% BEB confidence
revealed that Me. pennsylvanicum has by far the highest per-
centage of genes under positive selection (fig. 5B).

Positively Selected Putative Secreted Effectors and
Nonsecreted Protein-Encoding Genes

To compare the percentage of PSEPs and nonsecreted pro-
tein-encoding genes positively selected with a high level of
confidence among the four smut species, only those genes
were used that had greater than 95% BEB support and an
FDR at 1% level of significance.

It was revealed that 18.47% of the nonsecreted protein-
encoding genes and 22.00% secreted protein-encoding
genes of Me. pennsylvanicum were positively selected.
Ustilago hordei showed 9.66% and 13.79%, S. reilianum
6.48% and 8.35%, and U. maydis 3.08% and 8.17% of
positively selected nonsecreted and secreted protein-encoding
genes, respectively.

We further assessed the percentage of positively selected
sites among the tested genes that passed the BEB greater than
95% confidence threshold at an FDR less than 1%. A higher
percentage of selected sites was found in the PSEP-encoding
genes (fig. 5C), compared with the noneffector genes in all
four genomes.

Candidate Pathogenicity Clusters

Using the “three direct neighbor” (TDN) approach (see
Materials and Methods) 23 new candidate pathogenicity clus-
ters were defined in U. maydis, the 12 clusters published al-
ready were also retrieved. For the other species, this method
generated 37 candidate pathogenicity clusters in S. reilianum,
19 in U. hordei, and 17 in Me. pennsylvanicum.

A sliding window of 3kb (supplementary fig. S3,
Supplementary Material online) was found to generate a sim-
ilar amount of candidate pathogenicity clusters when com-
pared to the TDN method. Using this method, a total of 22,
27, 53, and 43 candidate clusters were found in Me. pennsyl-
vanicum, U. hordei, S. reilianum, and U. maydis, respectively.
By combining the output of both methods, a total of 24, 29,
55, and 46 candidate clusters were found in Me. pennsylva-
nicum, U. hordei, S. reilianum, and U. maydis, respectively
(table 1). Supplementary table S2, Supplementary Material
online, lists the orthologs of the U. maydis PSEPs-encoding
genes in the previously reported (Kémper et al. 2006) 12
U. maydis pathogenicity clusters. The novel 34 candidate clus-
ters of U. maydiis with their ortholog information can be found
in supplementary table S3, Supplementary Material online;
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Fic. 5.—Percentage of positive selection among the four genomes and comparisons of positively selected genes encoding PSEPs and nonsecreted
proteins. (A) Percentage of positively selected genes among the four species. (B) Percentage of positively selected PSEP-encoding and nonsecreted protein-
encoding genes. (C) Percentage of positively selected sites within the four genomes.

orthologs of the PSEP-encoding genes in the candidate path-
ogenicity clusters of S. reilianum, U. hordei, and Me. pennsyl-
vanicum are listed in the supplementary tables S4-S6,
Supplementary Material online, respectively.

Pathogenicity Cluster Conservation

While investigating the conservation of candidate pathogenic-
ity clusters within the species (table 2), a high degree of con-
servation of candidate pathogenicity clusters among the
graminicolous species was observed, conservation was lower
in Me. pennsylvanicum. This is also apparent for the

cluster 19A of U. maydis, in which the absence of several
PSEPs in Me. pennsylvanicum could be observed, as well as
the proliferation of genes encoding PSEPs in U. maydis and
S. reilianum (fig. 6).

Genome Architecture Comparisons

To investigate the compactness of the four genomes, the
length of the 5'- and 3’-gene flanking regions was computed
for all genes of the four genomes. It was revealed that all
genomes had a similar degree of compactness, with average
intergenic distances ranging from 921.53 and 920.38 bp for

Genome Biol. Evol. 6(8):2034-2049. doi:10.1093/gbe/evu148  Advance Access publication July 24, 2014 2043

$T0Z ‘8T 1nbnYy Uo 19n6 Aq /BIo'sjeulnolplojxo-agby/:dny wo.j papeojumoq


M.
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
M.
M.
'
'
ere
 bp
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Sharma et al.

