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Keeping up with the Plant Destroyers 





Crop losses due to 
fungi and oomycetes 
(filamentous plant 
pathogens) 

Fisher et al. 2012 
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Filamentous plant pathogens (fungi and oomycetes) 
cause destructive plant diseases 

§  Filamentous pathogens 
(fungi and oomycetes) 
cause most destructive 
diseases of plants 

§  Highly adaptable - can 
rapidly overcome plant 
resistance 

§  Large population sizes; 
mixed asexual and sexual 
reproduction 



Veredeling voor resistentie niet gelukt The Irish potato famine pathogen Phytophthora infestans 
causes potato blight 



Remco Stam, Univ Dundee 

Phytophthora is Greek for “plant-destroyer” 



Phytophthora: fungus-like oomycetes 



                        	

                  	

             	


 	



oomycetes 
diatoms 

brown algae 

apicomplexans 

green plants 
red algae 

Slime molds 

animals fungi 
trypanosomes 

Lineages with plant pathogens in green 
Adapted from Baldauf, Science (2003) 

Oomycetes are heterokonts - related  
to brown algae and diatoms 



Phytophthora is an oomycete not a fungus 



Christine Strullu-Derrien and Paul Kenrick 
@ Natural History Museum 

Oomycetes form an ancient 
eukaryotic lineage 
 
§  may have been parasitic ~300 

million year ago 
§  present in the 407 million year-old 

Rhynie Chert, an ecosystem of 
plants, fungi and oomycetes  



Veredeling voor resistentie niet gelukt The Irish potato famine pathogen Phytophthora infestans 
causes potato blight 
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“Out of Mexico” – migration paths of P. infestans 

Yoshida et al., 2013, eLife; 2014 PLOS Pathogens 

w/ Johannes Krause, Marco Thines, Detlef Weigel 
and Hernan Burbano 



“Genome archaeology” reveals HERB1 – the P. infestans 
lineage that triggered the Irish potato famine 

Yoshida et al., 2013, eLife 

w/ Johannes Krause, Marco Thines, 
Detlef Weigel and Hernan Burbano 
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Attack of the clones - rise and fall of Phytophthora infestans 
asexual lineages in Britain 

Yoshida et al., 2014 PLOS Pathogens 

Adapted from David Cooke, James Hutton Inst. 



06_3928A

EC
1_
35
27

EC1_3626

P17777

N
L07434

0.02

100
100

Evolution of virulence in 
the EC1 clonal lineage 

§  Asexually reproducing 
lineage 

§  Appeared during early 1990s 
in the Andes 

§  Rapidly displaced older 
populations 

§  Currently dominant and 
widespread in Colombia, 
Ecuador and Peru.  
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Kentaro Yoshida with collaborators 
in Ecuador, Colombia and Peru 
 



EC1_3527 (RNAseq reads) 

EC1_3626 (RNAseq reads) 
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Avr-vnt1 gene silencing resulted in gain-of-virulence 
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RT-PCR by Ricardo Oliva & Kamil Witek 
Kentaro Yoshida, Marina Pais, Liliana Cano 
Collaboration with Matthieu Pel and Vivianne Vleeshouwers 
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WHEN NATURE RECENTLY ACCEPTED A 
review co-authored by Sarah Gurr, the plant 
pathologist from the University of Oxford 
in the United Kingdom sent the journal 
a self-produced image to consider for its 
cover. It shows a fungus looking like one of 
those colossal, menacing tripods from H. G. 
Wells’s War of the Worlds, stalking through 
a fi eld, with bats, frogs, and toads fl eeing 
before it in a crazed panic. “Fungal Wars of 
the World,” Gurr called it.

The picture didn’t make it, but many scien-
tists agree with its message: Fungi have now 
become a greater global threat to crops, for-
ests, and wild animals than ever before. They 
have killed countless amphibians, pushing 
some species to extinction, and they’re threat-
ening the food supply for billions of people. 
More than 125 million tons of the top fi ve 
food crops—rice, wheat, maize, potatoes, and 
soybeans—are destroyed by fungi every year.

Like other infectious agents, fungi ben-
efi t from a combination of trends, such as 
increased global travel and trade, new agri-
cultural practices, and perhaps global warm-

ing. But they have several unique features, 
researchers say—including the way they 
can switch from asexual to sexual repro-
duction—that enable them to exploit these 
opportunities particularly effectively.

The Nature paper, published in April, was 
in part a cry for attention; its authors say the 
world isn’t fully aware of the dangers and 
should invest more in countermeasures. For 
decades, fungal diseases have been over-
shadowed by bacteria and viruses. “There 
are probably 50 or 100 bacterial experts for 
every fungal expert,” says Bruce McDonald,
a plant pathologist at the Swiss Federal 
Institute of Technology in Zurich. “There 
has always been a sense that fungi are not 
that important,” adds microbiologist Arturo 
Casadevall of Albert Einstein College of 
Medicine in New York City. 

That has begun to change only very 
recently, thanks in part to some highly pub-
licized animal die-offs. “A few years ago, 
people just scoffed when you thought a fun-
gus had killed an animal such as a bat,” says 
Gudrun Wibbelt, a veterinary pathologist at 

the Leibniz Institute for Zoo and Wildlife 
Research in Berlin. “That is clearly chang-
ing.” In December 2010, the U.S. Institute 
of Medicine hosted its fi rst-ever workshop 
focused exclusively on fungal diseases, 
which concluded that “threats posed by 
emerging fungal pathogens are often unap-
preciated and poorly understood.” 

Interest in the Nature review has been 
“huge,” Gurr says. Scientists around the world 
have sent in articles describing other fungal 
diseases that could have bolstered the paper, 
says co-author Matthew Fisher, a molecular 
epidemiologist at Imperial College London. 
Among the wide variety of species under 
attack are crabs, corals, corn, and the Cav-
endish banana—and new fungal diseases 
are discovered every year. In June, Else-
vier presented a new journal called Medi-

cal Mycology Case Reports, completely 
devoted to “unusual medical or veterinary 
fungal infections.”

