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Pathogenic eukaryotes belong to several distinct phylogenetic lineages and have evolved
the ability to colonize a range of hosts, including animals and plants. Pathogenic lifestyles
have evolved repeatedly in eukaryotes, indicating that unique molecular processes are
involved in host infection. However, evidence is now emerging that divergent eukaryotic
pathogens might share common mechanisms of pathogenicity. The results from recent
studies demonstrate that Plasmodium falciparum and Phytophthora infestans use equivalent
host-targeting signals to deliver virulence adhesins and avirulence gene products into
human and plant cells, respectively. Remodelling of host cells by different eukaryotic
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pathogens might therefore share some common features.

Remodelling host-cell functions to create a suitable
niche for proliferation is an extensively used virulence
strategy in microbial infection of both plant and ani-
mal cells'. It requires the delivery of microbial effector
proteins into the host cell and therefore involves signals
for appropriate protein transport, as well as specialized
machinery dedicated to breaching the host-cell bar-
rier. A wide range of bacterial pathogens use leader
sequences and associated secretion systems for this
pathogenic process, indicating that some mechanisms
of virulence and pathogenesis are conserved in diver-
gent bacterial species’. Until recently, however, little was
known about how eukaryotic pathogens deliver viru-
lence determinants into their host cells. This Review
focuses on common infection strategies of the malaria
parasite Plasmodium falciparum and the plant pathogen
Phytophthora infestans, with an emphasis on the recently
identified host-targeting signals that these pathogens
use to deliver virulence factors and avirulence proteins
into human and plant cells, respectively.

Infection of human erythrocytes by P. falciparum
The protozoan apicomplexan parasite P. falciparum
causes human malaria, a major global health prob-
lem?®, which in Africa alone kills more than one mil-
lion children annually. P. falciparum infection of
erythrocytes (FIC. 1) underlies all of the symptoms and
pathologies associated with malaria, many of which
have been linked to parasite proteins that are secreted
into red blood cells>®. Entry into erythrocytes is medi-
ated by invasion organelles located at the apical end

of the merozoite and results in the formation of an
intracellular ring-stage parasite that is surrounded by
a parasitophorous vacuole. Rings develop in the parasi-
tophorous vacuole and after ~24-30 hours they reach
the trophozoite stage, in which the parasite begins
to enlarge in size and initiate DNA replication. At
schizogony, the parasite undergoes multiple rounds
of mitosis to generate 8-16 nuclei that are assembled
into the daughter merozoites. At 48 hours the infected
erythrocyte ruptures to release infectious mero-
zoites, which infect other erythrocytes to re-establish
intracellular infection.

Multiple structural and antigenic changes are
induced in the erythrocyte on infection by malaria
parasites. These include the formation of prominent
cleft and loop structures in the erythrocyte cytoplasm,
and the formation of prominent protrusions called
knobs on the infected erythrocyte surface (FIC. 1).
Resident in these structures are parasite proteins, the
best characterized of which belong to a variant antigen
family of adhesins called the P. falciparum erythrocyte
membrane protein 1 (PfEMP1) family. Members of
PfEMP1I are encoded by the var genes’, and are exposed
on the erythrocyte surface concentrated at the knob
protrusions. PFEMP1 mediates adhesion to endothelial
cells in the blood vessels that line organs such as the
brain and placenta, and is therefore linked to both cer-
ebral and placental malaria®. Other secreted protein
families include the STEVOR and Rifin families, which
are normally situated in the cleft structures known
as Maurer’s clefts that form beneath the erythrocyte
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Figure 1| Erythrocytic infection by malarial parasites. Extracellular merozoites
invade mature erythrocytes to form an intracellular ring-stage parasite that is
encapsulated in a vacuolar membrane. The apical organelles of the merozoite
(dense granules, rhoptries and micronemes) must be orientated towards the
erythrocyte for productive adherence, junction and invasion. Invasion results in the
formation of an intracellular ‘ring’-stage parasite that is surrounded by a
parasitophorous vacuolar membrane (PVM). After ~24-30 hours the trophozoite
stage is reached, in which the parasite begins to enlarge in size and initiate DNA
replication. At schizogony, the parasite undergoes multiple rounds of mitosis to
generate nuclei that are assembled into the daughter merozoites. At 48 hours, the
infected erythrocyte ruptures to release infectious merozoites, which infect other
erythrocytes to re-establish intracellular infection. During ring and trophozoite
development, numerous parasite proteins are exported into the cytoplasm and
membrane of the erythrocyte, and into structures called the Maurer’s clefts.
PfEMP1, Plasmodium falciparum erythrocyte membrane protein 1.

membrane. The functions of the STEVOR and Rifin pro-
teins remain unknown, but the fact that they undergo
antigenic variation indicates that they might be ‘seen’
by the immune system. The mechanisms involved are
unknown, but might involve transient exposure at the
erythrocyte surface or could be linked to antigenic
variation in PfEMP1. Rifins have been shown to be
exported to the erythrocyte surface®. Additional para-
site-exported membrane proteins have been detected
in erythrocytes, as have soluble proteins®®. These pro-
teins presumably mediate the cellular changes required
for parasite survival in the erythrocyte or animal host
or they sustain protein trafficking in mature erythro-
cytes, which lack endogenous transport organelles and
a classical secretory pathway.

