
http://genomebiology.com/2009/10/10/241 Gijzen: Genome Biology 2009, 10:241

Abstract
Sequencing of the genome of the potato late blight pathogen 
Phytophthora infestans provides insight into genome structure 
and evolution within this genus of plant pathogenic oomycetes.

Parasitic organisms that rely on hosts to complete their life 
cycles face unstable and rapidly changing selective 
pressures, as their own reproduction affects the health and 
success of their host. Late blight disease of potatoes and 
tomatoes is caused by the plant pathogen Phytophthora 
infestans. The recent analysis of the P. infestans genome 
sequence by Haas et al. [1] has provided new answers as to 
how this pathogen adapts to its host, and why its 240 Mb 
genome is unusually large among the species within its 
assemblage.

The completion of the P. infestans genome sequence 
represents a milestone because of the importance of this 
organism to history and the study of plant disease. As every 
student of plant pathology knows, P. infestans caused the 
Irish potato famine of the 1840s. The rapid spread of the 
disease after it was accidentally introduced to Europe from 
the Americas resulted in utter destruction of the potato 
crop. It remains the most spectacular example of a catas
trophic plant disease epidemic. Anton de Bary described 
the life cycle of P. infestans some 140 years ago, making it 
among the first plant pathogenic microorganisms to be 
well characterized. But this is not just a history lesson, as 
P. infestans and other oomycetes continue to pose 
problems as plant pathogens and invasive organisms 
around the globe.

Oomycetes are somewhat obscure, funguslike organisms 
that capture public attention when they destroy crops and 
gardens or invade new landscapes. Oomycetes are 
filamentous microorganisms that resemble fungi in their 
morphology and lifestyle. Many oomycetes are parasites of 
plants or animals and cause disease, whereas others are 
saprophytic and freeliving. Oomycetes and fungi are 
similar in form but have evolved independently, thus 
illustrating the concept of convergent evolution. These 
filamentous organisms share so many similarities in their 
appearance and mode of life that it seems natural to 

assume a close ancestry and to classify them together, as 
all textbooks did until recently. But it was also clear that 
oomycetes and fungi have fundamental differences, such 
as in the makeup of their cell walls, the flagellation of their 
spores and their methods of sexual reproduction.

DNAsequencebased phylogenies have drastically 
reorganized the classification of eukaryotes and deeply 
separated the fungal and oomycete lineages [2]. True fungi 
are unikonts (any flagellated cells have only one flagellum) 
and are related to animals, whereas oomycetes are hetero
konts (flagellated cells generally have two flagella, of 
different types) and belong to the chromalveolates. From a 
phylogenetic perspective the two groups of organisms are 
about as different as they could be (Figure 1). Despite this 
early bifurcation, which occurred at the initial stages of 
eukaryote radiation hundreds of millions of years ago, the 
fungi and the oomycetes have completed an evolutionary 
journey that has taken them to the same destination. This 
is especially true for the plant pathogenic types, which have 
grown to resemble each other in appearance and biology to 
a remarkable degree. Their filamentous and osmotrophic 
growth mode, with dissemination by spores, and their sub
specialization into necrotrophic, biotrophic and hemi
biotrophic pathogenic types, are the basic common 
elements that define plant pathogenic fungi and oomycetes.

The core oomycete genome versus the 
plastic genome
Plant pathogenic oomycetes cause diseases on all types of 
plants, in all sorts of environments, around the world. They 
include soil, water, and airborne pathogens that attack 
roots or aerial plant parts. Typically, spores attach to host 
plants and then grow into host tissues where they 
proliferate and produce more spores. Within the 
oomycetes, there are some 80 members of the genus 
Phytophthora that are particularly destructive. Whole
genome sequencing of oomycete species began with 
Phytophthora sojae (soybean root rot pathogen; 95 Mb 
genome) and Phytophthora ramorum (sudden oak death 
pathogen; 65 Mb genome) because they have smaller and 
simpler genomes than the 240 Mb P. infestans [3,4]. In 
fact, the P. infestans genome is an outlier among oomycetes, 
being about threefold larger than the genomes of most 
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other species in this class. The completion of the 
P. infestans genome has now shown how repeatdriven 
expansion has enlarged its size and differentially affected 
its structure (Figure 2). Threequarters of the P. infestans 
genome is repetitive DNA and much of this appears to have 
recently arisen through an explosive spread of transposons 
[1]. Nonetheless, there remains a high degree of conserved 
synteny among all three genomes, and a core set of some 
9,500 orthologous genes is present in each of the species 
[1]. The total number of genes annotated for each genome 
is similar, ranging from 14,451 (P. ramorum) to 16,988 
(P. sojae) and 17,797 (P. infestans).

