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Mining oomycete proteomes for metalloproteases leads
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Abstract
Pathogens deploy a wide range of pathogenicity factors, including a plethora of pro-
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teases, to modify host tissue or manipulate host defences. Metalloproteases (MPs)

3

vestigated the repertoire of MPs in 46 stramenopile species including 37 oomycetes,
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have been implicated in virulence in several animal and plant pathogens. Here we in5 diatoms, and 4 brown algae. Screening their complete proteomes using hidden
Markov models (HMMs) trained for MP detection resulted in over 4,000 MPs, with
most species having between 65 and 100 putative MPs. Classification in clans and
families according to the MEROPS database showed a highly diverse MP repertoire
in each species. Analyses of domain composition, orthologous groups, distribution,
and abundance within the stramenopile lineage revealed a few oomycete-specific
MPs and MPs potentially related to lifestyle. In-depth analyses of MPs in the plant
pathogen Phytophthora infestans revealed 91 MPs, divided over 21 protein families,
including 25 MPs with a predicted signal peptide or signal anchor. Expression profiling showed different patterns of MP gene expression during pre-infection and infection stages. When expressed in leaves of Nicotiana benthamiana, 12 MPs changed the
sizes of lesions caused by inoculation with P. infestans; with 9 MPs the lesions were
larger, suggesting a positive effect on the virulence of P. infestans, while 3 MPs had a
negative effect, resulting in smaller lesions. To the best of our knowledge, this is the
first systematic inventory of MPs in oomycetes and the first study pinpointing MPs
as potential pathogenicity factors in Phytophthora.
KEYWORDS

MEROPS, oomycete, peptidase, plant pathogen, secreted metalloproteases, stramenopile,
virulence
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1 | I NTRO D U C TI O N

that is expanded in several Pyricularia species, among which are po-

Proteases are enzymes that catalyse the breakdown of proteins into

Fusarium oxysporum f. sp. lycopersici produces the MP Mep1, which

smaller polypeptides or single amino acids and play important roles

acts in concert with the serine protease Sep1 to cleave chitinases

in numerous biochemical processes. They are crucial components of

produced by the host as part of its defence machinery. Both FoMep1

tential effector proteins (Gómez Luciano et al., 2019). The fungus

the molecular and cellular machinery in all organisms, not only within

and FoSep1 are required for full virulence of F. oxysporum on tomato

the organism itself but also in symbiotic interactions with other or-

(Jashni et al., 2015). In the fire blight bacterium Pectobacterium am-

ganisms. Pathogenic microbes, for example, often produce a variety

ylovora the lack of PrtA, a secreted extracellular zinc-binding MP,

of proteases to degrade host tissue or to disrupt or modify host de-

as well as inhibition of PrtA activity with EDTA, results in reduced

fence to create suitable conditions for successful colonization (Figaj

host-plant colonization (Zhang et al., 1999). Similarly, PrtA mutants

et al., 2019; Marshall et al., 2017).

of Burkholderia glumae, a bacterial pathogen on rice, show signifi-

Proteases, also referred to as peptidases, are divided in seven

cantly reduced virulence (Lelis et al., 2019).

major groups according to their catalytic types: aspartic, cysteine,

Here we focus on MPs in oomycetes, a diverse class of eukary-

glutamic, serine, and threonine proteases, metalloproteases (MPs),

otic microbes that belong to the stramenopiles, a lineage also con-

and asparagine lyases. MEROPS is a peptidase database currently

taining diatoms and brown algae. Most oomycetes described so far

containing over 4,000 entries that groups proteases into clans

are plant pathogens, including Phytophthora and Pythium species and

and families based on amino acid sequence similarity (Rawlings

the downy mildews (Kamoun et al., 2015). The latter are obligate

et al., 2018). As such, the MEROPS classification is an excellent tool

biotrophs while Phytophthora and Pythium species have a (hemi)

for categorizing proteases deduced from genome annotations and

biotrophic or necrotrophic lifestyle and can be cultured in vitro.

predicting functions of validated proteases.

Some Pythium species are pathogens of animals or parasitize on

MPs function by virtue of a divalent metal cation positioned at
their catalytic site. The majority is zinc-dependent, which is accom-

other microbes (mycoparasites), while Saprolegnia species are exclusively animal pathogens (Jiang et al., 2013).

modated by two zinc-binding histidine residues in the HEXXH motif.

Phytophthora infestans, the causal agent of late blight in potato

In animals, MPs are implicated to play a role in receptor modification

and tomato, is a hemibiotrophic pathogen that depends on living

via a process known as ectodomain shedding. These so-called shed-

host tissue for successful infection. Consequently, avoidance of

dases belong to the A Disintegrin and Metalloprotease (ADAM) and

immune recognition is crucial for subsequent host colonization.

Matrix Metalloprotease (MMP) families (Lichtenthaler et al., 2018).