Detective work

One of the issues that has held back research 
on fungi is that it’s simply very hard. Fungi 
are more complex, have bigger genomes, and 
are more diffi cult to characterize than viruses 
or bacteria. In fact, most researchers fi nd it 
hard to give a good defi nition of the whole 
group. (“That’s tough. Let me have a quick 
look what Wikipedia says,” one of them says.)

Until the 1960s, fungi were considered 

NEWSFOCUS

Attack of the Clones

Fungi have long been seen as the least interesting pathogens, but two 

catastrophes in the animal world have changed that view

Drained of life. A fungal 

disease has almost wiped 

out the mountain yellow-

legged frog population in 

Kings Canyon National 

Park in California.

Published by AAAS
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§  How can pathogen 
clones evolve rapidly? 

§  How does asexual 
reproduction affect 
genome evolution? 

§  Do pathogens require 
sexual reproduction? 

§  What’s the role of 
humans in pathogen 
evolution? 



Veredeling voor resistentie niet gelukt Why the misery? Why are oomycetes the scourge of 
farmers worldwide? 

§  Phytophthora are astonishing plant destroyers that can 
wipe out crops in days but the secret of their success is 
their ability to rapidly adapt to resistant plant varieties 

§  How did Phytophthora and other oomycetes manage to 
keep on changing and adapting to ensure their 
uninterrupted survival over evolutionary time? 



The genome sequence 
of Phytophthora 
infestans 
 
 
 
with Brian Haas, Mike Zody, and Chad Nusbaum 
@ Broad Institute 
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Magnaporthe grisea is the most destructive pathogen of rice worldwide and the principal model organism for elucidating the
molecular basis of fungal disease of plants. Here, we report the draft sequence of the M. grisea genome. Analysis of the gene set
provides an insight into the adaptations required by a fungus to cause disease. The genome encodes a large and diverse set of
secreted proteins, including those defined by unusual carbohydrate-binding domains. This fungus also possesses an expanded
family of G-protein-coupled receptors, several new virulence-associated genes and large suites of enzymes involved in secondary
metabolism. Consistent with a role in fungal pathogenesis, the expression of several of these genes is upregulated during the early
stages of infection-related development. The M. grisea genome has been subject to invasion and proliferation of active
transposable elements, reflecting the clonal nature of this fungus imposed by widespread rice cultivation.

Outbreaks of rice blast disease are a serious and recurrent problem
in all rice-growing regions of the world, and the disease is extremely
difficult to control1,2. Rice blast, caused by the fungusMagnaporthe
grisea, is therefore a significant economic and humanitarian
problem. It is estimated that each year enough rice is destroyed by
rice blast disease to feed 60 million people3. The life cycle of the rice
blast fungus is shown in Fig. 1. Infections occur when fungal
spores land and attach themselves to leaves using a special adhesive
released from the tip of each spore4. The germinating spore develops
an appressorium—a specialized infection cell—which generates
enormous turgor pressure (up to 8MPa) that ruptures the leaf
cuticle, allowing invasion of the underlying leaf tissue5,6. Subsequent
colonization of the leaf produces disease lesions from which the
fungus sporulates and spreads to new plants. When rice blast infects
young rice seedlings, whole plants often die, whereas spread of the
disease to the stems, nodes or panicle of older plants results in nearly
total loss of the rice grain2. Different host-limited forms ofM. grisea
also infect a broad range of grass species including wheat, barley and
millet. Recent reports have shown that the fungus has the capacity to
infect plant roots7.
Here we present our preliminary analysis of the draft genome

sequence of M. grisea, which has emerged as a model system for
understanding plant–microbe interactions because of both its
economic significance and genetic tractability1,2.

Acquisition of the M. grisea genome sequence
The genome of a rice pathogenic strain of M. grisea, 70-15, was
sequenced through a whole-genome shotgun approach. In all,
greater than sevenfold sequence coverage was produced, and a

summary of the principal genome sequence data is provided in
Table 1 and Supplementary Table S1. The draft genome sequence
consists of 2,273 sequence contigs longer than 2 kilobases (kb),
ordered and orientated within 159 scaffolds. The total length of all
sequence contigs is 38.8 megabases (Mb), and the total length of the
scaffolds, including estimated sizes for the gaps, is 40.3Mb. The
genome assembly has high sequence accuracy—96% of the bases
have quality scores of greater than 40—and long-range continuity,
with 50% of all bases residing in scaffolds longer than 1.6Mb.

Reconstruction of the M. grisea genome was aided by the
availability of genome maps8,9 (Supplementary Methods S1).
Thirty-three scaffolds, representing 32.8Mb or 85% of the draft
assembly, were ordered on the genetic map and assigned to each of
the seven chromosomes by virtue of containing an anchored genetic
marker. In addition, 19 scaffolds (65% of genome assembly)
contained more than one marker and could thus be oriented on
the map. The ends of chromosomes were identified by the telomere
repeat motif (TTAGGG)n. Thirteen telomeric sequences were
placed at the ends of scaffolds, of which six could be placed at the
ends of chromosomes, whereas the remainder were associated with
unanchored scaffolds (Supplementary Table S2). Genome coverage
was estimated by aligning 28,682 M. grisea expressed sequence tags
(ESTs), representing genes expressed during a range of develop-
mental stages and environmental conditions10,11. Approximately
94% of the ESTs were aligned to the genome assembly, despite
many of these ESTs being from different strains.