It is clear that the expansion of the P. infestans genome is 
not due to a wholesale duplication of the genome or large 
segments of it; rather, it is a consequence of the 
proliferation of transposable elements. The expansion of 
the genome is also not uniform. Overall, the genome shows 
a bimodal pattern whereby regions of low repeat content 
and high gene density with conserved synteny (the ‘core 
genome’) are interrupted by repeatrich regions of low 
gene density where synteny has broken down (the ‘plastic 
genome’). This pattern has been noted before, in the 
P. ramorum and P. sojae genomes, but it is so exaggerated 

in P. infestans that the genome has become a caricature of 
features for its genus [1,3].

Accelerated change pervades the effector 
repertoire
A closer look at the contrasting segments that make up the 
core and plastic genomes of P. infestans illustrates how 
changes in genomic structure are shaped by the sharpest 
biological challenges and selective pressures that an 
organism faces. Genes encoding disease effector proteins 
are at the forefront of evolution for pathogens, just as 
genes controlling immunity are among the most dynamic 
in their hosts. Pathogen effectors comprise a diverse 
collection of secreted proteins that are delivered to extra 
and intracellular host targets in order to foster suscep
tibility and disease. Effectors are crucial to pathogens 
because they enable growth in the host organism. For 
species of Phytophthora, numerous types of effectors have 
been described or proposed. Examples of extracellular or 
apoplastic effectors include enzymes that digest host cells 
and mobilize nutrients [5], inhibitors of host enzymes that 
attack pathogen components [6], and toxins that cause 

Figure 1

A current model of eukaryotic phylogeny showing selected groups 
of organisms. Phytophthora infestans is an oomycete.
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Genome sizes of three different Phytophthora species, showing the 
content of non-repetitive and repetitive DNA.
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necrosis of host tissues [7]. Recent studies have shown how 
the P. sojae and P. ramorum genomes have an expanded 
collection of polysaccharidedegrading enzymes in com
parison to other nonplantpathogenic chromalveolates 
[8]. The phytotoxic necrosis and ethylene inducinglike 
protein (NLP) family is also inordinately large and among 
the chromalveolates is only present in plant pathogenic 
oomycete species [1]. Current theories suggest that NLPs 
are cytolytic toxins and virulence factors that contribute to 
pathogen growth in the host [8].

Secreted pathogen effectors that enter host cells are also 
known. The RXLR effectors, for example, named after the 
ArgXLeuArg pattern (where X denotes any amino acid) 
that occurs downstream of the signal peptide, are know to 
be intracellular effectors. Conserved amino acid sequence 
motifs, or higherorder protein structural signals, some
how direct the uptake or trafficking of these effectors 
across host plasma membranes [9,10].

It is not known what functions RXLR effectors perform but 
there is evidence from studies on P. infestans and P. sojae 
that they can suppress host defenses and accelerate infection 
[11,12]. In fact, host immune systems have honed in on 
RXLR effectors for surveillance, as cues to activate rapid and 
robust defenses that are selfdestructive but that limit 
pathogen growth and halt disease through a process known 
as effectortriggered immunity. So far, several different 
RXLR effectors that activate effectortriggered immunity are 
known from three species of oomycete plant pathogens  P. 
infestans, P. sojae, and Hyaloperonospora arabidopsidis 
(downy mildew pathogen of Arabidopsis) [1320]. Any 
pathogen molecule that triggers immunity in the host is a 
deadend liability and subject to immense selective 
pressures. Thus, pathogen effectors that are recognized by 
host immune systems evolve rapidly and acquire gainof
virulence mutations in a type of molecular arms race.