GBE

Table 1
Number of Candidate Pathogenicity Clusters Predicted by the “TDN"
and the “3-kb Distance” Approaches

Species TDN® 3kbD®* @ (A N B) (A U B)
(A) (B) 3kbD®

Melanopsichium pennsylvanicum 17 22 2 15 24

Ustilago hordei 18 27 1 17 29

Sporisorium reilianum 37 54 3 33 55

U. maydis 35 43 3 32 46

°TDN approach.

b3-kb distance approach.

“Clusters not found by the 3-kb distance approach, but predicted by the
“TDN" approach.

Table 2
Conservation of Candidate Pathogenicity Clusters within the Four
Genomes

Query Cluster®

Subject Cluster® Melanopsichium Ustilago Sporisorium  U.

pennsylvanicum maydis reilianum  hordei

Me. pennsylvanicum — 13 13 8
U. maydis 13 — 35¢ 23¢
S. reilianum 13 31 — 22
U. hordei 8 21 24¢ —
Conserved in all 7 10 9 7
Own clusters 8 12 14 3

2Genome which pathogenicity clusters were tested for conservation.

bGenome queried for pathogenicity clusters conservation.

Four of the pathogenicity clusters of S. reilianum were fragmented, with
respect to U. maydis clusters.

%Two of the pathogenicity clusters of U. hordei were fragmented, with re-
spect to U. maydis clusters.

*Two of the pathogenicity clusters of S. reilianum were fragmented, with
respect to U. hordei clusters.

the 5- and 3'-distance, respectively, in S. reilianum to
1,060.17 and 1,064.38 bp for the 5'- and 3'-distance, respec-
tively, in Me. pennsylvanicum (fig. 7A-D).

Distances to neighboring genes for the genes encoding
PSEPs were also assessed (fig. 7E-H). These results showed
that the mean of 5- and 3'-distances of PSEP-encoding
genes ranged from 1,004.62 and 1,060.11 bp, respectively,
in S. reilianum to 1,387.74 and 1,360.53 bp, respectively, in
Me. pennsylvanicum. PSEP-encoding genes thus on average
reside in slightly more gene-sparse regions of the smut
genomes.

Also the frequency of the genes in relation to the average
lengths of the 5'- and 3’-end flanking region for all genes
(supplementary fig. S4A-D, Supplementary Material online)
and PSEP-encoding genes (supplementary fig. S4E-H,
Supplementary Material online) revealed a similar pattern.

Analyses regarding the enrichment of PSEP-encoding
genes in clusters revealed that there were 46 cases, where a
PSEP-encoding gene was next to another PSEP-encoding gene

in the Me. pennsylvanicum genome, 59, 154, and 158 occur-
rences were observed in the genomes of U. hordei, S. reilia-
num, and U. maydis, respectively. Combinatorial expectancies
of these occurrences were 28, 42, 60, and 58, in the same
order as above. It was thus revealed that, although most PSEP-
encoding genes are not residing in clusters, there is a trend
toward the clustering of these genes, which is especially pro-
nounced in U. maydis and S. reilianum.

Discussion

Genome Assembly and Gene Calls

In this study, lllumina sequencing was used to unravel the
genome sequence of Me. pennsylvanicum, a nonobligate bio-
trophic  pathogen of the family  Ustilaginaceae.
Melanopsichium pennsylvanicum is responsible for gall smut
on Polygonum pennsylvanicum (Halisky and Barbe 1962) and
is thus unusual among the Ustilaginaceae in having a dicot
host, with its closest relatives being pathogens of the monocot
Poaceae (Begerow et al. 2004; WeiB et al. 2004; Stoll et al.
2005; McTaggart et al. 2012). Extensive comparative studies
have been carried out previously on the genomes of U.
maydis, S. reilianum, and U. hordei to shed light on their path-
ogenic behavior, evolution, and genomic makeup (Kamper
et al. 2006; Schirawski et al. 2010; Laurie et al. 2012).
However, comparative studies with the aim to identify
genes that might be required for pathogenicity on grasses
or required for pathogenicity in general were not feasible to
date, as all of these species parasitize hosts in Poaceae. To
shed light on this topic, which is crucial for understanding
the pathogenicity of smuts in particular and biotrophic plant
pathogens in general, a comparative genomics approach was
taken in this study involving the three smut genomes pub-
lished so far and the genome of the dicot-infecting Me.
pennsylvanicum.