Biotrophic

A biotrophic pathogen invades
host tissue without Killing host
cells and feeds on living cells.

Sporangium

A sac-like structure that is
capable of converting its
cytoplasm into multiple spores.

Zoospore
A flagellated, wall-less spore,
specialized for dispersal.
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Infection of plants by P. infestans

Oomycetes are deep-branching eukaryotes and were
recently recognized as being distinct from fungi’. They
include the biotrophic oomycete Hyaloperonospora para-
sitica and the notorious plant killer P. infestans, which
causes the destructive disease potato late blight'' and
was responsible for the Irish potato famine. P. infestans
still causes problems for potato and tomato crops and is
estimated to cost growers US$5 billion annually world-
wide. P, infestans infection is initiated when wind-blown
sporangia release zoospores onto the plant surface. The
zoospores locate host tissues by several mechanisms,
including recognition of the charge on the plant sur-
face and recognition of chemical stimuli exuded by the
plant as both non-specific (amino acids) and specific
(isoflavones) chemoattractants. These attractants form
concentration gradients from both root tips and wound
sites that might be the optimal infection sites. Zoospores
can also exhibit autoattraction (autoaggregation), a phe-
nomenon that might increase the frequency of successful
infections.

In response to such physical and chemical stimuli,
the zoospores encyst to form appressoria, which
involves the production of several types of vesicles.
The appressoria and vesicles enable the plant epidermis
to be breached, after which hyphae develop and can
spread throughout the plant'**® (FIG. 2). When these
structures penetrate plant cells they remain enveloped
by a lipidic membrane that is derived from the plant
plasma membrane (FIG. 2).

Oomycetes encode many highly polymorphic pro-
teins'*". Allelic variations in the genes encoding these
proteins result in rapid adaptation in the host response
genes and host cell death during infection'*'8. Further,
these proteins are specifically recognized by the prod-
ucts of resistance (R) genes on transduction into the
host'**%. Therefore, there is a strong basis to infer that
these proteins, which are delivered into the host plant
cells, are pathogenic effectors'*->. All of the ten known
oomycete avirulence (AVR) proteins, including AVR3a
of P. infestans, and ATR1 and ATR13 of H. parasitica,
are perceived in the host cytoplasm by cytosolic plant
disease-resistance proteins, resulting in a hypersensitive
response!'®~'. Therefore, like Plasmodium, oomycetes
can release effectors into the host. These effectors can
induce disease (virulence function) and/or elicit host
defences such as the hypersensitive response (avirulence
function)'',

The HT signal of pathogenic eukaryotes

In eukaryotes, proteins with an endoplasmic reticulum
(ER)-type signal sequence either at the N terminus or
as an internal signal sequence are recruited into the gen-
eral secretory pathway. Such secretory proteins can then
be delivered to the plasma membrane (in the absence
of additional organelle targeting or retention signals).
However, both Plasmodium spp. and oomycetes need
to translocate effectors beyond their plasma membrane
and across a second host-derived vacuolar membrane
that separates the microorganism from the host-cell
cytoplasm (FIG. 3).
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Figure 2 | Infection of host plants by Phytophthora infestans. Schematic view of the
hypersensitive cell-death response triggered in resistant plants by P infestans. The
germinated cysts (Gc) on the surface of the plant produce appressoria (Ap) to penetrate
plant tissues, and then produce infection vesicles (Iv), intercellular hyphae (Ih) and
haustoria (Ha) within the plant tissues. Plant cells can be infected without causing cell
death. Those infected and undergoing hypersensitive cell death are shown in red. The
hypersensitive response can include 1-2 cells (left) or a larger group of plant cells (right),
depending on the genotypes of both the plant and the pathogen. Hypersensitivity is
triggered by secreted pathogen avirulence proteins on recognition by cytoplasmic plant

resistance proteins.

Isoflavones

Specialized polyphenolic
metabolites produced by
plants of the legume family.

Appressoria

Specialized infection structures
of oomycete and fungal plant
pathogens that enable host
penetration.

Hypersensitive response
A programmed cell-death
response of plants that is
associated with resistance.

General secretory pathway
Pathway for protein secretion
through the endoplasmic
reticulum and Golgi to the
plasma membrane.

Twin-arginine transport
(TAT). A protein transport
system that transports proteins
across membranes in a fully
folded state.

In the case of P, falciparum, in many of the N-terminal
signal sequences, the hydrophobic core that is cru-
cial for signal-sequence function is detected further
downstream of the initiator methionine than it is in
the signal sequences of most other eukaryotic pro-
teins. However, there is general agreement that these
sequences nonetheless function as adequate leader
sequences for recruitment into the parasite secretory
pathway. Cargo proteins are sequestered in vesicles
and are transported through the secretory pathway,
culminating in the fusion of vesicles with the parasite
plasma membrane, which results in protein release
into the parasitophorous vacuole.