P. infestans has over 500 genes encoding cytoplasmic effectors and

They shed the extracellular part of membrane proteins, leading to

around 200 encoding apoplastic effectors (Haas et al., 2009), sev-

loss of function of the truncated receptor, alteration of downstream

eral of which contribute to virulence by suppressing host defence

signalling, or loss or gain of function of the released extracellular

(Whisson et al., 2016). Apart from these effector genes, P. infes-

part (Sanderson et al., 2006).

tans has many other putative pathogenicity genes, including genes

Microbes also produce MPs and can exploit these as pathogeni

encoding hydrolases, lipases, proteases, and protease inhibitors

city factors (Deu, 2017; Miyoshi & Shinoda, 2000). For example,

(Haas et al., 2009). Examples are the carbohydrate-active enzymes

leishmanolysin GP63, a zinc-binding MP in protozoan Leishmania

(CAZymes) (Ospina-Giraldo et al., 2010), phospholipase Ds (Meijer &

species, cleaves protein-t yrosine phosphatases in macrophages to

Govers, 2006; Meijer et al., 2011, 2019), and aspartic proteases (APs)

enhance migration of the pathogen through the extracellular matrix

(Kay et al., 2011; Schoina et al., 2019). One of the APs, PiAP5, has a

(Gomez et al., 2009). Deletion of GP63 in Leishmania major results in

combination of two consecutive protein domains, referred to as bi-

reduced lesion formation in mice (Joshi et al., 2002). In the mamma-

gram, that is only found in oomycetes. The bigram in PiAP5 consists

lian pathogen Vibrio cholerae, the extracellular zinc-dependent MP

of an AP domain and a C-terminal G-protein-coupled receptor domain

hemagglutinin, also known as vibriolysin, is involved in modification

and is preceded by an N-terminal signal peptide (SP) (Kay et al., 2011).

of toxins, degradation of mucus barriers, and disruption of host in-

Such a peculiar combination of two consecutive protein domains is a

testinal junctions (Benitez & Silva, 2016). In a nematicidal Bacillus

typical example of a Phytophthora-or oomycete-specific bigram (Seidl

thuringiensis strain the MP ColB has a role in the colonization of

et al. 2011; Van den Hoogen et al., 2018; Van den Hoogen & Govers,

nematodes (Peng et al., 2015). The fungal pathogen Aspergillus fumi-

2018). Phytophthora species possess a relatively high proportion of

gatus uses its MP Mep1p to cleave major complement components,

multidomain proteins with unique bigrams, a feature that presumably

thereby facilitating early immune evasion by disarming defence in

provides novel functionality to proteins, and many of these are pre-

the human host (Shende et al., 2018).

dicted to be secreted (Seidl et al., 2011). Proteomic analyses of the

In plant pathogens, MPs have been similarly implicated in patho-

P. infestans secretome detected several proteases, including MPs, in

genicity (Franceschetti et al., 2017). For example, the rice blast fun-

the extracellular medium (Meijer et al., 2014), collectively suggesting

gus Pyricularia oryzae (Magnaporthe oryzae) has an MP-like protein

that the pathogen secretes a suite of enzymes that probably play a

that is the avirulence factor AVR-Pita1 and is as such recognized by

role in the host–pathogen interface.

the rice resistance protein Pi-t a (Jia et al., 2016). Moreover, compara-

While MPs have been shown to play various roles in cellular

tive genome analyses revealed a novel Pyricularia-specific MP family

processes and in pathogenicity, they have hardly been studied in
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oomycetes. The aims of this study were (a) to make an inventory of

metallopeptidase domain HMMs were retrieved (Finn et al., 2016)

the full repertoire of MPs in stramenopiles, and (b) to investigate

and all proteins matching these Pfam and/or MEROPS HMMs were

the potential role of MPs in the virulence of P. infestans. We iden-

considered putative MPs. In total, 4,140 MPs were identified, rang-

tified 4,140 putative MPs and divided these into clans and families

ing from 50 to 265 MPs per species (average, 90 MPs), with 70%

according to the MEROPS classification. Subsequently, we clustered

of the species having between 65 and 100 putative MPs (Figure 2;

the MPs in orthologous groups (OGs) and studied the MP distribu-

Table S1). The 4,140 MPs account for 0.60% of the sum of total pro-

tion and abundance within the stramenopile and oomycete lineages

teins in the 46 species. At the species level this percentage varies

with the aim to identify features potentially related to pathogenicity

although it is not necessarily proportional to the variation in abso-

or lifestyle. We then focused on the MP repertoire of P. infestans

lute number of MPs in each species (Table S1). Even though we at-

and consulted transcriptome data to determine MP expression pro-

tempted to design the most reliable computational strategy, we can

files during asexual development and in planta growth. Finally, we

neither guarantee that we were able to extract all MPs encoded in

selected P. infestans MPs predicted to be secreted and tested these

the 46 genomes, nor exclude false positives.

for their ability to promote or inhibit virulence. This study reveals

The 4,140 stramenopile MPs can be assigned to 9 clans and

that oomycetes have a diverse repertoire of MPs and highlights a

33 families (Figure 2), of which 19 (58%) belong to clan MA with

few MPs that seem to play a role in pathogenicity of the late blight

the characteristic catalytic HEXXH motif. The other eight clans

pathogen P. infestans.

are represented by up to four families, while families M79 and
M82 are not assigned to a clan. Within the oomycetes, the overall

2 | R E S U LT S
2.1 | Oomycetes have a large diversity of MPs

presence/absence pattern of MP families is similar for all species,
with a few remarkable exceptions. For instance, the M64 family
seems to be specific for Pythiaceae and the two Aphanomyces species, whereas M97 is present in nearly all Pythiaceae and most
Peronosporaceae but absent in the Albuginales and Saprolegniales.

