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P. infestans (17) and could modulate expression
patterns of genes located in the gene-sparse regions.
In addition, histone hypomethylation reduces DNA
stability (18, 19) and may have contributed to ge-
nome plasticity in the P. infestans lineage by re-
gulating transposon activity as well as genomic
and expression variability (20, 21). Finally, under-
standingP. infestansgenomeevolution shouldprove
useful in designing rational strategies for sustainable
late blight disease management based on targeting
the most evolutionarily stable genes in this lineage.
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Genome Expansion and Gene Loss in
Powdery Mildew Fungi Reveal
Tradeoffs in Extreme Parasitism
Pietro D. Spanu,1* James C. Abbott,1† Joelle Amselem,2,15† Timothy A. Burgis,1†
Darren M. Soanes,3† Kurt Stüber,4† Emiel Ver Loren van Themaat,4† James K. M. Brown,5‡
Sarah A. Butcher,1‡ Sarah J. Gurr,6‡ Marc-Henri Lebrun,15‡ Christopher J. Ridout,5‡
Paul Schulze-Lefert,4‡ Nicholas J. Talbot,3‡ Nahal Ahmadinejad,4 Christian Ametz,1

Geraint R. Barton,1 Mariam Benjdia,4 Przemyslaw Bidzinski,4 Laurence V. Bindschedler,7

Maike Both,1 Marin T. Brewer,8 Lance Cadle-Davidson,9,10‡ Molly M. Cadle-Davidson,9

Jerome Collemare,2§ Rainer Cramer,7 Omer Frenkel,8 Dale Godfrey,11 James Harriman,9

Claire Hoede,2 Brian C. King,8 Sven Klages,12 Jochen Kleemann,4 Daniela Knoll,4

Prasanna S. Koti,4 Jonathan Kreplak,2 Francisco J. López-Ruiz,5 Xunli Lu,4 Takaki Maekawa,4

Siraprapa Mahanil,9 Cristina Micali,4 Michael G. Milgroom,8 Giovanni Montana,1 Sandra Noir,4||
Richard J. O’Connell,4 Simone Oberhaensli,13 Francis Parlange,13 Carsten Pedersen,11

Hadi Quesneville,2 Richard Reinhardt,12 Matthias Rott,4 Soledad Sacristán,14 Sarah M. Schmidt,4¶
Moritz Schön,4 Pari Skamnioti,6 Hans Sommer,4 Amber Stephens,4 Hiroyuki Takahara,4

Hans Thordal-Christensen,11 Marielle Vigouroux,6 Ralf Weßling,4 Thomas Wicker,13 Ralph Panstruga4*

Powdery mildews are phytopathogens whose growth and reproduction are entirely dependent
on living plant cells. The molecular basis of this life-style, obligate biotrophy, remains unknown. We
present the genome analysis of barley powdery mildew, Blumeria graminis f.sp. hordei (Blumeria), as well
as a comparison with the analysis of two powdery mildews pathogenic on dicotyledonous plants. These
genomes display massive retrotransposon proliferation, genome-size expansion, and gene losses. The
missing genes encode enzymes of primary and secondary metabolism, carbohydrate-active enzymes, and
transporters, probably reflecting their redundancy in an exclusively biotrophic life-style. Among the 248
candidate effectors of pathogenesis identified in the Blumeria genome, very few (less than 10) define a
core set conserved in all threemildews, suggesting thatmost effectors represent species-specific adaptations.

Filamentous eukaryotes such as fungi and
oomycetes (stramenopiles) are responsible
formany serious plant diseases.Among these

pathogens is a group of taxonomically diverse spe-
cies, collectively termed obligate biotrophs, which
only grow and reproduce on living plants. These
microorganisms cause rusts, as well as downy and
powdery mildews, and form dedicated invasive
infection structures (haustoria) for nutrient uptake.
Obligate biotrophs are found in two kingdoms
(Stramenopila and Fungi) and in both major fungal
phyla (Ascomycota and Basidiomycota), indicating
that biotrophy is the result of convergent evolution.

The ascomycete powdery mildews infect ~10,000
angiosperm species, including many important
crops (1). They form morphologically complex
structures during asexual pathogenesis and pro-
duce fruiting bodies (cleistothecia), which devel-
op after sexual reproduction (Fig. 1 and fig. S1).