The subsequent export of proteins across the sur-
rounding parasitophorous vacuole membrane requires
a 30-40-amino-acid vacuolar translocation sequence
(VTS), which is found immediately downstream of the
signal sequence'” and which is necessary and sufficient
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for export. Examination of five VTSs derived from
P, falciparum exported proteins led to the recognition
of a shared 11-amino-acid motif (Rx SRxLxE/D/
Qx,x,x,) with a 5-amino-acid core (RxLxE/D/Q) that
is conserved between diverse proteins® (FIC. 4a). The
11-amino-acid motif was found to be required for pro-
tein export into the host cell and was therefore defined
as a host (cell)-targeting (HT) signal; its 5-amino-acid
core was also defined as a Plasmodium export element
(PEXEL)*?!. As an equivalent signal has now been
found in P, infestans, the term PEXEL seems restrictive
and so we will use the terms HT signal and HT motif
throughout the text.

In proteins with an N-terminal signal sequence,
cleavage of the signal sequence is required to gener-
ate a VTS leader sequence containing an HT motif,
which mediates protein export across the parasitopho-
rous vacuole membrane. Such VTS leader sequences
containing an HT motif have been detected in ~400
P. falciparum secretory proteins, including the large
antigenic PFEMP1, STEVOR and Rifin protein families
that extensively remodel the host erythrocyte during
infection?”?'. This novel motif, and its cargo, could
therefore provide targets for new drugs and vaccines
against malaria.

Although the HT motif identifies high-value candi-
date proteins that are exported into the host erythrocyte,
our understanding of how this motif actually functions
in protein export is limited. One important feature that
needs to be understood is how the HT signal can medi-
ate the export of both soluble and membrane proteins
to the cytoplasm and membrane of the erythrocyte,
respectively. In addition, despite the importance of a
conserved R residue in the 5-amino-acid core, at the
time of discovery, the HT signal seemed distinct from all
other known protein-transport signals, including those
of the arginine-rich motif in the HIV transactivator (Tat)
protein® and the motifs that direct export through the
bacterial twin-arginine transport (TAT) system?®. Not all
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Figure 3 | Intracellular infection by Phytophthora infestans and Plasmodium falciparum. a | A plant cell infected by
P infestans. The P infestans parasite colonizes the host’s intracellular spaces and forms haustoria. The host-derived
haustorial membrane must be crossed by pathogenic effectors (purple squares) released into cells to mediate virulence
and plant hypersensitive responses. b | A human erythrocyte infected by P, falciparum. Invasion by the extracellular
merozoite stage leads to the formation of a host-derived parasitophorous vacuole, within which the parasite resides.
Proteins (purple squares) secreted by the parasite must cross the parasitophorous vacuole membrane (PVM) to reach, and
mediate virulence and structural changes in, the erythrocyte. Modified with permission from PloS Pathogens REF. 26.
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P, falciparum proteins that are targeted to the erythrocyte
contain an HT motif, indicating that there are alternative
mechanisms of transport. Nonetheless, the HT signal
seems to be a major new transport signal and was the
first secretion signal to be defined for a eukaryotic
pathogen.

The predictive algorithms that were originally
used to identify the P. falciparum secretome associ-
ated with the HT signal, and subsequent efforts to
further characterize the set of effector proteins that
carry this signal, revealed that the HT signal is used
by all Plasmodium species?>*"** but failed to detect
it in any other eukaryotic or prokaryotic genomes.
This indicated that either the HT signal was unique
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to the genus Plasmodium or there were limitations in
the algorithms that were used to look for functionally
equivalent signals in divergent eukaryotes.

Analyses of four AVR proteins from plant pathogenic
oomycetes revealed the presence of a conserved RxLR
motif at the N terminus, followed by regions that are
highly variable and under diversifying selection'*'®. The
RxLR motif is not required for the activation of plant
defences when AVR proteins are expressed directly in
plant cells®, suggesting that this motif is part of a leader
sequence that is distinct from the downstream effector
domains of these proteins, and which reflects a common
function shared by these proteins, such as transport into
the host cell.
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Figure 4 | Comparative analysis of the host-targeting signal in Plasmodium falciparum and Phytophthora spp.
A | Logo representation of the host targeting (HT) motif in P, falciparum secretome proteins. On the x axis, the blue bar
indicates the 11-amino-acid motif recognized by the MEME program?’, with a 5-amino-acid core. B | Logo
representation of the HT motif in Phytopthora infestans secretome proteins. This was generated from sequences of
predicted secretory proteins containing the RxLR motif in the first 100 residues after the signal sequence cleavage site
(that is, ~10% of the signal sequence set). C | Comparative analyses of secretory (Ca) and cytosolic (Cb) RxLR-
containing sequences in Phytophthora species showing the requirement for E and D residues downstream of the HT
consensus sequence. These logo representations were generated from the sequences of predicted Phytophthora
secretory proteins containing the RxLR motif in the first 100 residues after the signal sequence cleavage site (that is,
~10% of the signal sequence-containing proteins) (Ca), and the sequences of predicted Phytophthora cytosolic proteins
containing the RxLR motif in the first 100 residues (that is, ~5% of the cytosolic proteins). Amino acids in A-C are
represented by one-letter abbreviations and are colour coded: blue, basic residues; red, acidic residues; black,
hydrophobic residues; and green, polar residues. The height of the amino acids indicates their frequency at that
position. D | The positional equivalence of the HT motifs in Phytophthora ramorum, Phytophthora sojae and P, falciparum.
Parts B, C and D are reproduced with permission from PloS Pathogens REF. 26.
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Direct testing of RxLR-containing N-terminal leader
sequences for their ability to export reporter proteins
from the oomycete into the plant cell remains a techni-
cal challenge. However, Bhattacharjee et al.? reported
that a P, infestans leader sequence containing an RxLR
motif could mediate protein export into the plant-cell
cytoplasm with the same efficiency as the P. falciparum
leader sequence containing the RxLxE/D/Q motif, and
that this export is dependent on the RxLR motif.