To gain insight into the MP repertoire and diversity in oomycetes,

In contrast, M50 is restricted to the Saprolegniales. Albugo lai-

we identified putative MPs using a bioinformatics procedure with

bachii and Aphanomyces astaci both have an exceptionally high

the MEROPS database as the starting point (Figure 1). MEROPS

number of MPs categorized as M14, while Phytophthora parasit-

(release 12.1) recognizes 76 MP families (coded as M followed

ica has a relatively large repertoire of M48, M80, and M67 family

by a number) and 16 clans (a two-letter code starting with M)

members. Initial screenings of the proteomes revealed substantial

(Rawlings et al., 2018). We used all peptidase sequences retrieved

variation in assembly quality, and in some species even traces of

from MEROPS to train profile hidden Markov models (HMMs) per

bacterial contamination. This was most prevalent in Phytophthora

MEROPS (sub)family. The HMMs were used to scan the complete

rubi. Sequences with high identity scores to nonstramenopile se-

proteomes of 46 stramenopiles, including 37 oomycetes, 5 diatoms,

quences were not included in the analyses.

and 4 algae (Table S1). Matching protein domains were realigned and

When focusing on nonoomycete species, we observed a similar

used to train stramenopile-specific MP HMMs. In addition, Pfam

diversity in MPs as in oomycetes. However, three families are restricted to the diatoms and algae included in this study (i.e., M06,
M11, and M32) and one is even diatom-specific (i.e., M43). Moreover,
the M50 family is clearly not limited to the Saprolegniales but is
more widely distributed within the stramenopiles. The few families
that were only found in a single species (M09, M10, M19, M36, and
M42) or limited to two species (M49) were subjected to a closer inspection. Unlike the situation in P. rubi, there were no indications for
contamination in the genome assemblies. However, to what extent
these MPs are truly species-specific is questionable given the limited
number of diatoms, algae, and Aphanomyces species included in this
study.

2.2 | Clustering of stramenopile MPs in
85 orthologous groups
To investigate the sequence similarity between MPs, we used
OrthoFinder to group all stramenopile MP sequences into OGs,
F I G U R E 1 Pipeline for the identification of putative
metalloproteases in stramenopiles

with the exception of those in five MP families that were unique to
a single species. OrthoFinder clustered MPs in 85 OGs, with sizes

4
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F I G U R E 2 Metalloproteases (MPs) in stramenopiles. MP families (lower bar) were identified in 46 stramenopiles, including 37 oomycetes,
and divided over various taxonomic lineages (left). Approximate numbers of MP family members in each species are shown by frequency
(centre) and in bar charts (right). MP families are categorized in colour-coded clans (top right)
ranging from 2 to 285 MPs per OG (average, 49) (Figure 3; Table S1).
Nine MP families each cluster in a single OG, suggesting limited se-

2.3 | Stramenopile MPs have diverse domain
architectures and N-terminal targeting sequences

quence diversity within these MP families, while 19 MP families are
each divided over two or more OGs, pointing to increased sequence

To gain further insight into the functional diversity of stramenopile

divergence within these families. Families M16 (MPP β-subunit) and

MPs, we analysed their domain composition and more specifically

M24 (aminopeptidases) seem to be the most diverse, each spanning

searched for the occurrence of MPs with distinct domain combina-

eight OGs.

tions. This showed that 37% of the MPs in our data set contain at

We then analysed the distribution of MPs of the same OG over

least one accessory domain next to the protease domain. In those

the different species, which showed that two OGs are species-

multidomain MPs, we detected 204 different Pfam domains in ad-

specific, containing MPs from just one species, while other OGs

dition to the MP domains (Figure S2; Table S1), and more than 250

comprise MPs from either oomycete species or nonoomycete spe-

bigrams, of which a vast majority occurs in only one or a few species

cies (Figure S1). In contrast, 14 OGs contain MPs from all (i.e., 46) or

(Figure S3; Table S1). A small proportion of bigrams is more com-

nearly all (45) species, with one or more MPs occurring in each of

mon (around 10%) and present in over 80% of the analysed stra-

the analysed species. Anticipating that a poorly assembled or mis-

menopiles. The three most ubiquitous bigrams, occurring in nearly

annotated genome can readily lead to missing MPs we define these

all species, consist of (a) the “CAAX-prenyl protease N-terminal, five

14 OGs as the core MP repertoire of stramenopiles comprising MPs

transmembrane helices” domain (Pfam ID PF16491) and an M48

from 10 distinct MEROPS families. The largest MP family present

peptidase domain, (b) the “ATPase associated with various cellular

in the data set is M13 with 285 members from 42 species that all

activities (AAA)” domain (PF00004) and an M41 peptidase, and (c)

cluster in the largest OG (Figure 3; Figure S1). Family M13 mainly

the “mitochondrial processing peptidase (MPP) β-subunit” domain

consists of single-domain proteins homologous to the human pepti-

of family M16B combined with a “Middle or third domain of pepti-

dase neprilysin, an MP that cleaves peptides and is known to inac-

dase_M16” (PF16187).

