
We detected common genomic hallmarks in
the powdery mildews associated with obligate
biotrophy. These include gene losses and exten-
sive gene reshuffling correlated with expansion
in (retro-)transposon number and genome size.
Together, these hallmarks may represent a tradeoff
between advantages of increased genetic variation
independent of sexual recombination and irreversi-
ble deletion of genes dispensable for biotrophy.
Hence, their evolution provides a notable example
of Dollo’s law of evolutionary irreversibility (15).
This may explain why powdery mildews and pos-
sibly other biotrophic parasites became obligate.
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Pathogenicity Determinants in Smut
Fungi Revealed by Genome Comparison
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Biotrophic pathogens, such as the related maize pathogenic fungi Ustilago maydis and Sporisorium
reilianum, establish an intimate relationship with their hosts by secreting protein effectors. Because secreted
effectors interacting with plant proteins should rapidly evolve, we identified variable genomic regions by
sequencing the genome of S. reilianum and comparing it with the U. maydis genome. We detected 43
regions of low sequence conservation in otherwise well-conserved syntenic genomes. These regions primarily
encode secreted effectors and include previously identified virulence clusters. By deletion analysis in
U. maydis, we demonstrate a role in virulence for four previously unknown diversity regions. This highlights
the power of comparative genomics of closely related species for identification of virulence determinants.

Smut fungi are biotrophic pathogens causing
disease in a number of agriculturally im-
portant crop plants. Ustilago maydis and

the related fungus Sporisorium reilianum both
parasitize maize (1, 2). Their life cycle leading to
the infectious form is similar (2, 3); however,
shortly after infection U. maydis locally induces
tumors on all aerial parts of the plant, whereas
S. reilianum spreads systemically and causes symp-
toms inmale and female inflorescences only (Fig.
1). Both S. reilianum and U. maydis establish an
intimate communication with their host through
secreted protein effectors that enable biotrophic
development (3, 4). Effector proteins likeU.maydis
Pep1 can suppress plant defense responses (5).
Additional effector genes were identified in the
genome as genes encoding U. maydis–specific
secreted proteins, most of which are up-regulated
during host colonization (3).Many of these effector
genes are clustered, and deletion of five of these
clusters affected virulence in seedlings (3). Some
cluster genes are induced in specific plant organs,
and respective clustermutants showaltered virulence
depending on the host tissue infected (6). In plant
parasitic oomycetes, genes for effector proteins are
under diversifying selection and occur in highly
flexible genomic regions (7). In accordance with

this emerging picture of plant-pathogen communi-
cation via rapidly evolving effector proteins, we hy-
pothesized that virulence-associatedU.maydis genes
might be identified as genomic regions with high
sequence variability in closely related smut species.

To identify regions of high diversity in the
U. maydis genome, we sequenced the genome of
S. reilianum strain SRZ2 (8). The S. reilianum
genome assembly covers 97% of the 18.7-Mb
genome (9). As in U. maydis (3), the genome is
organized in 23 chromosomes, to which 6648
gene models could be assigned after manual anno-
tation. The genomes ofU. maydis and S. reilianum
exhibit a remarkable degree of synteny (Fig. 2A)
(10) despite an average amino acid identity of
predicted proteins of only 74.2% (Fig. 2B). In-
terestingly, some chromosome ends are extended
by up to 20 genes inU.maydis comparedwith ends
in S. reilianum. About 90% of these chromosome
end–associated genes do not carry any functional
annotation and no enrichment for secreted effectors
is evident (fig. S1),whereas the others likely encode
enzymes for secondary metabolism (table S1).
Because orthologs of these genes are lacking in
S. reilianum, their presence is likely dispensable
for virulence. Compared with an average amino
acid identity of 76% for nonsecreted proteins,

secreted proteins in both organisms display an
average identity of only 62% and are enriched
among the weakly conserved proteins (Fig. 2B).
This suggests that genes coding for secreted pro-
teins are subject to more rapid evolution.