A logo representation of all the predicted secretory
proteins containing the P. falciparum RxLxE/D/Q HT
motif and the P. infestans N-terminal RxLR HT motif
is shown in FIGURE 4 (REF. 26). The residues RxL are
clearly shared between these two logos. In P. infestans,
the secretory RxLR-containing proteins are enriched
in D or E residues ~20 amino-acids downstream of
the RxLR motif, and these residues have a role in host
targeting. Sequences downstream of the RxLR motif in
P. infestans cytosolic proteins cannot substitute for the
equivalent region in secretory RXxLR-containing proteins
in host targeting®. Importantly, in P. infestans proteins,
the core RxL-containing motif itself is ~25-30 amino
acids in length®, whereas in P. falciparum proteins this

Table 1 | Plasmodium spp. proteins containing a SS and HT motif*

Protein or protein family

Plasmodium falciparum

Number of proteins*

Rifin 165
STEVOR 32-34
Kinases (FIKK) 18
DNAJ/heat shock (HSP40: 2; RESA and RESA-related: 8; 17
other: 7)

MC-2M 13
Phosphatases 3
ABC transporter 1
KAHRP 1
Other proteins known to be exported to the erythrocyte: 6
GBP130, GBP3, MESA1, PfHRPI, PfHRPII, PIEMP1, PfEMP2,

PfEMP3

PfEMP1 cell-surface adhesin* 59
Hypothetical/unknown*® ~80-190
Plasmodium yoelii

Hypothetical family-1 39
PfATPase3 1
Plasmodium vivax PV1H14030_P putative 1
DHHC zinc finger domain, putative 1
Merozoite surface protein 4/5 1
Methanol oxidation protein 1
Aminopeptidase-like protein, related 1
Hypothetical/unknown 25

*Proteins listed are those which contain a signal sequence (SS) and RxLxE/D/Q host-targeting
(HT) signal. *Assignments based on REFS 20,21,22,28,29,30 and http://fozzie.pathology.
northwestern.edu/cgi-bin/PlasmoHT/index.cgi *No leader signal sequence, internal signal
sequence. lIncludes some antigenic families with ten or fewer members. ABC, ATP-binding
cassette; KAHRP, knob-associated histidine-rich protein; PFEMP, Plasmodium falciparum
erythrocyte membrane protein; PfHRP, Plasmodium falciparum histidine-rich protein.

core motif is present in the RxLXE/D/Q motif, which
functions in protein export embedded in the context
of a 25-30-amino-acid VTS. Therefore, the precise
equivalence between these active HT signals is likely to
involve a secondary and/or tertiary structure® rather
than be at the primary sequence level*. This equiva-
lence in function in the P. falciparum and P. infestans
HT signals, combined with the equivalence in both
position and sequence requirements in the HT motifs,
indicates that deep-branching eukaryotes belonging to
such distinct groups as the heterokonts (P, infestans) and
the alveolates (P, falciparum) share conserved secretion
strategies to access host cells from both the plant and
animal kingdoms'6-'%.

Motif conservation in pathogenic eukaryotes

The conservation of protein-transport motifs between
divergent eukaryotic species can reflect convergent
evolution or an ancient molecular mechanism. A
short linear motif like the ER-retentive KDEL motif is
preserved across phylogenetically diverse taxa and is
recognized by conserved machinery?”. However, short
sequences can be susceptible to mutation, resulting in
aloss of function. Interestingly, the positively charged
arginine and lysine residues that flank the shared
RxL core in both P. infestans and P. falciparum might
enable some redundancy in the conserved arginine
residue and preserve the function of the motif despite
point mutations or changes in the host environment.
By contrast, the E/D/Q residues in the 5-amino-acid
core of the plasmodial HT motif are not position-
ally conserved in P. infestans proteins, although the
enrichment in E/D residues downstream from the
P infestans HT motif is important for host target-
ing®. Analyses of P, infestans and P. falciparum leader
sequences indicate that in both, the protein domain
containing the information that is necessary and suf-
ficient for host targeting resides in a larger peptidic
structure approaching the size (25-30 amino acids)
of a small globular domain?. Globular domains tend to
be ordered, conserved among species and have strong
binding affinities”, and therefore might be conserved
across divergent eukaryotic genera, such as Plasmodium
and Phytophthora. The presence of variable yet still con-
strained flanking regions might allow the evolutionary
plasticity needed to breach distinct host barriers, such
as the parasitophorous vacuole membrane for P. fal-
ciparum proteins and a plant-cell-derived membrane
for P. infestans proteins.