tivate several peptide hormones (Rawlings & Salvesen, 2013). M13

The number of MPs with distinct domain combinations is on av-

is present in all 37 oomycetes and most species encode up to five

erage 34 per species and ranges from 21 in Hyaloperonospora arabi-

copies. Strikingly, this MP is more abundant in animal pathogens, in-

dopsidis to 58 in Phytophthora lateralis (Figure S4). All Phytophthora

cluding A. astaci (91 copies), Pythium insidiosum (20), and Saprolegnia

and Pythium species have a relatively large number of M28 ami-

parasitica (11).

nopeptidases with two flanking domains, an N-terminal “PA

|
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F I G U R E 3 Clustering of stramenopile metalloproteases (MPs) in orthogroups. MP family members (y axis) are clustered in one (one dot)
or more (dots connected by horizontal lines) orthogroups. The sizes of the coloured dots correlate with the number of MP sequences per
orthogroup. The first orthogroup is the largest with 285 members. For gene IDs clustered per orthogroup see Table S1

(protein-associated) domain” (PF02225) and a C-terminal “trans-

Notably, in A. astaci and the diatom Fistulifera solaris—the two spe-

ferrin receptor-like dimerization domain” (PF04253). The human

cies with the largest MP repertoire—a strikingly large proportion of

homologue is the transferrin receptor (TfR), a cell surface receptor

the MPs was predicted to have an SP (52% and 53%, respectively),

that assists in iron uptake into cells through a cycle of exo- and en-

while on average this percentage is much lower (19%) (Figure S5).

docytosis of the iron transport protein transferrin (Lawrence, 1999).

The SP-containing proteins were almost exclusively single-domain

Ten bigrams were found exclusively in Phytophthora species. The

MPs (Figure S6). Conceivably, diatoms and algae possess MPs pre-

most frequent one, present in seven species, is the “mitochondrial

dicted to be targeted to plastids. Remarkably, some of the oomy-

processing peptidase (MPP) β-subunit” domain of family M16B com-

cetes also have MPs with predicted plastid targeting signals, possibly

bined with an N-terminal “glycosyl hydrolase 10” domain (PF00331).

remnants indicative of photosynthetic endosymbionts that were lost

An additional Phytophthora-specific bigram is a “peptidase dimeriza-

during evolution (Wang et al., 2017).

tion” domain (PF07687) combined with either a “Peptidase family

Collectively, these analyses revealed remarkable diversity in

M20/M25/M40” domain or an M20F domain. In Pythium species

stramenopile MPs not only with respect to the subcellular target-

we found three lineage-specific bigrams, including an M67C pep-

ing but also in terms of domain composition. Unique bigrams might

tidase flanked by a PhoD-like phosphatase domain (PF09423) and

have specific functions related to the lifestyle of a particular species.

13 to 17 “membrane occupation and recognition nexus (MORN) re-

Testing this hypothesis warrants a more in-depth study of the MP

peats” (PF02493), 13 in Pythium aphanidermatum and 17 in Pythium

repertoire at the single species level.

arrhenomanes.
MPs can play a role in different subcellular compartments but
they can also be embedded in membranes or secreted to the extra-

2.4 | The MP repertoire in P. infestans

cellular environment (Majsec et al., 2017). We assessed all MPs for
N-terminal targeting sequences such as an SP or signal anchor (SA).

For further analyses at the single species level we chose to focus

We used HECTAR, a method developed for predicting the subcellu-

on P. infestans. Our computational MP mining approach (Figure 1)

lar localization of proteins in stramenopiles (Gschloessl et al., 2008).

resulted in the identification of 91 P. infestans genes encoding

6

|

SCHOINA et al.

putative MPs (Table S2). By carefully examining the predicted

another MP domain, as for example in five out of eight M16 MPs

gene models and by integration of the alignments with expressed

with one or two additional M16-like peptidase domains, or acces-

sequence tags (ESTs) and RNA sequencing (RNA-S eq) data, the

sory domains not directly implicated in MP activity. A clear exam-

majority was found to be correct and a few others were manu-

ple of diversity in domain composition among related MPs is M24,

ally corrected. The 91 MPs were categorized in 21 MP families

a family comprising eight members with five different domain archi-

and eight clans. More than one-t hird belongs to clan MA (36 MPs

tectures and divided over seven OGs, one of which is an oomycete-

divided over 10 families) and 15 group in clan MH (divided over

specific OG (Figure 4; Table S2). PITG_12211 and PITG_12220 are

three families; M18, M20, and M28). Three MPs from two fami-

paralogues in P. infestans and in most other Phytophthora species,

lies (M78 and M82) are not assigned to a clan (U: unassigned) and

suggesting an ancestral gene duplication that preceded speciation in

the remaining 37 are divided over six clans (MC, ME, MF, MG,

the Phytophthora genus.

MJ, and MP), with family sizes ranging from two to nine (Figure 2;
Table S2).