It is also intuitive that pathogens will build effector 
arsenals that are diverse and redundant so that particular 
ones could be dispensable or readaptable should they 
come under host surveillance. Analysis of the P. infestans 
genome indicates this to be the case. There are 563 
predicted RXLR effectors but only 16 of these are part of 
the core genome with identifiable orthologs in both P. 
sojae and P. ramorum [1]. The RXLR effectors constitute a 
huge and fastevolving class of proteins in all three 
Phytophthora species sequenced to date. Previous studies 
on P. sojae and P. ramorum have suggested that the RXLR 
effector class arose from a single ancestor [21] but Haas et 
al. [1] favor the view that there are distinct families of 
effectors with separate origins.

It is debatable whether the RXLR effectors are mono
phyletic, but this is certainly not the case for another class 
of proposed intracellular effectors, called the crinklers 

(CRNs). The CRNs are secreted proteins that were 
identified on the basis of their ability to cause cell death 
and necrosis when expressed in plant cells. The 196 
predicted CRN genes of P. infestans can be aligned into 
distinct families that arose through recombination and 
domain swapping [1]. Like the RXLR effectors, the CRNs 
appear to rely on separate conserved signaling domains 
within the aminoterminal region of the protein for 
secretion and delivery into host cells, although this needs 
to be proved by further experimentation. The CRN genes 
also populate the repeatrich plastic genome of P. infestans, 
which has diverged and expanded in comparison to those 
of P. sojae and P. ramorum.

The proliferation of transposons and the spread of 
repetitive sequences in P. infestans have apparently aided 
sequenceexchange mechanisms that rely on homologous 
recombination. These processes can also cause the 
expansion of gene families through tandem duplication 
and amplification of sequence segments. Clusters of CRN 
genes in the P. infestans genome may have arisen this way. 
Likewise, analysis of the P. sojae genome has shown how 
multiple copies of identical or nearidentical RXLR effector 
genes occur in tandem arrays that display copynumber 
variation among pathogen strains [20], or that show evidence 
of ongoing sequence exchanges within an array [19].

The post-genomic era for Phytophthora
Genetic research on oomycetes has always been challeng
ing because it is difficult to perform sexual crosses and 
follow segregation. Moreover, for a long time these diploid 
organisms were misclassified and misunderstood. The 
application of molecular and DNA sequencing analyses has 
altered our view of oomycetes and provided new insight 
into the evolution of these organisms and how they have 
excelled as plant pathogens [22]. Parasites often follow a 
path of retrograde evolution, where structures and func
tions are lost over time as they become dispensable or 
redundant with functions provided by their hosts. Plant 
pathogenic oomycetes display many such trends, having 
lost photosynthetic capacity and associated functions and 
developmental programs. Recent studies using the P. sojae 
and P. ramorum sequences reveal a large number of gene 
fusions compared with other eukaryotes and suggest that 
the core genome has been under pressure for consolidation 
[23]. This is in contrast to the expansionary forces that 
dominate genome regions harboring disease effector genes.

The P. infestans genome appears to be exceptionally fluid, 
perhaps because we have caught it in a period of rapid 
change. To maintain the size and structure of a genome, 
the spread of repetitive elements, such as transposons, 
must be kept in check. For P. infestans, the unleashing of 
transposons has apparently provided the genetic means for 
recombination and adaptation that has enabled its recent 
evolution. Nevertheless, the highly conserved core genome 
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appears somehow protected or insulated in this hyper
changing environment, although this insulation may 
simply be imposed through the forces of natural selection. 
Like any good scientific study, the analysis of the P. 
infestans genome raises as many questions as it answers. 
How did transposons come to infest the genome of P. 
infestans to such a degree? What are the costs and 
consequences of carrying such a load of repetitive DNA? 
What are the probable future trajectories for such a 
genome? How exactly do the RXLR and CRN effectors 
operate? What other effector types lurk in the vast pool of 
predicted genes with no functional annotation? Where do 
we look in the P. infestans genome to find the key to 
controlling this pathogen and others like it? These 
questions and countless others are on the agenda as we 
enter the postgenomic era for Phytophthora research.
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