Comparing the host-targeted secretomes

As there are multiple secretory destinations in eukaryo-
tes, we define the global prediction of the Plasmodium
spp. and Phytophthora spp. proteins that are delivered
into host cells as the ‘host-targeted secretome’. A
prominent common feature of these two host-targeted
secretomes is their large size — they both comprise
hundreds of proteins with many hypothetical genes, the
annotation of which will provide significant insights
into how eukaryotic pathogens remodel their host
environment.
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Figure 5 | Families of putative host-targeted heat shock protein DNAJ-domain-
containing proteins in Plasmodium species. The tree shows the protein families
containing a heat shock protein DNAJ domain and a host-targeting (HT) motif in
Plasmodium falciparum, Plasmodium vivax and Plasmodium yoelii. The tree was
constructed using the parsimony algorithm from PHYLIP (the PHYLogeny Inference
Package). Preliminary sequence data was obtained from The Institute for Genomic
Research. P falciparum genes are in bold. *Indicates the presence of an endoplasmic
reticulum (ER) -type signal sequence. **Indicates the presence of an ER-type signal
sequence followed by an HT motif.

Syntenous orthologue

An orthologue in which the
gene locus is conserved among
species.

The precise composition of the P. falciparum host-
targeted secretome can vary depending on the algorithm
used to make the predictions®?' (see the PlasmoHT
web page, details in Further information). A more
recent algorithm® predicts additional P. falciparum and
Plasmodium vivax host-targeted proteins. However, this
algorithm allows for extremely low scores in the signal
sequence and has not yet been extensively validated. In
addition, all of the currently available algorithms are lim-
ited because they are based on linear sequence alone?®.
Nonetheless, cumulative analyses indicate that the major
antigenic STEVOR, Rifin and PfEMP1 families (alto-
gether ~250 proteins) are all present in the P, falciparum

REVIEWS

secretome. The number of other predicted proteins
ranges from 120-250, and a more precise definition of
the total number of proteins exported outside the major
antigenic families awaits experimental validation.

Many (80-190) are hypothetical proteins (TABLE 1),
have no recognizable annotation other than that they
contain repeats and are enriched in one or more amino
acids, and occasionally cluster into families not exceed-
ing 10-15 members. Genomic analyses from multiple
groups have confirmed that several are predicted by
in silico annotation to be putative heat shock proteins,
chaperones, kinases or phosphatases?**2*25-30 (TABLE 1).
More than 50 are clearly expressed during the blood
stages of infection. Bioinformatics analysis suggests that
the HT signal is also present in insect (circumsporozoite
protein (CSP)) and liver stage (liver-stage antigen 3
(LSA-3)) proteins, but experimental evidence to indicate
that the signal is functional in these proteins is yet to be
established.

The host-targeted secretomes of the rodent malaria
parasites Plasmodium yoelii and Plasmodium berghei
seem to be much smaller (~60-70 predicted effec-
tors)? than that predicted for P. falciparum. They
have not been subjected to the same intense curation
as the P, falciparum secretome. The P. yoelii secretome
contains one large protein family of 39 members and
most of the remainder are hypothetical proteins that
cannot yet be annotated®. Remarkably, the P. yoelii
large antigenic family Yirs* lack the HT signal®. The
rodent malaria host-targeted secretomes show little
overlap (~10 proteins are syntenous orthologues, largely
hypotheticals) with the P. falciparum host-targeted
secretome?®”. Sargent ef al. also predicted a distinct
but small set of overlapping proteins (~10 syntenous
orthologues). This shows that the size and nature of
the plasmodial host-targeted secretome is strongly
influenced by the host species. Strikingly, even com-
pared with another human malaria parasite such as
P. vivax, there is P. falciparum-specific expansion of
protein families, such as those containing heat shock
protein DNAJ domains (see below; FIC. 5), indicating
that the functions of these proteins might be linked
to virulence and disease in P. falciparum malaria. The
export of a fusion protein between green fluorescent
protein and a P, falciparum heat shock protein (HSP40)
into the erythrocyte confirmed the prediction that this
member of the heat shock protein family can indeed
be delivered to the host erythrocyte®.

In Phytophthora spp., 60 P. infestans, 162 Phytophthora
sojae and 131 Phytophthora ramorum proteins were pre-
dicted to be secreted on the basis of signal peptides and
the RxLR motif (TABLE 2). In each species ~15 proteins
had putative ascribed functions that could be related to
ATP-binding cassette (ABC) transporters, efflux pumps,
proteases, kinases, acyltransferases and transglutami-
nase elicitors (a P. sojae transglutaminase elicitor has
previously been shown to induce plant defences??).