In the set of 91, we found three multidomain MPs with a seemingly unique domain architecture. PITG_00577 and PITG_06978,

As described above for stramenopile MPs, P. infestans MPs are

both belonging to the M20 family, have an MP domain preceded

similarly diverse with respect to their protease domains and domain

by an “Amidohydro_1” domain (PF01979) or a “CENP-B N-terminal

architecture. Fifty-four of the 91 P. infestans MPs are single-domain

DNA-binding domain” (PF04218), respectively. Proteins with such

proteins comprising just the protease domain, as exemplified by all

domain architectures are so far only found in species of Pythiaceae

M13 and M14 family members. The other 37 (41%) contain at least

and Peronosporaceae. The third one is an M67 MP (PITG_16722)

one accessory domain next to the protease domain. This can be

that has an N-terminal “PWWP” domain (PF00855). MPs with this

F I G U R E 4 Phylogenetic tree and domain composition of M24 family members in Phytophthora infestans. Phylogram of metalloprotease
subdomain sequences with bootstrap values indicated at nodes (left). Clustering based on orthogroup classification (light grey) and domain
composition (dark grey) of full-length P. infestans M24 members (right). Individual domains of M24 members are indicated

SCHOINA et al.
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domain architecture are also found in Albugo and Saprolegnia species

The mean transcripts-per-million mapped reads (TPM) values were

but not in nonoomycete lineages.

highly variable; eight genes stand out with a mean TPM value above
500, pointing to a relatively high expression in one or more stages

2.5 | Expression profiling of P. infestans MP genes

(Figure 5). Genes were clustered into eight distinct groups based on
their expression profiles (Table S2). Half of the MP genes show the
highest transcript levels in early or late infection stages (clusters 2

To determine the expression profiles of the MP genes in P. infestans,

and 3, respectively). Cluster 2 comprises the three genes with the

we exploited transcriptome data from four in vitro life stages, that

highest average TPM values, pointing to relatively high transcript

is, zoospores, germinating cysts, mycelium, and sporangia, and three

levels. MP genes in the other clusters show a peak in one or more in

in planta infection stages, that is, early, mid, and late infection.

vitro stages, suggesting a relatively high expression in pre-infection

F I G U R E 5 Clustering of Phytophthora infestans metalloprotease (MP) genes based on expression patterns during asexual development
and in planta growth. The dendrogram on the left shows the hierarchical clustering of expression patterns. Column S marks MPs with a
predicted signal peptide (dark grey) or signal anchor (light grey). Colour-coded bars in column C indicate MEROPS clans. The heatmap depicts
relative expression per gene based on stage-wise, Z-score transformed expression values in mycelium (MY), sporangia (SP), zoospores (ZP),
germinating cysts (GC), and early, mid, and late infection stages (EI, MI, and LI, respectively). The adjacent bar plot shows mean transcripts-
per-million mapped reads (TPM) values. Line plots on the right display the expression profiles of the eight clusters and number (n) of genes
per cluster. Further details can be found in Table S2

8
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(Figure 6). In planta activity was tested by monitoring lesion expan-

between expression pattern and specific features of the MPs. Each

sion caused by P. infestans upon inoculation of Nicotiana benthami-

cluster contains MPs from various clans and families, and also MP

ana leaves transiently expressing full-length cDNAs of MP genes.

genes that are predicted to encode potentially secreted MPs (des-

Measurements of lesion sizes at 5 days postinoculation showed

ignated sMPs) are randomly distributed over the clusters (Figure 5).

significantly larger lesions in nine cases, pointing to a positive effect of these MPs on P. infestans virulence, while in three cases we

2.6 | MPs affecting virulence of P. infestans

consistently recorded smaller lesions, suggesting an inhibitory effect
(Figure 6). The 12 MPs belong to only six families, out of 21 families
identified in P. infestans, and eight out of 12 belong to clan MA. In two

To investigate a potential role for P. infestans MPs in virulence, we

families, that is, M12 and M79, all members (three and two, respec-

selected a subset of MPs with an N-terminal SP or SA and tested

tively), are sMPs and single-domain proteins, and they all promote

their capacity to modulate the virulence of P. infestans. A preliminary

virulence. From family M08, four members were tested, but only

selection based on SignalP resulted in a subset of 27 sMPs. A sub-

the multidomain protein having an EGF-like domain (PF07974) C-

sequent and more thorough analysis using HECTAR confirmed 22 of

terminal of the protease domain showed a growth-promoting effect

the initial 27 as potential sMPs and identified three additional ones

(PITG_08874). However, it should be noted that in our preliminary

F I G U R E 6 Phytophthora infestans genes encoding putative secreted metalloproteases (MPs) and their capacity to promote or inhibit
virulence. MPs are shown with a predicted signal peptide (⊳), signal anchor (◻), or mitochondrial transit peptide (❍). Numbers in grey squares
refer to expression clusters (Figure 5). MPs marked with an asterisk (*) have accessory domains. Bars on the right show lesion sizes on
Nicotiana benthamiana leaves transiently expressing MP genes at 5 days postinoculation. Inoculation with zoospores of P. infestans strain
14-3-GFP was performed one day after agroinfiltration. Bar colours indicate significantly smaller (red) or larger (green) lesions or no effect
(grey) when compared to the empty vector control (EV, black; analysis of variance, p < .05). Three MPs (n.d.) were not tested in planta. Bars
represent average lesion sizes from three biological repeats (n = 20). Error bars indicate SD

|
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selection for sMPs this MP was predicted to be an sMP but HECTAR