Manual sequence comparisons of predicted
gene models of S. reilianum andU. maydis led to
a reannotation of more than 300 gene models of
U. maydis (table S2). The S. reilianum genome
has a 5.7% higher GC content than theU. maydis
genome and a 5% higher coding potential (table
S2).More than 99%of all InterPro (www.ebi.ac.uk/
interpro/) domains are equally or close to equally
represented in the two genomes, suggesting that
the biosynthetic repertoire of both species is
comparable. However, S. reilianum contains three
putative RNA-dependent RNA polymerase genes
(table S3). A search for other components (11, 12)
of a putative RNA interference (RNAi) machinery
in S. reilianum identified homologs of dicer and
argonaute (table S3). These genes all lie in highly
syntenic regions (10); however, the corresponding
intergenic regions in U. maydis lack traces of the
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respective genes. Instead, we detected between one
and four variants of a conserved 10–base pair (bp)
sequence highly overrepresented in intergenic re-
gions of U. maydis (3) that is largely absent from
the genome of S. reilianum (table S4).We speculate
that the genes encoding components of the RNAi
machinery were lost inU.maydis by rare homo-
logous recombination events involving the 10-bp
motifs. To investigate whether the generation of
small regulatoryRNAscould explain the differences
in symptoms of U. maydis and S. reilianum, we
deleted the putative dicer gene sr16838 in a solo-
pathogenic strain of S. reilianum (8). Infection
experiments revealed that sr16838 deletion mu-
tants were affected in neither virulence nor symp-
tom development (fig. S2).

To detect regions of high sequence diver-
gence, we compared the genomes of U. maydis
and S. reilianum gene by gene (8, 10) and identified
regions encoding genes with low sequence conser-
vation (“divergence clusters”) in a conserved ge-
nomic context (8). This analysis revealed the
presence of 43 divergence clusters (table S5)
(10). Seventy-one percent of the genes in diver-
gence clusters occurred in both organisms, whereas
19% were S. reilianum–specific and 10% were
U. maydis–specific. Sixty-one percent of the genes
in divergence clusters are predicted to encode
secreted proteins. In contrast, of all S. reilianum
and U. maydis genes less than 12% encode po-
tentially secreted proteins. Ninety-four of the
genes in divergence clusters code for proteins
without functional annotation (table S5). It is
notable that 442 of the 494 putative effectors
detected inU. maydis are conserved in S. reilianum,
with amino acid identities ranging from 20 to 98%
(10). In addition, 445 genes are present only in
U. maydis, whereas 372 exist only in S. reilianum,
and of these about 15% encode secreted proteins.

Fig. 2. Comparison of U. maydis and S. reilianum genomes. (A) Synteny
(diagonal lines) of protein-encoding genes on the 23 chromosomes of U. maydis
compared to those on the 23 chromosomes of S. reilianum. (B) Distribution of

amino acid identities of all protein-encoding genes occurring in both genomes
(right axis, blue bars). The percentage of proteins with a predicted secretion
signal is given for each amino acid identity value (left axis, red bars).

Fig. 1. Infection symptoms of U. maydis and S. reilianum. Tumor formation on ear (A), tassel (B), and
leaf (C) after inflorescence infection [(A) and (B)] or seedling infection (C) by U. maydis. Maize seedling
infection with S. reilianum leads to formation of spores (arrowheads) and leaflike structures (arrows) in
ear (D) and tassel (E), whereas inoculated leaves show mild chlorosis but no tumors (F). Scale bars
indicate 1 cm.
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Among the divergence gene clusters identi-
fied in this study were 7 of the 12 previously
described U. maydis effector gene clusters (3),
and these included all clusters whose deletion
affected virulence in seedling infections (3) (fig.
S3). In contrast, four of the gene clusters of
secreted proteins without a deletion phenotype in
U. maydis seedling infections (3) did not classify
as divergence clusters (fig. S4). To test whether
any of the newly identified divergence gene
clusters also harbor virulence factors, we indi-
vidually deleted six randomly chosen divergence
clusters in U. maydis (Fig. 3). In seedling infec-
tion assays, loss of three divergence gene clusters
(15-12, 5-21, and 20-15) attenuated virulence,
whereas deletion of two clusters (5-18 and 11-16)
did not affect virulence (Fig. 3 and fig. S5). The
absence of a virulence phenotype likely reflects
redundancy because in these cases potential
paralogs exist elsewhere in the genome (table
S6). In cluster 8-12, we detected the mig1 gene
that is highly induced during plant colonization
and encodes an effector with similarity to apo-
plastic fungal avirulence proteins (13, 14). Cluster
8-12 contains three additional genes, of which two
encode proteins with similarity to Mig1. In S.
reilianum, the mig1 gene family is expanded to