The annotation of this secretome set is still in
its infancy and it will undoubtedly be refined and
expanded (especially with respect to the numbers
of proteins in each category) as the genomes are
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Table 2 | Phytophthora spp. proteins containing a SS and RxLR motif
Protein or protein class Number of proteins”
Phytophthora infestans

Kinase

Acyltransferase

Peptidase family M3

Transglutaminase elicitor

ABC transporter

Phosphoribosylpyrophosphate synthetase
Sugar transporter

Phosphatidylinositol glycan biosynthesis protein
GrpE

Small cysteine-rich protein SCR58; putative
extracellular elicitor

L T T = S S S S S O

In planta induced genes Ipi0, Ipi01 and Ipi02 2
Avirulence protein 3a (AVR3a), alleles 3
Hypothetical/ unknowns 44
Phytophthora sojae

Acyltransferase

Proteases

Transglutaminase elicitor

Tetratricopeptide repeat

Ubiquitin carboxyl-terminal hydrolase

ABC transporter

Extracellular dioxygenase

DNA repair

Homology to P sojae necrosis-inducing factor
Very glycine-rich protein

Elicitor avirulence protein 1b (AVR1b)

Elicitor AVH1b

L T = T = T e N L S e G SR RSN

[uny
D
N

Hypothetical/ unknowns
Phytophthora ramorum
Acyltransferase

Transglutaminase elicitor
Tetratricopeptide repeat

SCP-like extracellular proteins

MatE efflux protein

NUDIX domain

Ubiquitin carboxyl-terminal hydrolase
Phosphoribosylpyrophosphate synthetase
Helicase

Cytochrome P450

Very glycine-rich protein

[ = T T = W = U R S S NC R SR N0

Similarity to dynein, axonemal, heavy
polypeptide 5
Hypothetical/ unknowns 131

*Data reproduced with permission from PLoS Pathogens REF. 26 (2006). ABC, ATP-binding
cassette; SCP, sperm-coating protein; SS, signal sequence.

assembled and annotated. Nonetheless, early com-
parisons indicate that there are striking differences
in effector-protein classes between P. falciparum
and Phytophthora spp., which might reflect the
fact that these eukayotic pathogens colonize vastly
different host cells. Particularly striking is the appar-
ent absence of DNAJ-domain-containing proteins
in the Phytophthora spp. host-targeted secretomes
in contrast to their prevalence in P. falciparum. It is
possible that these P. falciparum proteins are required
in mature erythrocytes because these cells are enu-
cleated and terminally differentiated, and therefore
lack DNAJ-domain and heat shock proteins that are
crucial for antigen transport or localization. However
the host-targeted secretomes of Phytophthora spp.
might contain chaperones that have not yet been
annotated.

The large families of antigenic proteins, such as
PfEMP1s, Rifin and STEVOR, which are seen in
P. falciparum, are also absent from all Phytophthora
spp. host-targeted secretomes, possibly because these
proteins evolved in response to disease mechanisms
that are unique to this organism, and the correspond-
ing adaptive immune response in mammalian hosts.
Likewise, the transglutaminase elicitor detected
in all species of Phytophthora is not detected in
Plasmodium spp. secretomes. In addition, AVRs,
which are abundant in Phytophthora spp., are absent
from Plasmodium spp. Indeed, so far, there is no single
secretome protein function that is conserved across all
species of Phytophthora and Plasmodium. However,
at the present time, similarities cannot be ruled out
entirely because it is expected that the predictions of
both the Plasmodium and Phytophthora host-targeted
secretomes are comprehensive but not exhaustive.
Opverall, the effector annotations currently available
indicate that pump/transporter functions, post-trans-
lational modifications, chaperone-mediated protein
folding and immune evasion are important features
of the host-targeted secretomes of these eukaryotic
pathogens. Whether these can satisfactorily account
for all of the host remodelling that is observed for
each pathogen is an active area of research. Even so,
the present annotation supports a simple evolution-
ary strategy that nonetheless affords the high degree
of flexibility necessary to colonize vastly different
hosts.

Other similarities in infection mechanisms

There are several common cellular and molecular fea-
tures in the infection mechanisms of apicomplexan
and oomycete parasites. Both organisms produce spe-
cialized single-celled asexual spores that are involved
in the early phases of infection, such as attachment
to, and penetration of, host cells. In apicomplexans,
sporozoites and merozoites are the main infec-
tive stages®. In oomycetes, the main infective stage
typically involves the motile biflagellate zoospores®,
which are produced in large numbers under favour-
able environmental conditions in the soil or on aerial
plant parts.
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Micronemes

Micronemes are located at the
apical end of all three invasive
stages of apicomplexan
parasites and have an
important role in gliding
motility, host-cell adhesion and
invasion.

Rhoptries

Rhoptries are located at the
apical end of certain invasive
stages of apicomplexan
parasites, and have an
important role in host-cell
adhesion and invasion, and in
the establishment of the
parasitophorous vacuole.

Dense granules

Secretory granules, the
contents of which are released
from the parasites after
discharge from the rhoptries.

Gliding motility

A form of substrate-dependent
locomotion in which the
parasite maintains a fixed
shape.

Haustoria

Specialized infection structures
of biotrophic oomycete and
fungal plant pathogens that
invaginate into plant cells but
remain enveloped by a
modified host-cell membrane.