Genome assemblies of Me. pennsylvanicum generated 434
scaffolds for the nuclear genome of 19.15Mb and one scaf-
fold for the mitochondrial genome of 74.91 kb, which is com-
parable to the assembled genome published for U. hordei
(Laurie et al. 2012). The assembled genome completeness
with respect to the core eukaryotic genes was almost identical
for all genomes, including Me. pennsylvanicum. It can thus be
concluded that although the genome architecture is much
better resolved in U. maydis and S. reilianum (Kémper et al.
2006; Schirawski et al. 2010), in comparison to U. hordei
(Laurie et al. 2012) and Me. pennsylvanicum, the gene
space is equally covered in all four genomes.

The genome of Me. pennsylvanicum encodes 6,280 genes,
which is substantially less than in the other Ustilaginaceae se-
guenced to date, as U. hordei has 7,111 protein-coding
genes, whereas S. reilianum has 6,673 and U. maydis 6,787
protein-coding genes. To cross-check this noticeable result,
despite the evidence for good gene-calling in all four genomes

2044 Genome Biol. Evol. 6(8):2034-2049. doi:10.1093/gbe/evu148  Advance Access publication July 24, 2014

¥T0z ‘8T 1NV Uo 159Nn6 Aq /BI0'seulnolpioyxo-agh/:dny woly pspeojumod


'
' 
 bp
'
' 
M.
-
-
'
' 
 bp
 bp
M.
'
'
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
S
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu148/-/DC1
M.
while 
s
M
elanopsichium 
-
done 
Ustilago
h
M.
M.
M.
,
M.
M.
Ustilago
il
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Biotroph Pathogen Host Jumps Trigger Gene Loss

GBE

e e e

DT DD L P L

<o P OO
M-ttt 0

Other genes

1kb PSEP-encoding gene

el i = e Me. pennsylvanicum

el Gt et el e e et == S, reilionum

L O L e 1Y 8 e S o -U. maydis

L e e g e e i LI, hordej

Fic. 6.—Ustilago maydis 19A pathogenicity cluster synteny in the other three genomes. Gray lines indicate orthologous genes. Yellow arrows represent
PSEPs and green arrows represent nonsecreted protein-encoding genes. The orientation of the arrows represents the orientation of the genes and length of

arrows is proportional to the length of the genes.

as inferred from the CEGMA analyses, tBLASTn searches were
carried out to ensure that not a significant number of genes
were missed in any of the species. Although a few additional
potential genes were found in all four genomes, their amount
was comparable and generally low. The lower amount of
genes in Me. pennsylvanicum might be the result of the host
jump to a dicot plant, as many genes that are related to col-
onizing grass hosts will not produce effector proteins that
match the divergent targets in the new host environment
and are thus prone to be lost. As expected, especially the
PSEPs seem to be affected. Although Me. pennsylvanicum
contains 7.5% less nonsecreted proteins than U. maydis, it
harbors 33.6% fewer PSEPs. When considering the average
of the three published smut genomes of U. maydis, S. reilia-
num, and U. hordei, Me. pennsylvanicum has only 8.4% less
nonsecreted proteins, whereas it contains 30.6% fewer PSEPs.
Nonsecreted protein-encoding genes also regulate the ex-
pression of effector genes and other processes in the infection
process. Thus, the loss of several additional genes from the
nuclear genome might also be associated with this huge host
jump. The morphology and disease symptoms are highly dif-
ferent from the other three species, which led to the descrip-
tion of the genus Melanopsichium for the smut pathogens of
Polygonaceae. However, phylogenetic investigations have
shown that Me. pennsylvanicum is embedded within the
Ustilago s.I. clades (Stoll et al. 2005; Begerow et al. 2006;
McTaggart et al. 2012). As the regulation of the morphology
and disease symptoms of smut fungi is still poorly understood,
it remains uncertain whether the gene losses observed in the
genome also contribute to the differences in morphology.