One of the expanded families in A. astaci as well as in other animal

did not confirm this. This is the same for one of the two M48 MPs

oomycete pathogens is M13, a family comprising peptidases known

that showed a growth-promoting effect, namely PITG_11607. The

as neprilysins, zinc-metalloenzymes that play a regulatory role in

other one (PITG_12517) does have an SA but unlike PITG_11607 it

peptide signalling in mammals (Bland et al., 2008). In bacterial patho-

is a multidomain protein. It has one of the three most ubiquitous

gens, neprilysins were shown to have a role in virulence, for exam-

bigrams, occurring in nearly all stramenopile species: an M48 pepti-

ple PtrA in P. amylovora (Zhang et al., 1999) and PepO in the human

dase domain followed by the “CAAX-prenyl protease N terminal,

pathogen Streptococcus pyogenes (Brouwer et al., 2018). However,

five transmembrane helices” domain (PF16491). From family M03 all

in our in planta assays we did not find indications for a virulence

three members were tested in planta, two of which showed an inhib-

function for any of the five P. infestans M13 MPs, suggesting that

itory effect on virulence. They are both single-domain proteins but

M13 in oomycetes is probably relevant for animal pathogens but not

for one, PITG_02711, the initially predicted SP was not confirmed

for plant pathogens.

by HECTAR.

While the majority (63%) of the 4,140 stramenopile MPs are

In the M14 family, opposing effects were found with one M14 MP

single-domain proteins, a substantial number are multidomain pro-

(PITG_00756) hampering and the other one (PITG_11126) promoting

teins with accessory domains potentially required for, for example,

virulence. Both are single-domain proteins, but the latter is larger in

dimerization, substrate binding, or targeting to membranes or subcel-

size and has signatures of transmembrane regions. Moreover, they

lular compartments. The remarkable versatility in accessory domains

are assigned to different subfamilies, M14B and M14C, respectively,

implies a broad functionality of MPs. In our analyses we specifically

and belong to different OGs (Table S2). P. infestans has eight M14

focused on the domain composition of these multidomain MPs and

MPs, four of which are predicted to be secreted, including three

searched for unique bigrams. Most oomycete proteins with unique

tested in planta. The third tested M14 MP (M14B; PITG_06850)

bigrams seem to be involved in signal transduction (Van den Hoogen

showed no significant effect.

& Govers, 2018), but there are also examples of structural proteins,

We did not observe a significant association between expression

for example, myosin (Seidl et al., 2011). In general, the domain com-

profile and in planta activity. The 12 MPs that show in planta activity

position of multidomain stramenopile MPs conforms with that of

are divided over seven of the eight expression clusters. The ones

MPs in other organisms. Still, we identified three MPs in P. infestans

belonging to one family are mostly assigned to different clusters and

that have oomycete-specific bigrams. One is an M67 MP with an N-

their expression profiles often show complementarity. For example,

terminal “PWWP” domain, named after a conserved motif that binds

one M03 MP peaks in germinating cysts (cluster 1) and the other

to methylated histone H4 proteins. The other two are M20 MPs that

in mid and late infection stages (cluster 3). Of the three M12 MPs

are even more specific as they are limited to two sublineages within

showing in planta activity, one is in cluster 3 and two in the com-

the oomycetes, namely Pythiaceae and Peronosporaceae. One of

plementary cluster 6 with relatively high expression in zoospores

the M20 MPs has a “CENP-B N-terminal DNA-binding domain” that,

and germinating cysts. Taken together, these results suggest a role

similar to the “PWWP” domain, points to a function in the nucleus.

in virulence for a selected set of P. infestans MPs. As yet, there are

There is ample evidence that Phytophthora species exploit epigenetic

no data confirming their proteolytic activity and also the question

modifications for tailoring their virulence (Wang et al., 2020) and it

whether proteolytic activity as such is required for virulence remains

would be worth investigating whether or not the oomycete-specific

to be answered.

MPs play a role in that process.
In the set of stramenopile MPs we identified a few other in-

3 | D I S CU S S I O N

triguing bigrams. One is present in an M67 MP that is limited to just
two Pythium species. In this multidomain protein the MP domain is
followed by a PhoD-like phosphatase and a high number of MORN

Although several studies highlight a direct or indirect role of MPs in

repeats that function as protein–protein interaction modules (Li

microbial pathogenicity (Joshi et al., 2002; Sanz-Martín et al., 2016),

et al., 2019). MORN1, a protein in the parasite Toxoplasma gondii

the roles of MPs in pathogenic oomycetes have not yet been ex-

with 14 MORN repeats, appears to play a role in cell division and

plored. Here we investigated the MP repertoire in stramenopiles,

to act as a linker protein between membranes and the cytoskeleton

with a specific focus on oomycetes, and in particular on P. infestans.

(Gubbels, 2006).

Mining of stramenopile proteomes showed a diverse catalogue

One of the three most widespread bigrams in the entire set is

of MPs in each species. Of the 33 MP families found in this study, 20

an M48 MP combined with a second M48 domain known as CAAX-

are present in 80% of the analysed stramenopiles, while some fami-

prenyl-M48 peptidase (PITG_12517). When this MP is expressed

lies showed striking species-specific expansions. This is, for example,

in leaves of N. benthamiana its presence has a positive effect on the

the case in A. astaci, a pathogen on crustaceans that has several large

capacity of P. infestans to form lesions; the lesion sizes increase, sug-

MP families, mostly comprising single-domain MPs with an SP. These

gesting that this MP has a role in virulence of P. infestans. Whether

observations are coherent with recent reports showing that the se-

or not both M48 domains in the bigram are essential for its virulence

cretome of A. astaci is enriched for small secreted proteins with pep-

function is questionable, especially as a second single-domain M48 MP

tidase activities, many of which are indeed MPs (Gaulin et al., 2018).