The gene content of a plant pathogenic fungus
Within the M. grisea genome, 11,109 genes were predicted with

articles

NATURE | VOL 434 | 21 APRIL 2005 | www.nature.com/nature980
© 2005 Nature Publishing Group 

 

2005	



Pathogenomics is an emerging field  
of plant pathology 
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intrinsic light scattering in bR) will help establish
the exact nature of the field interaction. The main
conclusion is that the experiment is clearly in the
weak field limit and the laser field is not strongly
perturbing the underlying thermally populated
modes, but rather inducing their interference in
the excited-state surface. Isomerization yieldswere
also compared with and without phase control
(Fig. 6C), keeping spectral amplitudes constant
(Fig. 6D; spectral profiles were confirmed using
a tunable monochromator with 0.2-nm spec-
tral resolution). The data show a clear phase
dependence indicative of coherent control.

Pure amplitude modulation alters the temporal
profile of the pulse (fig. S5); therefore, removing
the phase modulation affects the isomerization
yield by only 5 to 7%. The phase sensitivity of
the control efficiency further illustrates the co-
herent nature of the state preparation.

The temporal profiles of the shaped optimal and
anti-optimal pulses and the observed degree of the
isomerization yield control are consistent with the
known fast electronic dephasing of bR (10, 38).
The largest field amplitudes are confined to ap-
proximately 300-fs widths to yield 20% control. In
the case of transform-limited pulses, all the vibra-
tional levels within the excitation bandwidth are
excited in phase and there is a fast decoherence in
the initial electronic polarization (38). However,
with the phase-selective restricted bandwidths in
the shaped pulses, there is an opportunity to ma-
nipulate different vibrational stateswithmuch long-
er coherence times than the electronic polarization.
The resultant constructive and destructive interfer-
ence effects involving vibrational modes displaced
along the reaction coordinate offer the possibility of
controlling isomerization. Experimental obser-
vations presented here show that the wave proper-
ties ofmatter can play a role in biological processes,
to the point that they can even be manipulated.
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Phytophthora Genome Sequences
Uncover Evolutionary Origins and
Mechanisms of Pathogenesis
Brett M. Tyler,1* Sucheta Tripathy,1 Xuemin Zhang,1 Paramvir Dehal,2,3 Rays H. Y. Jiang,1,4

Andrea Aerts,2,3 Felipe D. Arredondo,1 Laura Baxter,5 Douda Bensasson,2,3,6 Jim L. Beynon,5

Jarrod Chapman,2,3,7 Cynthia M. B. Damasceno,8 Anne E. Dorrance,9 Daolong Dou,1

Allan W. Dickerman,1 Inna L. Dubchak,2,3 Matteo Garbelotto,10 Mark Gijzen,11

Stuart G. Gordon,9 Francine Govers,4 Niklaus J. Grunwald,12 Wayne Huang,2,14

Kelly L. Ivors,10,15 Richard W. Jones,16 Sophien Kamoun,9 Konstantinos Krampis,1

Kurt H. Lamour,17 Mi-Kyung Lee,18 W. Hayes McDonald,19 Mónica Medina,20

Harold J. G. Meijer,4 Eric K. Nordberg,1 Donald J. Maclean,21 Manuel D. Ospina-Giraldo,22

Paul F. Morris,23 Vipaporn Phuntumart,23 Nicholas H. Putnam,2,3 Sam Rash,2,13

Jocelyn K. C. Rose,24 Yasuko Sakihama,25 Asaf A. Salamov,2,3 Alon Savidor,17

Chantel F. Scheuring,18 Brian M. Smith,1 Bruno W. S. Sobral,1 Astrid Terry,2,13

Trudy A. Torto-Alalibo,1 Joe Win,9 Zhanyou Xu,18 Hongbin Zhang,18 Igor V. Grigoriev,2,3

Daniel S. Rokhsar,2,7 Jeffrey L. Boore2,3,26,27

Draft genome sequences have been determined for the soybean pathogen Phytophthora sojae and
the sudden oak death pathogen Phytophthora ramorum. Oömycetes such as these Phytophthora
species share the kingdom Stramenopila with photosynthetic algae such as diatoms, and the
presence of many Phytophthora genes of probable phototroph origin supports a photosynthetic
ancestry for the stramenopiles. Comparison of the two species’ genomes reveals a rapid expansion
and diversification of many protein families associated with plant infection such as hydrolases, ABC
transporters, protein toxins, proteinase inhibitors, and, in particular, a superfamily of 700 proteins
with similarity to known oömycete avirulence genes.

P
hytophthora plant pathogens attack a
wide range of agriculturally and orna-
mentally important plants (1). Late blight

of potato caused by Phytophthora infestans re-
sulted in the Irish potato famine in the 19th cen-

tury, and P. sojae costs the soybean industry
millions of dollars each year. In California and
Oregon, a newly emerged Phytophthora species,
P. ramorum, is responsible for a disease called
sudden oak death (2) that affects not only the live
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Genome sequence and analysis of the Irish potato
famine pathogen Phytophthora infestans
Brian J. Haas1*, Sophien Kamoun2,3*, Michael C. Zody1,4, Rays H. Y. Jiang1,5, Robert E. Handsaker1, Liliana M. Cano2,
Manfred Grabherr1, Chinnappa D. Kodira1{, Sylvain Raffaele2, Trudy Torto-Alalibo3{, Tolga O. Bozkurt2,
Audrey M. V. Ah-Fong6, Lucia Alvarado1, Vicky L. Anderson7, Miles R. Armstrong8, Anna Avrova8, Laura Baxter9,
Jim Beynon9, Petra C. Boevink8, Stephanie R. Bollmann10, Jorunn I. B. Bos3, Vincent Bulone11, Guohong Cai12, Cahid Cakir3,
James C. Carrington13, Megan Chawner14, Lucio Conti15, Stefano Costanzo16, Richard Ewan15, Noah Fahlgren13,
Michael A. Fischbach17, Johanna Fugelstad11, Eleanor M. Gilroy8, Sante Gnerre1, Pamela J. Green18,
Laura J. Grenville-Briggs7, John Griffith14, Niklaus J. Grünwald10, Karolyn Horn14, Neil R. Horner7, Chia-Hui Hu19,
Edgar Huitema3, Dong-Hoon Jeong18, Alexandra M. E. Jones2, Jonathan D. G. Jones2, Richard W. Jones20,
Elinor K. Karlsson1, Sridhara G. Kunjeti21, Kurt Lamour22, Zhenyu Liu3, LiJun Ma1, Daniel MacLean2, Marcus C. Chibucos23,
Hayes McDonald24, Jessica McWalters14, Harold J. G. Meijer5, William Morgan25, Paul F. Morris26, Carol A. Munro27,
Keith O’Neill1{, Manuel Ospina-Giraldo14, Andrés Pinzón28, Leighton Pritchard8, Bernard Ramsahoye29, Qinghu Ren30,
Silvia Restrepo28, Sourav Roy6, Ari Sadanandom15, Alon Savidor31, Sebastian Schornack2, David C. Schwartz32,
Ulrike D. Schumann7, Ben Schwessinger2, Lauren Seyer14, Ted Sharpe1, Cristina Silvar2, Jing Song3, David J. Studholme2,
Sean Sykes1, Marco Thines2,33, Peter J. I. van de Vondervoort5, Vipaporn Phuntumart26, Stephan Wawra7, Rob Weide5,
Joe Win2, Carolyn Young3, Shiguo Zhou32, William Fry12, Blake C. Meyers18, Pieter van West7, Jean Ristaino19,
Francine Govers5, Paul R. J. Birch34, Stephen C. Whisson8, Howard S. Judelson6 & Chad Nusbaum1