Invasion and penetration mechanisms. Apicomplexan
sporozoites and merozoites, as well as oomycete zoospore
cysts, are characterized by the accumulation of special-
ized secretory vesicles (apical invasion organelles)***. In
apicomplexans, there are three distinct apical secretory
organelles: the micronemes, rhoptries and dense granules
(FIC. 1). At the time of entry, the apical end of the para-
site contacts the host cell, and protein and membrane
release from the micronemes and rhoptries is intimately
linked to entry and the formation of the nascent para-
sitophorous vacuole. The release of the contents of the
dense granules also contributes to the formation of
the parasitophorous vacuole membrane at a subsequent
step after invasion. The specialization of structurally dis-
tinct organelles has not been described for oomycetes.
Nonetheless, there is a high density of vesicles localized
at the anterior side of oomycetes spores, which faces the
host tissues or cells, and these are involved in the secre-
tion of adhesins and enzymes that facilitate attachment
to, and penetration of, host cells. The contents of these
secretory vesicles is currently unknown but it would be
interesting to find out whether it consists of secreted
hydrolases and other effectors.

Recently, Robold and Hardham? revealed that PcVsvl,
a 260-kDa protein secreted by Phytophthora cinnamomi
spores, shares significant sequence similarity with api-
complexan adhesins. PcVsvl contains 47 tandem copies
of the thrombospondin type 1 (TSR1) repeat (InterPro
IPR000884), which has been reported in numerous
proteins from several apicomplexan genera, including
thrombospondin-related anonymous proteins (TRAPs).
PcVsvl is an adhesin that mediates spore attachment
to host cells, which is a prerequisite for invasion®.
Apicomplexan TRAPs mediate host—parasite interactions
and function in host-cell invasion’’~* and have also been
associated with a conserved motor complex that enables
gliding motility of apicomplexan cells*-*.

Apicomplexan and oomycete parasites also secrete
adhesive proteins containing the PAN module/Apple
domain (InterPro IPR000177), which functions in
protein-protein or protein-carbohydrate interac-
tions. Although this domain is found in a wide vari-
ety of eukaryotic proteins, it seems to be associated
with adhesins in both apicomplexans and oomycetes.
Several proteins secreted through the microneme
invasion organelles of apicomplexan parasites contain
PAN/Apple-like domains and are thought to have a
role during parasite attachment and invasion of host
cells®**°. One example, MIC4, is a micronemal adhesin
secreted by the apicomplexan Toxoplasma gondii that
contains six PAN/Apple domains*. A second microne-
mal protein, AMA1, which is found in both T. gondii
and all Plasmodium species, also contains PAN/Apple
domains®. AMALI is essential for T. gondii entry into
host cells’, and knocking out the gene blocks rhoptry
secretion. Antibodies to AMA1 block malarial invasion
and AMAL1 is a leading malaria vaccine candidate®. Its
function in Plasmodium spp. is likely to be similar to
its function in T. gondii.

In Phytophthora parasitica, CBEL is a 34-kDa cell-wall
glycoprotein that binds to cellulose and plant surfaces,
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enables the agglutination of red blood cells and elicits
cell death and the expression of defence genes in tobacco
leaves*. CBEL contains two regions that have homology
to the PAN module. Transgenic strains of P. parasitica
in which the CBEL-encoding gene was silenced were
impaired in adhesion to cellophane membranes and the
formation of aggregating hyphae on cellulose fibres®.
Recently, secreted proteins containing the PAN module
were shown to be particularly diverse in several species
of oomycetes, including the fish parasite Saprolegnia
parasitica®™.

Protease inhibition during pathogen replication. The
inhibition of host proteases is a shared counterdefence
strategy in animal and plant pathogenic eukaryotes.
Apicomplexans and oomycetes secrete Kazal-like
serine protease inhibitors (InterPro IPR002350) that
are thought to contribute to virulence by protecting
parasite proteins from degradation and by blocking
host signalling pathways. Kazal-like proteins have been
implicated in virulence in T. gondii and Neospora cani-
num, apicomplexan parasites that move through the
digestive tract®'-**. Four putative proteins with Kazal-like
domains were also identified in the genome sequence of
another apicomplexan animal parasite, Cryptosporidium
parvum®.

The T. gondii trypsin and chymotrypsin inhibitors
TgPI-1 and TgPI-2 contain four Kazal domains and
are secreted by various ‘zoites’ from secretory granules
into the extracellular space or the parasitophorous
vacuole®**. Secreted protease inhibitors with Kazal
domains have also been described in plant and animal
pathogenic oomycetes. The function of most oomyc-
ete Kazal-like proteins remains unknown but two of
the P, infestans Kazal-like inhibitors, EPI1 and EPI10,
have been implicated in counterdefence®®. EPI1 and
EPI10 specifically inhibit and interact with the patho-
genesis-related P69B subtilisin-like serine protease of
the host tomato plant®. The epil, epil0 and P69B (a
third inhibitor) genes are concurrently expressed and
upregulated during infection of tomato by P. infestans>.
Recent results indicate that EPI1 protects several
secreted proteins of P. infestans from degradation by
P69B (M. Tian and S. K., unpublished data). Besides
serine protease inhibitors, inhibitors of cysteine pro-
teases have been reported in animal parasites. One
example in trypanosomatid parasites is chagasin, which
is thought to target proteases of the insect vector or the
mammalian host”"*. Secreted proteins with similarity
to the cystatin class of cysteine protease inhibitors have
also been recently reported in oomycetes®*',