(PITG_11607) also showed a growth-promoting effect. Furthermore,
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it is unclear where M48 MPs localize. Although an SA can facilitate

proteases are part of the pathogen's weaponry when attacking plants.

secretion, it is unlikely that the CAAX-prenyl-M48 part with seven

P. infestans has three astacin-like MPs that might have such a role. All

transmembrane spanning regions is secreted. Conceivably, the first

three have an SP and showed a consistent growth-promoting effect

M48 domain could be cleaved off and secreted, while the CAAX-

in planta. Over 80% of the stramenopile M12 MPs are predicted to

prenyl-M48 part remains in the endoplasmic reticulum to exert other

be secreted and the M12 MP PITG_09851 was indeed detected in

functions. CAAX-prenyl-M48 MPs are widespread in eukaryotes and

the extracellular proteome (Meijer et al., 2014). The increased ex-

play a role in posttranslational modification of proteins, in particular in

pression of PITG_09851 in zoospores and germinated cysts suggests

cleavage of the CAAX moiety of farnesylated proteins. A well-studied

that astacin is present in the pre-infection stage when encountering

CAAX-prenyl-M48 MP is Ste24, from Saccharomyces cerevisiae, which

the plant surface. The last MP family to consider in relation to vir-

has a dual role in mating pheromone maturation, namely CAAX cleav-

ulence is M14, with two out of three tested members affecting le-

age and removal of the N-terminal extension (Pryor et al., 2013).

sion size, albeit in opposite manners. The one inhibiting growth is an

Knock-out of an orthologue of Ste24 in the parasite Leishmania dono-

M14C type MP, and the one promoting growth is an M14B type MP.

vani resulted in reduced infectivity and growth (Bhardwaj et al., 2017).

M14 MPs are carboxypeptidases that hydrolyse single C-terminal

The second P. infestans multidomain MP causing a growth-

amino acids from polypeptide chains, with each subtype having a

promoting effect in planta is PITG_08774, an M08 MP with an ac-

specificity for certain amino acids. Possibly the released amino acids

cessory EGF-like domain. Because none of the four single-domain

act as signal molecules triggering certain responses, either in the

M08 MPs showed a growth-promoting effect, it is conceivable that

host or in the pathogen. Alternatively, modification of the substrate

the EGF-like domain is relevant for virulence. In mammals, the ex-

by removal of one amino acid at the C-terminus could also trigger a

tracellular epidermal growth factor (EGF) binds to the EGF receptor,

cascade of new events affecting the host–pathogen interaction. As

thereby stimulating growth and development. One could speculate

yet, literature searches did not reveal examples in which M14 MPs

that the EGF-like domain in PITG_08774 acts as a ligand of a host

have been implicated in microbial pathogenicity.

membrane receptor to bring the MP domain in close proximity to

This study presents an overview of the MP repertoire in stra-

its substrate. Proteolysis of the substrate could then result in sup-

menopiles and provides new insights into the immense diversity of

pression of defence. Another example of an M08 MP acting in viru-

MPs in individual species as well the dynamics of genes and gene

lence is leishmanolysin GP63, from Leishmania parasites, but unlike

families related to lifestyle or taxonomic lineage. The lack of certain

PITG_08774 this is a single-domain MP (Hallé et al., 2009).

MPs or MP families could be due to gene losses, with the acquisi-

The other P. infestans MPs that showed growth-promoting or

tion of novel unique MPs through gene gains as a counterbalance.

-inhibiting effects in in planta assays are all single-domain MPs divided

Previous studies showed that the evolutionary history of oomycetes

over four families, M03, M12, M14, and M79. Two of the three P. infes-

is shaped by massive gene gains, duplications, and losses and proba-

tans M03 MPs showed an inhibitory effect on virulence. All three have

bly this has been a drive for speciation (Seidl et al., 2012). The more

an SP while in the entire set of stramenopile MPs only 22% (43/193)

in-depth analyses were limited to just one species, P. infestans, and

of the M03 MPs are predicted to be secreted. This inhibitory effect is

were preceded by manual curation of the predicted gene models.

remarkable, especially because expression seems to be relatively high

During the analyses, we encountered the pitfalls of poorly assem-

in germinating cysts and/or mid and late infection stages. Presumably

bled and annotated genomes, and of traces of contamination in the

there is a mechanism in place that inhibits the activity of these MPs.

genome assemblies. For comparative analyses of gene families, one

One could imagine that the host induces expression of M03-encoding

should strive for high-quality genome assembly and annotation, and

genes as part of its defence machinery, but that P. infestans in turn

manual curation of predicted gene models is paramount for an ac-

produces an effector to suppress M03 activity. To the best of our

curate orthologue inference and family classification of genes and

knowledge this is the first report of M03 MPs with putative roles in a

proteins (Vaattovaara et al., 2019).

host–pathogen interaction. The same holds for M79, a family with rel-

We pinpointed 12 MPs that potentially affect virulence of P.

atively few known members. Similar to M48 MPs, M79 MPs are endo-

infestans. Consequently, our finding calls for more in-depth func-

peptidases that release the CAAX moiety from farnesylated proteins

tional studies on these MPs in Phytophthora and related pathogenic

(Rawlings & Salvesen, 2013) and both M48 and M79 MPs show the

oomycetes. With the broad knowledge gained on MPs in a wide

capacity to promote virulence in our in planta assays.