Phytophthora infestans is the most destructive pathogen of potato
and a model organism for the oomycetes, a distinct lineage of
fungus-like eukaryotes that are related to organisms such as brown
algae and diatoms. As the agent of the Irish potato famine in the
mid-nineteenth century, P. infestans has had a tremendous effect on
human history, resulting in famine and population displacement1.
To this day, it affects world agriculture by causing the most destruc-
tive disease of potato, the fourth largest food crop and a critical
alternative to the major cereal crops for feeding the world’s popu-
lation1. Current annual worldwide potato crop losses due to late
blight are conservatively estimated at $6.7 billion2. Management
of this devastating pathogen is challenged by its remarkable speed
of adaptation to control strategies such as genetically resistant cul-
tivars3,4. Here we report the sequence of the P. infestans genome,

which at 240 megabases (Mb) is by far the largest and most com-
plex genome sequenced so far in the chromalveolates. Its expansion
results from a proliferation of repetitive DNA accounting for 74%
of the genome. Comparison with two other Phytophthora genomes
showed rapid turnover and extensive expansion of specific families
of secreted disease effector proteins, including many genes that are
induced during infection or are predicted to have activities that alter
host physiology. These fast-evolving effector genes are localized to
highly dynamic and expanded regions of the P. infestans genome.
This probably plays a crucial part in the rapid adaptability of the
pathogen to host plants and underpins its evolutionary potential.

The size of the P. infestans genome is estimated by optical map and
other methods at 240 Mb (Supplementary Information). It is several-
fold larger than those of the related Phytophthora species P. sojae
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P. infestans 

P. sojae 

P. ramorum 

P. sojae 

P. infestans 
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B. Haas, S. Kamoun et al. Nature, 2009 

Phytophthora infestans genome architecture - repeat-
rich and gene-poor loci interrupt colinear regions 



Ü Typically, larger genomes than non-parasitic relatives 

Ü Extreme repeat-driven expansions in distinct lineages: 

Ü  Phytophthora infestans: 240 Mb, 74% repeats 

Ü  Rust fungi: 68-100 Mb, 45% repeats 

Ü  Powdery mildew fungi: 120-160 Mb, 65% repeats 

Ü  In sharp contrast to many parasites and symbionts that 

tend to evolve small compact genomes 

 

Genomes of host-specific filamentous 
plant pathogens – the bigger the better! 



§  Why is bigger better in filamentous plant pathogens?  

§  Which evolutionary tradeoffs counterbalance the cost 
of the larger genomes? 



Fungal mimicry of plants - “fake” flowers triggered 
by the rust Puccinia monoica on Boechera stricta  

rust infected plant 
with pseudoflowers healthy plant with 

normal flowers 



Ü  Effectors – described in parasitic bacteria, oomycetes, fungi, 

nematodes, and insects 

Ü  Encoded by genes in pathogen genomes but function in (inside) 

plant cells – operate as plant proteins 

Ü  Target of natural selection in the context of coevolutionary 

arms race between pathogen and plant 

Ü  Current paradigm – effector activities are key to understanding 

parasitism 
 

Effectors – secreted pathogen molecules 
that perturb plant processes 
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immunity in particular plant genotypes 
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RXLR 

Crinklers 

Protease inhibitors 

The diverse effectors of Phytophthora infestans 

Apoplastic 

Host-translocated 

~38 

~550 

~200  
~250ψ 



Positive selection has targeted the C terminal  
domain of RXLR effectors (ML method in paml)	



Win et al. Plant Cell, 2007 

•  Consistent with the view that RXLR effectors are modular 



<20% sequence identity in the C-terminal effector domains 

RXLR effector proteins have conserved  
but adaptable structures 

Mark Banfield Lab @ John Innes Centre 
Boutemy et al. JBC 2011 
Win et al. PLoS Pathogens 2012 



Ü  Insertion/deletions in loop regions between α-helices 

Ü Extensions to the N- and C-termini 

Ü Amino acid replacements in surface residues 

Ü Tandem domain duplications 

Ü Oligomerization  

 

WY-fold of Phytophthora RXLR-WY effectors 

•  A structural template for rapid biochemical diversification? 





Veredeling voor resistentie niet gelukt Why the misery? Why are oomycetes the scourge of 
farmers worldwide? 

§  Phytophthora are astonishing plant destroyers that can 
wipe out crops in days but the secret of their success is 
their ability to rapidly adapt to resistant plant varieties 

§  How did Phytophthora and other oomycetes manage to 
keep on changing and adapting to ensure their 
uninterrupted survival over evolutionary time? 