Phylogenetic Position

Phylogenetic studies in the Ustilaginales, on the basis of the
internal transcribed spacer and RNA sequences, have already
been reported (Suh and Sugiyama 1993; Begerow et al.
2006), but generally exhibited a low resolution on the back-
bone of Ustilago in the broad sense. The phylogenetic relat-
edness of the four genomes was assessed on the basis of all
orthologous nuclear genes found in the smut fungi and the

more distantly related Ma. globosa. Even though a sister-
group relationship of U. maydis and S. reilianum was not sup-
ported, U. hordei and Me. pennsylvanicum were grouped to-
gether with maximum support, confirming the nestedness of
the latter in Ustilago in the broad sense. Thus, although there
are some morphological differences in some lineages of the
Ustilago s.I. complex, it could be a practical solution to merge
some of the segregate genera again with Ustilago, also to
enable the continued use of the genus name Ustilago for
U. maydis.

Positively Selected Genes and Sites

Positive selection or natural selection within genes is the main
evolutionary event for adaptation and has thus been an im-
portant focus of several comparative genomics studies (Haas
et al. 2009; Schirawski et al. 2010; Kemen and Jones 2012).
For efficient colonization of a new host, it can be expected
that most of the effectors that are still able to operate a target
in the new host have to adapt to the very different host en-
vironment and thus should show relatively strong signatures
of positive selection. It has been observed that the genes
encoding PSEPs are generally under stronger selection pres-
sure than the genes encoding noneffector proteins
(Schirawski et al. 2010; Kemen et al. 2011). These PSEP-
encoding genes are believed to be under high selection pres-
sure due to their highly evolving counterparts (resistance
genes) in the host, but after host jumps, the adaptation to
new targets arguably is the most important driver of positive
selection. Supporting this hypothesis, Me. pennsylvanicum
showed the highest percentage of PSEPs under positive selec-
tion, 59.5% to more than 2-fold higher than in the other
genomes at BEB support greater than 95% and a FDR
lower than 1%.

Patterns Associated with the Adaptation to a New Host
and a Reappraisal of the Pathogenicity Cluster Concept

Host jump events are expected to be associated with several
changes in the genome of the pathogen, such as genome
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rearrangements, positive selection, gene losses, and gene
gains. Although some comparative genomics studies (Baxter
etal. 2010; Raffaele et al. 2010; Kemen et al. 2011) and a few
experimental works (Baxter et al. 2010; Dong et al. 2014) have
previously been carried out in hemibiotrophic oomycetes, no
detailed investigations on the effects of host jumps of bio-
trophic oomycete or fungal pathogens to largely unrelated
hosts have been carried out so far. Thus, it is unclear, which
of the events outlined above, apart from natural selection in
the sense of the evolutionary theory of Wallace (1858) and
Darwin (1858), are the major factors in the adaptation to di-
vergent hosts. To estimate the amount of genes gained or lost
in the four genomes, all the orthologous genes were checked
and scanned whether they are present or absent in other ge-
nomes. Interestingly, the Me. pennsylvanicum genome has lost
292 genes, which are present in the other three species,
whereas only 99, 17, and 47 genes were not present in U.
hordei, S. reilianum, and U. maydis, respectively. In terms of
the PSEP-encoding genes, 57 were absent in Me. pennsylva-
nicum genome, whereas 17, 3, and 2 were absent only in U.
hordei, S. reilianum, and U. maydis, respectively. Of 44, 13, 2,
and 1 of these genes, no distantly similar genes or gene rem-
nants could be found in the respective other genomes. These
results suggest that Me. pennsylvanicum has lost a higher pro-
portion of genes involved in the interaction with the plant host,
most likely those that did not match a target after the host
jump and were thus no longer required. In contrast, only 324
genes of Me. pennsylvanicum did not show a hit in the other
three genomes, but 510, 335, and 422 of such genes were
observed only in U. hordei, S. reilianum, and U. maydis, respec-
tively, highlighting that gene loss, rather than gene gain was
the hallmark of adaptation to the dicot host. The genes encod-
ing RNA interference and DNA remodeling components,
which have been reported to be absent within U. maydis
(Laurie et al. 2012), were present in the Me. pennsylvanicum
genome.