eight members residing in a single cluster (Fig. 3
and fig. S6).Whereas the deletion of onlymig1 did
not affect virulence (13), cluster 8-12 deletion
caused hypervirulence (fig. S5). Hypervirulence
could result from an active attenuation of fungal
proliferation by respective effectors (3). However,
given the conserved features between avirulence
proteins and Mig1 effectors, we now propose
that genes whose deletion leads to hypervirulence
encode weak avirulence proteins that trigger de-
fense responses in plants expressing a cognate
resistance protein, resulting in an attenuation of
fungal growth.

Althoughmost of the deleted genes in the four
divergence clusters with an effect on virulence en-
code putatively secreted proteins, cluster 15-12
encodes only proteins without identifiable secre-
tion signals, suggesting that additionalmechanisms
for virulence modulation exist in U. maydis. With
respect to the origin of these clusters, we do not de-
tect hallmarks for horizontal gene transfer like an
altered GC content or an association with repetitive
elements (fig. S7). Therefore, because many diver-
gence regions contain members of small gene fam-
ilies (table S4) we propose that the majority of
divergence clusters have been generated by local
gene duplications followed by strong natural se-

lection resulting from interaction with different
host molecules.

Our studies demonstrate the power of com-
parative genomics of closely related species for
the identification of new virulence genes. The
U. maydis and S. reilianum pathosystems present
a unique example of differentiation of two closely
related pathogens parasitizing the same host. We
have recognized that theU.maydis andS. reilianum
genomes comprise conserved effector genes as
expected for pathogens infecting the same host.
However, although the two pathogens are both
recognized and challenged by the maize immune
system, they also possess strongly differentiated
effectors, suggesting that they are targeting dif-
ferent host molecules. We speculate that their dif-
ferent infection strategies lead to the interaction
between different host-pathogen molecules and
thereby the evolution of differentiated sets of ef-
fector proteins, although we cannot exclude con-
tributions of the species-specific genes. The assertion
that closely related pathogens interact with and affect
different host targets suggests a high variety in
pathogen targets within the same host. It also
suggests a temporal and spatial difference in the
composition of different host proteins, which can
drive the evolution of different sets of effectors in
pathogens with different infection strategies.
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Fig. 3. Gene-by-gene comparisons of divergence clusters between U. maydis (Um) and S. reilianum (Sr)
deleted in this study. (A) Cluster 15-12, (B) cluster 20-15, (C) cluster 11-16, (D) cluster 8-12, (E) cluster 5-21,
and (F) cluster 5-18. Genes encoding putatively secreted proteins are shaded in gray. Bars connecting
syntenic homologs are color-coded (green, high; yellow, weak conservation), and numbers give amino
acid identities. Brackets denote regions deleted in U. maydis mutants. Virulence phenotypes of the
respective mutants are indicated; the corresponding scores are found in fig. S5.
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From Blight to Powdery Mildew
Pathogenic effects of microbes on plants have widespread consequences. Witness, for example, the cultural
upheavals driven by potato blight in the 1800s. A variety of microbial pathogens continue to afflict crop plants today,
driving both loss of yield and incurring the increased costs of control mechanisms. Now, four reports analyze microbial
genomes in order to understand better how plant pathogens function (see the Perspective by Dodds). Raffaele et al.
(p. 1540) describe how the genome of the potato blight pathogen accommodates transfer to different hosts. Spanu
et al. (p. 1543) analyze what it takes to be an obligate biotroph in barley powdery mildew, and Baxter et al. (p. 1549)
ask a similar question for a natural pathogen of Arabidopsis. Schirawski et al. (p. 1546) compared genomes of maize
pathogens to identify virulence determinants. Better knowledge of what in a genome makes a pathogen efficient and
deadly is likely to be useful for improving agricultural crop management and breeding.
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