P. infestans 

P. sojae 

P. ramorum 

P. sojae 

P. infestans 

P. ramorum 

B. Haas, S. Kamoun et al. Nature, 2009 

Phytophthora infestans genome architecture - repeat-
rich and gene-poor loci interrupt colinear regions 
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Crinklers 

Protease inhibitors 

The diverse effectors of Phytophthora infestans 

Apoplastic 

Host-translocated 

~38 

~550 

~200  
~250ψ 



P. infestans 

P. sojae 

P. ramorum 

P. sojae RXLR effector gene 

P. infestans 

P. ramorum 

B. Haas, S. Kamoun et al. Nature, 2009 

RSLR 

43 47 100 22 1 

AVRblb2 

Host translocation Effector activity 

Signal Peptide 

Phytophthora infestans effectors typically occur  
in the expanded, repeat-rich and gene-poor loci 



The “two-speed genome” of P. infestans 
underpins high evolutionary potential 

P. sojae 

P. infestans 

P. ramorum 

§  Gene-sparse regions of genome show highest rates of structural 
and sequence variation, signatures of adaptive selection 

§  Gene-sparse regions underpin rapid evolution of virulence (effector) 
genes and host adaptation 



Sylvain Raffaele 

Oomycete and fungal plant pathogens independently 
evolved “two-speed” genomes  

Phytophthora infestans >>> Oomycete Leptosphaeria maculans >>> Fungus 



Genome biology: the peculiar architecture  
of filamentous plant pathogen genomes 

A C 

D 

B §  Effector genes populate specific (repeat-rich) 
compartments of filamentous pathogen genomes   

§  Repeat-rich genome compartments contribute to the 
emergence of new virulence traits > “two-speed genome” 



The “two-speed” genome per JBS Haldane ca. 1949  

§  “…it would be advantageous for a 
species if the genes for biochemical 
diversity [in disease resistance] were 
particularly mutable, provided that 
this could be achieved without 
increasing the mutability of other 
genes whose mutation would give 
lethal or sublethal genotypes.” Haldane, J.B.S. (1949). Disease and evolution.  

La Ricerca Scientifica, 19, 2–11. 



Ü Structural genome variation – increased genome 

instability and structural variation, deletions, duplications etc. 

Ü Horizontal gene/chromosome transfer – mobile 

effectors 

Ü Increased local mutagenesis – RIP mutation leakage 

Ü Epigenetics – heterochromatin leakage? 

Ü …more to be discovered 

How does the two-speed genome accelerate 
evolution? …drive new virulence traits? 



Raffaele and Kamoun, Nature Reviews Microbiol 2012 
GC Wlliams (1992) Oxford Uni Press 

 
Why the “two-speed” 
genome? Jump or die!  
 
 §  Lineages with less adaptable 
genomes suffer higher 
extinction rates, thus a 
macroevolutionary 
disadvantage 

§  Lineages that have adaptable 
genomes end up dominating 
the biota 

§  Clade selection – opposes 
short term advantages 
conferred by smaller compact 
genomes 





#EvoMPMI – Evolutionary Plant-Microbe Interactions 

Ü  Comparative studies within a phylogenetically and ecologically 

robust framework to test specific hypotheses about how evolution 

has tweaked mechanisms of pathogenicity and immunity 

Ü  Alternative to genetic approaches – genetic screens have taken 

place in nature throughout evolution  

phenotype  gene  process 
A   a  alpha 

B   b  beta 
D   d  delta 
E   e  epsilon 
K   k  kappa 
L   l  lambda             

ancestral state 



§  Diverged ~1300 years ago; 99.9% identical in ITS 
§  Three species naturally co-occur in Toluca, Mexico 
§  Specialized on their respective hosts 

  
multilocus phylogeny of Phytophthora from Blair et al. 2008 Fungal Genet Biol 

Species in the Phytophthora infestans 
lineage (clade 1c) evolved by host jumps 



Time 

P1 

P2 
H2 

H1 

Effector 
Target 

Pseudogenization Ψ  

Adaptive selection 
dN > dS 

Purifying or neutral 
selection dN <= dS 

Host jumps must have a dramatic impact 
on effector evolution 

P = parasite 
H = host 



Impact of host jumps on genome and effector evolution 

§  We detected 345 in planta induced genes under positive selection in 
P. mirabilis relative to P. infestans (Raffaele et al. 2010) 

§  What is the biochemical basis of adaptive selection? à P. mirabilis 
protease inhibitor PmEPIC1 on Mirabilis jalapa 

by N-WASP (Fig. 4B and fig. S7, C to E). The
results suggest that nebulin modules and the N-
WASP WH2 domains cooperate to nucleate an
unbranched actin filament. Then the actin fila-
ment might elongate along the nebulin modules
from the Z band toward the center of a sarcomere
(fig. S8A).

We assessed the requirement of N-WASP for
IGF-1–induced actin filament formation in myo-
fibrils and muscle hypertrophy by RNA interfer-
ence (RNAi) (fig. S9). EGFP–a-actin coexpressed
with control small interfering RNA (siRNA) in
the fastedmousemuscle was diffusely distributed
without IGF-1 stimulation but located to the Z
bands and thin filaments within 2 hours after the
stimulation (Fig. 4C and fig. S9D). In contrast,
EGFP–a-actin coexpressed with siRNA1 or 2
(fig. S11A) remained diffusely distributed after
the stimulation. Therefore, N-WASP is indispens-
able for the recruitment of a-actin to the Z bands
and for myofibrillar actin filament formation.

IGF-1 administration to mice caused muscle
hypertrophy owing to the increase in myofiber
volume. The expression of siRNA1 or 2 reduced
the cross-sectional area of the myofibers regard-
less of IGF-1 administration (Fig. 4D and figs.
S10 and S11). Thus, N-WASP plays essential roles
in both age-dependent natural hypertrophy and
administered IGF-1–induced hypertrophy. N-

WASP seems to participate in myofiber hyper-
trophy by inducing myofibrillar actin filament
formation through the nebulin–N-WASP com-
plex. This notion is consistent with the observa-
tion that Neb-deficient mice develop a muscle
atrophy–like phenotype (15, 16).