Host jump events might also have some effects on the
genome architecture of a pathogen. Probably as a result of
gene losses, genes of Me. pennsylvanicum are farther apart
from each other, when compared with the other three ge-
nomes. However, no pronounced genome expansion or
genome rearrangements could be found in whole-genome
alignments, which contrasts studies on other fungal patho-
gens, where these processes were reported to play important
roles (Ma et al. 2010).

Many of the PSEP-encoding genes are reported to be in
clusters within the genomes of the Ustilaginaceae (Kémper
et al. 2006; Schirawski et al. 2010). Thus, the clustering of
effectors among the four genomes and the effect of the
host jumps on the pathogenicity clusters were analyzed in
detail. In the genome of U. maydis, 12 clusters were already
defined according to the continuity of the genes encoding
PSEPs (Kamper et al. 2006). A limitation of this method is
that it will not identify clusters that have three or more effector

genes in very close vicinity, but with noneffector genes inter-
spersed. To overcome this, we used a window-based method
with a window size of 3 kb, and clusters were defined as such
if at least three effector genes appear in three consecutive 3-kb
windows. This method led to the identification of 98% of the
clusters defined by the previous approach and revealed some
more potential pathogenicity clusters. Combining the output
of both of these methods, 24, 29, 55, and 46 candidate path-
ogenicity clusters were defined in the genomes of Me. penn-
sylvanicum, U. hordei, S. reilianum, and U. maydis, respectively.
Although the other three genomes showed a conservation of
clusters in the range of 43-80%, conservation ranged from
20% to 26% in Me. pennsylvanicum. This highlights that the
genes in pathogenicity clusters are also strongly affected by the
host jump. But the fact that only 12.2-31.6% of the genes
encoding PSEPs are clustered suggests that clustering might
not be a key event for pathogenicity development in
Ustilaginaceae in general. In fact, the most well-known effec-
tor of U. maydis, PEP1, which is also conserved in Me. penn-
sylvanicum, is encoded by a gene that is not embedded within
a pathogenicity cluster. However, there seems to be some
trend toward the clustering of effectors, as at minimum 1.4
times more PSEP-encoding genes were observed to be next to
another PSEP-encoding gene than expected by chance in U.
hordei, whereas U. maydis contained more than 2.7-fold
more of such occurrences. While initially useful for the eluci-
dation of some general pathogenicity features of the
Ustilaginaceae (Kamper et al. 2006; Schirawski et al. 2010;
Laurie et al. 2012) it thus seems reasonable to focus more
on the nonclustered putative-secreted effector genes in
future studies.

Of the genes encoding PSEPs, 57 (supplementary table S7,
Supplementary Material online) were found in the three gra-
minicolous species but not in the dicot-infecting Me. pennsyi-
vanicum. For 44 of these, no distantly similar gene remnants
were found in intergenic regions of Me. pennsylvanicum. It
seems possible that these PSEPs contain pathogenicity effec-
tors that are of particular importance for the colonization of
grass hosts, whereas those 248 orthologous genes (supple-
mentary table S8, Supplementary Material online) encoding
PSEPs that are present in all four species might contain those
that are vital for pathogenicity in general, possibly targeting
key hubs in plant defense pathways. Future functional studies
that take advantage of the findings presented here might
result in a better understanding of the evolution of pathoge-
nicity in the Ustilaginaceae in particular and in biotrophic plant
pathogens in general.

Supplementary Material

Supplementary figures S1-56 and tables S1-S9 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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