We sequenced the haploid Blumeria genome
with the use of Sanger protocols and second-
generation methods (table S1) (2). We assem-
bled the sequence reads with a combination of
the cortex and CABOG (Celera assembler with
the best overlap graph) (3) assemblers into 15,111
contigs (L50: 18,024 bases; L50 is the length of

the smallest N50 contig, where N50 is the min-
imumnumber of contigs required to represent 50%
of the genome) on 6898 supercontig scaffolds
(L50: 2,209,085 bases). The overall assembly size
is 119,213,040 nucleotides (table S1).We estimate
that the actual genome size is ~120 Mb, corre-
sponding to 140-fold coverage of the Blumeria ge-
nome. We additionally generated draft genome
assemblies (~eightfold coverage each) of two other
powderymildew species,Erysiphe pisi [pathogenic
on pea (Pisum sativum)] and Golovinomyces
orontii (pathogenic on Arabidopsis thaliana). To-
gether with Blumeria, these species represent three
of the five major tribes of the order Erysiphales,
which diverged ~70 million years ago (4). We
calculated that the genome sizes of the latter two
species are ~151 and ~160Mb, respectively (table
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S1). Thus, the genome size of each of themildews
is more than four times larger than the median of
other ascomycetes (Fig. 1E). We first annotated
the Blumeria genome using ab initio gene finders
followed by extensive manual curation (table S2).
The actual number of curated genes is 5854,
which is at the lower end of the range of fungal
genomes.

The comparatively low gene number and the in-
ability of the parasite to grow in vitro suggest that the
mildewgenomesmay lack genes typically present in
autotrophic ascomycetes.We systematically searched
for genes absent in the mildews but present in
baker’s yeast (Saccharomyces cerevisiae) and the
phytopathogens Colletotrichum higginsianum,
Magnaporthe oryzae, and Sclerotinia sclerotiorum
(Fig. 2A). We identified 90 yeast genes by this pro-
cedure and 9 additional common ascomycete genes
by manual inspection that are missing in the ge-
nome assemblies of all three mildews [hereafter
referred to as missing ascomycete core genes
(MACGs)]. It is unlikely that these gene sets were
missed as a result of incomplete genome coverage
because (i) the 140× Blumeria assembly encom-
passes >99%of the conservedgene space (table S1),
and (ii) these genes are missing in all three assem-
blies. The MACGs represent a diverse set of meta-
bolic and regulatory proteins, affecting multiple
processes and pathways (for example, thiamine
biosynthesis), and a considerable subset ofMACGs
(57 to 77%) also seems to be absent in other obligate
biotrophic phytopathogens (fig. S2 and table S3).

The existence of MACGs raises the possi-
bility that their expression may be detrimental to
biotrophy. To test this, we determined expression
ofMACG homologs inC. higginsianum, a phyto-
pathogenic fungus that first employs a biotrophic
growth mode and later switches to necrotrophic
pathogenesis, involving host cell killing. Analysis
of the C. higginsianum transcriptome revealed
that most of the MACG homologs that we tested
(26 out of 32) are expressed during the biotrophic

Fig. 2. Gene losses in powdery mildews. (A) Number of missing S. cerevisiae proteins in one fungus
compared with the three others as a function of TBLASTN e-values. (B) Number of genes devoted to
secondary metabolism and genes encoding cellulose- or hemicellulose-degrading enzymes in Blumeria (left)
and M. oryzae (right). DMATS, dimethylallyl diphosphate tryptophan synthase; GH1, glycosyl hydrolase.

Fig. 1. Key developmental stages of powdery mildews and comparative ascomycete genome
sizes. (A) Conidium 10 hours post-inoculation (hpi) showing the primary (arrowhead) and the
appressorial germ tube (asterisk). Scale bar, 20 mm. (B) Appressorium (14 hpi) with penetration
peg (p) and epidermal plant cell wall (cw). Scale bar, 1 mm. (C) Purified haustorium and host
perihaustorialmembrane (arrowhead). Scale bar, 10mm. (D) Colony on barley, 4 days post-inoculation: conidiophores (c) and foot
cells (fc). Scale bar, 100mm. (E) Phylogeny of selected ascomycetes and their genome sizes (inmegabases). Blumeria,G. orontii, and
E. pisi are shown in red. The median genome sizes of the hemiascomycetes (blue vertical line, 12.3 Mb) and euascomycetes (green vertical line, 36.7 Mb) are also shown.
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stage (fig. S3). Their expression is, therefore, un-
likely to be detrimental to biotrophic growth.

Although the vast majority of genes encoding
enzymes of primarymetabolismare retained, notable
exceptions include anaerobic fermentation, biosyn-
thesis of glycerol from glycolytic intermediates, and
inorganic nitrogen (nitrate) assimilation. These defi-
ciencies are consistent with an exclusively aerobic,
parasitic life-style on aerial plant organs, the produc-
tion of solutes for the generation of osmotic pres-
sure during plant cell wall penetration from triacyl
glycerol breakdown, and the assimilation of organic
nitrogen in the form of host-derived amino acids.