We elucidated the signaling of IGF-1–induced
myofibrillar actin filament formation from the Z
bands (fig. S8B) and a mechanism of actin nu-
cleation [supporting online material (SOM) text].
The Neb–N-WASP complex formed by the sig-
naling can explain actin filament formation arising
from the Z bands. These findings may provide
insights into themechanisms ofmuscular diseases,
such as nemaline myopathy, caused byNEB gene
mutations (17). The actin filament formation to-
gether with myosin filament assembly, which
might also induced by IGF-1 signaling, results in
myofibrillogenesis required for muscle matura-
tion and hypertrophy.
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Genome Evolution Following Host
Jumps in the Irish Potato Famine
Pathogen Lineage
Sylvain Raffaele,1* Rhys A. Farrer,1*† Liliana M. Cano,1* David J. Studholme,1‡ Daniel MacLean,1

Marco Thines,1,2,3 Rays H. Y. Jiang,4 Michael C. Zody,4 Sridhara G. Kunjeti,5 Nicole M. Donofrio,5

Blake C. Meyers,5 Chad Nusbaum,4 Sophien Kamoun1§

Many plant pathogens, including those in the lineage of the Irish potato famine organism Phytophthora
infestans, evolve by host jumps followed by specialization. However, how host jumps affect genome
evolution remains largely unknown. To determine the patterns of sequence variation in the P. infestans
lineage, we resequenced six genomes of four sister species. This revealed uneven evolutionary rates
across genomes with genes in repeat-rich regions showing higher rates of structural polymorphisms
and positive selection. These loci are enriched in genes induced in planta, implicating host adaptation
in genome evolution. Unexpectedly, genes involved in epigenetic processes formed another class of rapidly
evolving residents of the gene-sparse regions. These results demonstrate that dynamic repeat-rich genome
compartments underpin accelerated gene evolution following host jumps in this pathogen lineage.

Phytophthora infestans is an economical-
ly important specialized pathogen that
causes the destructive late blight disease

on Solanum plants, including potato and tomato. In
central Mexico, P. infestans naturally co-occurs with
two extremely closely related species, Phytoph-
thora ipomoeae and Phytophthora mirabilis, that
specifically infect plants as diverse as morning glo-
ry (Ipomoea longipedunculata) and four-o’clock
(Mirabilis jalapa), respectively. Elsewhere in North
America, a fourth related species, Phytophthora
phaseoli, is a pathogen of lima beans (Phaseolus
lunatus). Altogether these four Phytophthora spe-

cies form a very tight clade of pathogen species
that share ~99.9% identity in their ribosomal DNA
internal transcribed spacer regions (1). Phyloge-
netic inferences clearly indicate that species in this
Phytophthora clade 1c [nomenclature of (2)] evolved
through host jumps followed by adaptive special-
ization on plants belonging to four different bo-
tanical families (2, 3). Adaptation to these host
plants most likely involves mutations in the hun-
dreds of disease effector genes that populate gene-
poor and repeat-rich regions of the 240–megabase
pair genome ofP. infestans (4). However, compar-
ative genome analyses of specialized sister species

of plant pathogens have not been reported, and the
full extent to which host adaptation affects genome
evolution remains unknown.

To determine patterns of sequence variation
in a phylogenetically defined species cluster of
host-specific plant pathogens,wegenerated Illumina
reads for six genomes representing the four clade
1c species. We included the previously sequenced
P. infestans strain T30-4 (4) to optimize bioinfor-
matic parameters (figs. S1 to S3) (5). To estimate
gene copy number variation (CNV) in the five re-
sequenced genomes relative to T30-4, we used
average read depth per gene and GC content cor-
rection (5) (fig. S4). After GC content correction
(6), average read depth provided a good estimate
of gene copy number in T30-4 (fig. S5). In the
other genomes, we detected 3975 CNVevents in
coding genes, among which there are 1046 dele-
tion events (Fig. 1).
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by N-WASP (Fig. 4B and fig. S7, C to E). The
results suggest that nebulin modules and the N-
WASP WH2 domains cooperate to nucleate an
unbranched actin filament. Then the actin fila-
ment might elongate along the nebulin modules
from the Z band toward the center of a sarcomere
(fig. S8A).

We assessed the requirement of N-WASP for
IGF-1–induced actin filament formation in myo-
fibrils and muscle hypertrophy by RNA interfer-
ence (RNAi) (fig. S9). EGFP–a-actin coexpressed
with control small interfering RNA (siRNA) in
the fastedmousemuscle was diffusely distributed
without IGF-1 stimulation but located to the Z
bands and thin filaments within 2 hours after the
stimulation (Fig. 4C and fig. S9D). In contrast,
EGFP–a-actin coexpressed with siRNA1 or 2
(fig. S11A) remained diffusely distributed after
the stimulation. Therefore, N-WASP is indispens-
able for the recruitment of a-actin to the Z bands
and for myofibrillar actin filament formation.

IGF-1 administration to mice caused muscle
hypertrophy owing to the increase in myofiber
volume. The expression of siRNA1 or 2 reduced
the cross-sectional area of the myofibers regard-
less of IGF-1 administration (Fig. 4D and figs.
S10 and S11). Thus, N-WASP plays essential roles
in both age-dependent natural hypertrophy and
administered IGF-1–induced hypertrophy. N-

WASP seems to participate in myofiber hyper-
trophy by inducing myofibrillar actin filament
formation through the nebulin–N-WASP com-
plex. This notion is consistent with the observa-
tion that Neb-deficient mice develop a muscle
atrophy–like phenotype (15, 16).