range of organisms, including microbial pathogens, it should be fea-

M12 MPs, also known as astacins, have been intensively studied

sible to unravel the mechanisms underlying the growth-promoting

due to their implications in Alzheimer's disease and breast cancer

or -inhibiting activity of these MPs and to identify compounds

(Hartmann et al., 2013). They function as sheddases and as such

that interfere with MP activity. Exploitation of this type of com-

modify the activity of membrane-spanning receptors. Ectodomain

pounds is currently pursued for controlling alveolate parasites such

shedding has also been observed in pattern recognition receptors

as Plasmodium and Toxoplasma species (Deu, 2017; Escotte-Binet

acting in plant immunity (Petutschnig et al., 2014). As yet, the prote-

et al., 2018), and might also be applicable for controlling oomycete

ases involved have not been identified but it is conceivable that such

diseases in the future.
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orthologous sequences using OrthoFinder v. 2.2.6, with default settings (i.e., using BLASTp and MCL clustering) (Emms & Kelly, 2015).

4.1 | Annotation of putative metalloproteases

Gene models of putative P. infestans MPs were manually curated
using the P. infestans T30-4 genome sequence (Haas et al., 2009)

Complete proteomes of 37 oomycete species were retrieved from

in WebApollo (Lee et al., 2013). RNA-Seq reads of P. infestans were

https://github.com/oomycetes/oomycetes.github.io

&

aligned using HiSat2 v. 2.1.0 (Kim et al., 2015) and alignments

Fitzpatrick, 2017) (Table S1). Proteomes of four algae and five diatoms

(McGowan

were used to infer intron–exon boundaries. P. infestans MPs were

were downloaded from Uniprot (Table S1). Because not all proteomes

searched against the NCBI nonredundant database using BLAST to

were annotated with equal detail, we used only the longest isoform

check for homologues outside the stramenopile lineage. Significant

per gene. Annotation was performed using the pipeline depicted in

hits (E value < 1e−5 and 50% identity) were manually analysed for

Figure 1, performing two parallel searches based on either MEROPS

domain composition using InterPro and Pfam.

(release 12.1) (Rawlings et al., 2018) or Pfam (release 31.0). Prealigned
peptidase sequences per (sub)family were downloaded from MEROPS,
and were used to train profile HMMs with hmmbuild (HMMER pack-

4.3 | Gene expression analyses

age v3.1b2; http://hmmer.org), generating one HMM per MEROPS
(sub)family. The complete proteomes were screened with hmmsearch

P. infestans strain T20-2 was grown on rye sucrose medium at 18 °C.

using these HMMs, and matching sequences at an empirical E value

Mycelia, sporangia, zoospores, and germinating cysts were isolated as

threshold of 1e−10 were kept. Matching subsequences (putative MP

previously described (Meijer et al., 2019). RNA was extracted using a

domains) were extracted and aligned using MAFFT, v. 7.310 (Katoh &

NucleoSpin RNA II extraction kit (Macherey-Nagel) according to the

Standley, 2013), with default settings, to train stramenopile-specific

manufacturer's instructions. RNA-Seq was performed using an Illumina

HMMs. These were again matched against all complete proteomes

HiSeq 2000, producing 90-bp paired-end reads. In planta expression

using a lower E value threshold of 1e−25. Matching protein sequences

data from tubers during early, mid, and late infection were downloaded

were assigned to their respective best matching MEROPS family.

from NCBI BioProject PRJNA361417 (Ah-Fong et al., 2017). RNA

In parallel, we extracted domain HMMs from the Pfam database.

abundance was quantified in TPM values using Kallisto v. 0.43.1 (Bray

HMMs cross-referenced with MEROPS MP families were extracted,

et al., 2016). Z-score transformed values were hierarchically clustered

and HMM searches were conducted against all complete proteomes

using Pearson correlation distance and average linkage. The optimal

(E value < 1e−20). Proteins matching either a MEROPS MP HMM or

number of clusters was determined using the gap statistic imple-

a Pfam MP HMM were considered putative MPs and were classi-

mented in NbClust (Charrad et al., 2014) (Table S2).

fied according to MEROPS. In case of annotation discrepancies, that
is, both methods annotating a different MP family, MEROPS annotations were maintained. Thus, Pfam-based candidates were used only
to complement the MEROPS-based candidates. Subsequently, for

4.4 | Transient expression in N. benthamiana and
infection assays

each candidate MP, BLAST searches were conducted versus the NCBI
nonredundant protein database, excluding stramenopile sequences.

Full-length coding sequences of MP genes were amplified from cDNA

Candidates matching any nonstramenopile sequence with over 95%

of P. infestans strain 88069 using primers listed in Table S2. Amplified

sequence identity were considered contamination artifacts and were

fragments were inserted into plasmid pENTR/D-TOPO and subse-

removed from further analyses.

quently in the binary vector pGWB5 by LR recombination. Resulting
constructs were transformed into Agrobacterium tumefaciens Agl1.

4.2 | Sequence analysis

Agroinfiltration in N. benthamiana and infection assays with P. infestans
14-3-GFP were performed as described previously (Meijer et al., 2019).

Putative MP protein sequences were subjected to feature annota-
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