Eukaryotic parasite phylogeny

Parasitic lifestyles have evolved repeatedly in eukaryo-
tes, indicating the use of unique molecular processes
for host infection. Nonetheless, as discussed above,
there is emerging evidence that divergent pathogenic
eukaryotes might share common mechanisms of
pathogenicity. The phylogenetic affinities between the
main groups of animal and plant pathogenic parasites
need to be fully appreciated by animal parasitologists
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and plant pathologists. FICURE 6 summarizes our cur-
rent understanding of eukaryotic phylogeny. Evidently,
parasitic eukaryotes belong to several deep and dis-
tinct phylogenetic lineages. Some major parasite
groups, such as fungi, comprise both plant and animal

Animals Unikonts

Myxozoa

Choanozoa
Opisthokonts

Nucleariid amoebae

Fungi

Microsporidia

Lobose amoebae

Mycetozoa Amoebozoa

Archamoebae

Diplomonads Bikonts

Retortamonads
Carpediemonas

Parabasalids

Heteroloboseans
Excavata

Trypanosomatids

Euglenids

Trimastix

Oxymonads

Malawimonas
Jakobids

Ciliates
E Dinoflagellates
Apicomplexans
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Brown algae
Diatoms Stramenopiles

Oomycetes
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Cryptophytes
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Figure 6 | Phylogenetic relationships among eukaryotes, showing the major
groups of parasites and pathogens. The hypothetical tree summarizes current views

on eukaryotic phylogeny and

is based on work described elsewhere®. The main animal

parasite and pathogen groups are shown. Groups that include primarily or exclusively
animal parasites are shown in red, and groups that include primarily or exclusively plant
pathogens are shown in green. The groups shown in blue (animals and fungi) include a
large number of both animal and plant parasitic species. Note that although the
trypanosomids include a small number of plant pathogenic species, and the oomycetes
contain a small number of animal pathogenic species, these groups comprise primarily
animal parasites and plant pathogens, respectively, and are depicted as such. The naming

of the groups follows REF. 65.

pathogens, whereas others, such as apicomplexans or
trypanosomids, are exclusively or primarily animal
parasites.

Although apicomplexans and oomycetes belong to
distinct groups, accumulating studies are consistent with
the suggestion that they share similarities. Phylogenetic
analyses provide robust support for the chromalveo-
lates, a super-group that brings together the alveolates
(apicomplexans, ciliates and dinoflagellates) and the
stramenopiles (oomycetes, diatoms and brown algae)
as sister groups. This indicates that apicomplexans and
oomycetes are more closely related to each other than
they are to any other eukaryotic parasite, including major
groups like trypanosomatids and fungi. Such insight into
the evolution of parasitic lifestyles in eukaryotic micro-
organisms further supports the view that the molecu-
lar similarities discussed in this Review can be fully
supported by phylogenetic analyses.

Future perspectives

With the emerging genomics resources for eukaryo-
tic parasites, it is important for both the animal and
plant pathogen communities to appreciate that there
are similarities between divergent organisms that can
be exploited to understand fundamental concepts in
the pathogenesis of eukaryotic microorganisms and to
develop potential new treatments for difficult infec-
tions. Comparative genomic analyses of eukaryotic
microorganisms will be augmented by an understand-
ing of common pathogenicity mechanisms in divergent
species.

The finding that divergent eukaryotic parasites use
equivalent HT sequences implies that there might be
conserved machinery for the transport of effectors.
The HT leader sequence might be the eukaryotic coun-
terpart of the prokaryotic type III secretion system.
Additional studies are needed to establish whether
similar (albeit not predicted by existing algorithms) or
distinct pathogenic secretion signals and the associated
host-targeted secretomes function in other intracellular
eukaryotic animal pathogens, such as Leishmania spp.
and Trypanosoma spp., as well as Toxoplasma spp. and
Cryptosporidium spp. Similarly, the secretory leader
sequences used by haustoria-producing fungi remain
unknown although host-delivered effectors that contain
no obvious HT signature (as defined by linear sequence),
such as Avr-Pita, AvrL567 and Uf-RTP1, have been
described®®. Emerging genome sequencing and func-
tional genomic analysis in eukaryotic pathogens should
reveal the degree to which HT signals are conserved
across pathogenic eukaryotes and whether they span
the same host range as the functionally equivalent HT
sequences of P. falciparum and P. infestans. Further, con-
servation of the molecules that underlie key processes,
such as export to the host, host invasion mechanisms
and counterdefence, points to novel targets for chemical
intervention to manage both animal and plant diseases.
One exciting possibility that this perspective brings is
the opportunity to develop new targets to control infec-
tions that are important to both human health and
agriculture.
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