We elucidated the signaling of IGF-1–induced
myofibrillar actin filament formation from the Z
bands (fig. S8B) and a mechanism of actin nu-
cleation [supporting online material (SOM) text].
The Neb–N-WASP complex formed by the sig-
naling can explain actin filament formation arising
from the Z bands. These findings may provide
insights into themechanisms ofmuscular diseases,
such as nemaline myopathy, caused byNEB gene
mutations (17). The actin filament formation to-
gether with myosin filament assembly, which
might also induced by IGF-1 signaling, results in
myofibrillogenesis required for muscle matura-
tion and hypertrophy.
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Genome Evolution Following Host
Jumps in the Irish Potato Famine
Pathogen Lineage
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Marco Thines,1,2,3 Rays H. Y. Jiang,4 Michael C. Zody,4 Sridhara G. Kunjeti,5 Nicole M. Donofrio,5

Blake C. Meyers,5 Chad Nusbaum,4 Sophien Kamoun1§

Many plant pathogens, including those in the lineage of the Irish potato famine organism Phytophthora
infestans, evolve by host jumps followed by specialization. However, how host jumps affect genome
evolution remains largely unknown. To determine the patterns of sequence variation in the P. infestans
lineage, we resequenced six genomes of four sister species. This revealed uneven evolutionary rates
across genomes with genes in repeat-rich regions showing higher rates of structural polymorphisms
and positive selection. These loci are enriched in genes induced in planta, implicating host adaptation
in genome evolution. Unexpectedly, genes involved in epigenetic processes formed another class of rapidly
evolving residents of the gene-sparse regions. These results demonstrate that dynamic repeat-rich genome
compartments underpin accelerated gene evolution following host jumps in this pathogen lineage.

Phytophthora infestans is an economical-
ly important specialized pathogen that
causes the destructive late blight disease

on Solanum plants, including potato and tomato. In
central Mexico, P. infestans naturally co-occurs with
two extremely closely related species, Phytoph-
thora ipomoeae and Phytophthora mirabilis, that
specifically infect plants as diverse as morning glo-
ry (Ipomoea longipedunculata) and four-o’clock
(Mirabilis jalapa), respectively. Elsewhere in North
America, a fourth related species, Phytophthora
phaseoli, is a pathogen of lima beans (Phaseolus
lunatus). Altogether these four Phytophthora spe-

cies form a very tight clade of pathogen species
that share ~99.9% identity in their ribosomal DNA
internal transcribed spacer regions (1). Phyloge-
netic inferences clearly indicate that species in this
Phytophthora clade 1c [nomenclature of (2)] evolved
through host jumps followed by adaptive special-
ization on plants belonging to four different bo-
tanical families (2, 3). Adaptation to these host
plants most likely involves mutations in the hun-
dreds of disease effector genes that populate gene-
poor and repeat-rich regions of the 240–megabase
pair genome ofP. infestans (4). However, compar-
ative genome analyses of specialized sister species

of plant pathogens have not been reported, and the
full extent to which host adaptation affects genome
evolution remains unknown.

To determine patterns of sequence variation
in a phylogenetically defined species cluster of
host-specific plant pathogens,wegenerated Illumina
reads for six genomes representing the four clade
1c species. We included the previously sequenced
P. infestans strain T30-4 (4) to optimize bioinfor-
matic parameters (figs. S1 to S3) (5). To estimate
gene copy number variation (CNV) in the five re-
sequenced genomes relative to T30-4, we used
average read depth per gene and GC content cor-
rection (5) (fig. S4). After GC content correction
(6), average read depth provided a good estimate
of gene copy number in T30-4 (fig. S5). In the
other genomes, we detected 3975 CNVevents in
coding genes, among which there are 1046 dele-
tion events (Fig. 1).
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In total, we identified 746,744 nonredundant
coding sequence single-nucleotide polymorphisms
(SNPs) in the resequenced strains (Fig. 1). We cal-

culated rates of synonymous (dS) and nonsynon-
ymous (dN) substitutions for every gene (5, 7).
Average dS divergence rates relative to P. infestans

T30-4 were consistent with previously reported
species phylogeny (Fig. 1) (2). We detected a total
of 2572 genes (14.2% of the whole genome) with
dN/dS ratios >1 indicative of positive selection in
the clade 1c strains, with the highest number in
P. mirabilis (1004 genes) (fig. S6). A high pro-
portion of genes annotated as effector genes
show signatures of positive selection (300 out of
796) (fig. S6). This supports previous observa-
tions that effector genes are under strong positive
selection in oomycetes (8–10).

Haas et al. (4) reported that the P. infestans
genome experienced a repeat-driven expansion
relative to distantly related Phytophthora spp.
and shows an unusual discontinuous distribution
of gene density. Disease effector genes localize to
expanded, repeat-rich and gene-sparse regions of
the genome, in contrast to core ortholog genes,
which occupy repeat-poor and gene-dense regions
(4). We exploited our sequence data to determine
the extent to which genomic regions with distinct
architecture evolved at different rates. We used
statistical tests (table S1) and random sampling

P. mirabilis P. phaseoliEstimated CNV

infestans
PIC99189

ipomoeae

mirabilis

phaseoli

.

***

***

***

.

.