Filamentous fungi generally produce an array
of secondary metabolites, some of which are in-
volved in pathogenesis (5). Key enzymes that
catalyze their biosynthesis include polyketide
synthases (PKSs), modular nonribosomal peptide
synthetases (NRPSs), terpene cyclases, and di-
methylallyl diphosphate tryptophan synthases (6).
Blumeria encodes only two such proteins (one PKS
and one NRPS), the lowest number known in
fungi (Fig. 2B and fig. S4). We hypothesize that
Blumeria synthesizes only one iron siderophore
and one simple polyketide, possibly the pigment
observed on cleistothecia (fig. S1, G and H). Sim-
ilar trends are observed in other biotrophs, such
as the basidiomyceteUstilagomaydis and the plant
symbiotic fungus Tuber melanosporum. There-
fore, it appears that biotrophy is associated with a
convergent loss of secondarymetabolic enzymes.
We also noted a marked reduction in genes en-
coding specific subfamilies of transporters (fig.
S5), which typically function in secretion of toxins

into the host and extrusion of host defense com-
pounds in necrotrophic fungi (7).

Unlike other known plant pathogenic fungi,
Blumeria has an extremely reduced set of carbo-
hydrate active enzymes devoted to plant cell wall
depolymerization (Fig. 2B and fig. S6) (8). We
found no canonical cellulose-, xylan-, or pectin-
degrading enzymes. Other biotrophic phytopath-
ogens, such asU. maydis and Puccinia graminis,
also possess reduced enzyme systems for degra-
dation of the plant cell wall, but both species have
predicted cellulases and xylanases. An example of
structural proteins lacking in the mildews are the
hydrophobins, a class of cell wall proteins that are
typically present in fungi (9).

We found a massive proliferation of transpos-
able elements (TEs) (table S4). In Blumeria, where
TEs account for 64% of the genome size, the most
abundant families comprise non–long terminal
repeat (LTR) retrotransposons lacking LTRs (fig.
S7). TEs were evenly distributed throughout the
Blumeriagenome,with no evidence of clustering of
particular TEs (fig. S8). Protein-coding genes are
typically in small clusters (2 to 10 genes) inter-
spersed between extended stretches of TEs. In all
three powdery mildew genomes, genes required
for repeat-induced point mutations (RIPs) are ab-
sent, whereas all components known to be neces-
sary for mitotic and meiotic silencing are present
(table S5). Thus, dysfunctionality of the RIP path-
way has probably contributed to genome-size in-
flation, and extensive retrotransposition (rather
than gradual pseudogenization) may account for
the observed gene losses and reshuffling. An ex-

ample of the latter is the otherwise-conserved mat-
ing type (MAT) locus (10). In all other ascomycetes,
MAT genes are flanked by a conserved cluster of
functionally unrelated genes. Although the micro-
synteny of these genes is retained in the Blumeria
genome (fig. S9), MAT was found on a different
supercontig, indicating physical separation.

In addition to >1350 paralog copies of the pre-
viously described atypical avirulence genes AVRk1
and AVRa10 (11), we predicted 248 Blumeria pro-
teins with a signal peptide (SP) but lacking any
transmembrane domain and BLAST (Basic Local
Alignment Search Tool) hit outside the mildews,
thus representing candidates for secreted effector
proteins (CSEPs) (12). The CSEPs have distinctive
features (table S6) and show great sequence diver-
sity with few members grouping in small families
(Fig. 3A).We noted no obvious clustering ofCSEPs
within the Blumeria contigs. Approximately 80%
harbor a recently identified N-terminal tripeptide
motif, termed “YxC,” (13), that typically occurs
within the first 30 amino acids after the predicted SP
cleavage site. Searches in the E. pisi and G. orontii
genomes revealed that the vast majority of CSEPs
are confined to Blumeria (Fig. 3A and table S6).
Thus, powderymildew genomes preferentially har-
bor species- and/or tribe-specific innovations, which
possibly evolved in the context of cospeciationwith
their plant hosts (11). Upon comparison of global
gene expression in haustoria (Fig. 1C) and epi-
phytic structures (Fig. 1D), we observed preferen-
tial expression of the majority of the CSEPs (79%)
in haustoria (Fig. 3B), suggesting they have specific
functions in biotrophic pathogenesis (14).

Fig. 3. Diversity and expression profiling of candidate secreted effector
genes. (A) Circular neighbor-joining phylogenetic tree of the 248 CSEPs.
Scale, amino acid substitutions per site; green, CSEPs harboring the YxC motif;
blue, CSEPs conserved in E. pisi and/or G. orontii; red, CSEPs predominantly
expressed in haustoria. (B) Global gene expression in haustoria (H) versus
epiphytic structures (E). Relative abundance of each gene plotted versus the

p-value as a measure of the statistical significance. White circles, all gene
models; black, no SP and no TM domain; yellow, TM only; red, CSEPs; pink,
genes with BLASTP hits in the National Center for Biotechnology Information
nr database and SP only; light blue, both SP and TM domains.
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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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