SNP frequency (Kb  )-1

dN/dS ratio

A B

***

***

***

Number of P/A polymorphisms

GDRs
GSRs

***

***

***

infestans
PIC99189
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phaseoli
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PIC99189
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mirabilis

phaseoli
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PIC99189
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mirabilis

phaseoli

Fig. 2. The two-speed genome of P. infestans. (A) Dis-
tribution of copy number variation (CNV), presence/absence
(P/A) and single-nucleotide polymorphisms (SNP), and
dN/dS in genes from gene-dense regions (GDRs) and
gene-sparse regions (GSRs). Statistical significance was
assessed by unpaired t test assuming unequal variance
(CNV, dN/dS); assuming equal variance (SNP frequency); or
by Fisher’s exact test (P/A) (•P<0.1; ***P<10−4).Whiskers
show first value outside 1.5 times the interquartile range.
(B) Distribution of polymorphism in P. mirabilis and
P. phaseoli according to local gene density (measured as
length of 5′ and 3′ flanking intergenic regions, FIRs). The
number of genes (P/A polymorphisms) or average values
(CNV, SNP, dN/dS) associated with genes in each bin are
shown as a color-coded heat map.
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Fig. 1. Summary of genome sequences obtained for Phytophthora clade1c species. Six strains representing four
species were analyzed. P. infestans T30-4 previously sequenced by Haas et al. (4) was included for quality control.
CDS, coding sequence; CNV, copy number variation; SNP, single-nucleotide polymorphism; syn., synonymous.
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In total, we identified 746,744 nonredundant
coding sequence single-nucleotide polymorphisms
(SNPs) in the resequenced strains (Fig. 1). We cal-

culated rates of synonymous (dS) and nonsynon-
ymous (dN) substitutions for every gene (5, 7).
Average dS divergence rates relative to P. infestans

T30-4 were consistent with previously reported
species phylogeny (Fig. 1) (2). We detected a total
of 2572 genes (14.2% of the whole genome) with
dN/dS ratios >1 indicative of positive selection in
the clade 1c strains, with the highest number in
P. mirabilis (1004 genes) (fig. S6). A high pro-
portion of genes annotated as effector genes
show signatures of positive selection (300 out of
796) (fig. S6). This supports previous observa-
tions that effector genes are under strong positive
selection in oomycetes (8–10).

Haas et al. (4) reported that the P. infestans
genome experienced a repeat-driven expansion
relative to distantly related Phytophthora spp.
and shows an unusual discontinuous distribution
of gene density. Disease effector genes localize to
expanded, repeat-rich and gene-sparse regions of
the genome, in contrast to core ortholog genes,
which occupy repeat-poor and gene-dense regions
(4). We exploited our sequence data to determine
the extent to which genomic regions with distinct
architecture evolved at different rates. We used
statistical tests (table S1) and random sampling
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tribution of copy number variation (CNV), presence/absence
(P/A) and single-nucleotide polymorphisms (SNP), and
dN/dS in genes from gene-dense regions (GDRs) and
gene-sparse regions (GSRs). Statistical significance was
assessed by unpaired t test assuming unequal variance
(CNV, dN/dS); assuming equal variance (SNP frequency); or
by Fisher’s exact test (P/A) (•P<0.1; ***P<10−4).Whiskers
show first value outside 1.5 times the interquartile range.
(B) Distribution of polymorphism in P. mirabilis and
P. phaseoli according to local gene density (measured as
length of 5′ and 3′ flanking intergenic regions, FIRs). The
number of genes (P/A polymorphisms) or average values
(CNV, SNP, dN/dS) associated with genes in each bin are
shown as a color-coded heat map.
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Evolution of EPIC1 protease inhibitor effector family 

Suomeng Dong, Remco Stam, 
Liliana Cano et al. Science 2014	



A

epiC1_3

epiC1_2

epiC1  

PmepiC1

PipepiC1

epiC-like і�=
PmepiC-like і

epiC2B

PipepiC2A

epiC2A

PphepiC3

epiC3

76

75

85

74

83

66

71

100

 ѱ� �����

ѱ� �����

 ѱ� �����

 ѱ� ������

ѱ� �����

ѱ� �����

ѱ� �����

ѱ� ���11

ѱ� �����

ѱ� ����� ѱ� �����

ѱ� �����

ѱ� �����

B

)LJXUH��

����

P. infestans

P. mirabilis

P. ipomoeae

P. phaseoli

P. sojae

P. ramorum

Phytophthora�species

Clade1C

6RODQXP��SRWDWR��WRP�
�DWR��ZLOG�SRWDWR�VSS��

)RXU�R·FORFN

0RUQLQJ�JORU\

/LPD�EHDQ

6R\EHDQ

WRRG\�SODQWV

Host

epiC1 epiC2A epiC2B epiC-like і

PmepiC1 PmepiC-like і

&\VWDWLQ�OLNH�HIIHFWRUV

epiC3

PipepiC1 PipepiC2A PipepiC3

PphepiC3

PmepiC3

PsepiC3

PrepiC3



Protease inhibitor PmEPIC1 is under positive selection 

Pi_epiC2B 

Pi_epiC2A 

Pi_epiC-like = Pm_epiC-like 

Pi_epiC3 = Pip_epiC3 

Pph_epiC3 

0.05 substitutions per codon 

 ω = 1.37 
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ω = 0.12 

ω = 0.10 

Pm_epiC3 Ψ (excluded) 

Solanum 

Mirabilis 

Ipomoea 

 ω = nonsynonymous (dN)/ synonymous (dS)                  
 ω ratio calculated per branch using two-ratio model of codeml 
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RCR3 

EPIC1 

Effector adaptation and specialization to host target 
following jump? 

EPIC2B 

PIP1 

P. infestans 
PmEPIC1 

MRP2 
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A resurrected ancestral EPIC1 can inhibit  
potato RCR3 but not Mirabilis MRP2 

Suomeng Dong, Kentaro Yoshida	



EPICs from P. infestans isolates 
EPICs from P. mirabilis isolates 

ancEPIC1 



EPIC1/RCR3 predicted contact residues are polymorphic  

Suomeng Dong with Mark Banfield 
and Renier van der Hoorn 

EPIC1& EPIC1& PmEPIC1&

RCR3esc& RCR3dms3& MRP2&

H148& N147& D152&
Q111# Q111# R112#



Single residues in EPIC1 and RCR3 affect inhibition  

EPIC1 

PmEPIC1 

Solanum RCR3 Mirabilis MRP2 

§  Gln to Arg substitution in PmEPIC1 increased MRP2 
inhibition but carries a trade off, impairs RCR3 inhibition 

§  Antagonistic pleiotropy - an effector that evolved 
higher activity on new target performs poorly on the 
ancestral host; leads to specialization! 




