
Proteome of the Nematode-Trapping Cells of the Fungus
Monacrosporium haptotylum

Karl-Magnus Andersson,a Tejashwari Meerupati,a Fredrik Levander,b Eva Friman,a Dag Ahrén,a,c Anders Tunlida

Microbial Ecology, Department of Biology, Lund University, Lund, Swedena; Bioinformatics Infrastructure for Life Sciences, Department of Immunotechnology, Lund
University, Lund, Swedenb; Bioinformatics Infrastructure for Life Sciences, Department of Biology, Lund University, Lund, Swedenc

Many nematophagous fungi use morphological structures called traps to capture nematodes by adhesion or mechanically. To
better understand the cellular functions of adhesive traps, the trap cell proteome of the fungus Monacrosporium haptotylum was
characterized. The trap of M. haptotylum consists of a unicellular structure called a knob that develops at the apex of a hypha.
Proteins extracted from knobs and mycelia were analyzed using SDS-PAGE and liquid chromatography-tandem mass spectrom-
etry (LC–MS-MS). The peptide sequences were matched against predicted gene models from the recently sequenced M. haptoty-
lum genome. In total, 336 proteins were identified, with 54 expressed at significantly higher levels in the knobs than in the myce-
lia. The upregulated knob proteins included peptidases, small secreted proteins with unknown functions, and putative cell
surface adhesins containing carbohydrate-binding domains, including the WSC domain. Phylogenetic analysis showed that all
upregulated WSC domain proteins belonged to a large, expanded cluster of paralogs in M. haptotylum. Several peptidases and
homologs of experimentally verified proteins in other pathogenic fungi were also upregulated in the knob proteome. Comple-
mentary profiling of gene expression at the transcriptome level showed poor correlation between the upregulation of knob pro-
teins and their corresponding transcripts. We propose that the traps of M. haptotylum contain many of the proteins needed in
the early stages of infection and that the trap cells can tightly control the translation and degradation of these proteins to mini-
mize the cost of protein synthesis.

Nematode-trapping fungi have the unique ability to capture
and infect free-living nematodes (1). Given their potential

use as biological control agents for plant- and animal-parasitic
nematodes (2), there is much interest in studying their infection
biology. To enter the parasitic stage, nematode-trapping fungi de-
velop a unique morphological structure called traps. These traps
develop from hyphal branches, either spontaneously or in re-
sponse to signals from the environment, such as peptides or other
compounds released by the host nematode (3). Molecular phylog-
eny studies have shown that the majority of nematode-trapping
fungi belong to a monophyletic group in the order Orbiliales (As-
comycota). Within this clade, the trapping mechanisms have
evolved along two major lineages, one leading to species with con-
stricting rings and the other to species with adhesive traps, includ-
ing three-dimensional networks, knobs, and branches (4–6).

Despite large variation in their morphology, adhesive traps
share a unique ultrastructure that clearly separates them from
vegetative hyphae (3). One feature that is common to all traps is
the presence of numerous cytosolic organelles called dense bodies.
These organelles have catalase and D-amino acid oxidase activities,
which indicates that they are peroxisome-like organelles (3).
However, the function of these organelles is not yet fully under-
stood. Another feature of the trap cells is the presence of a fibrillar
layer of extracellular polymers, which are believed to be important
for attachment of the trap cell to the nematode surface (7). Fol-
lowing adhesion, the infection proceeds by formation of a pene-
tration tube that pierces the nematode cuticle. At this stage, the
nematode becomes paralyzed (killed), and the internal tissues are
rapidly colonized by fungal hyphae (3).

A unique opportunity to examine the molecular features of
adhesive traps is provided by the fungus Monacrosporium hapto-
tylum. This fungus infects nematodes by using unicellular struc-
tures called knobs, which develop on the apices of hyphal

branches. During growth in liquid culture with heavy aeration,
knobs detach from the mycelium and can be separated by filtra-
tion. The isolated knobs retain their function as infection struc-
tures, i.e., they can trap and kill nematodes (8). A microarray
analysis based on a limited set of expressed sequence tag (EST)
probes compared the gene expression in knobs with that in vege-
tative mycelia (9). The result showed that 23% of the genes were
differentially expressed; many were homologous to genes involved
in the regulation of morphogenesis and cell polarity, stress re-
sponse, protein synthesis and protein degradation, transcription,
and carbon metabolism.

We have recently sequenced the genome of M. haptotylum (T.
Meerupati, K.-M. Andersson, E. Friman, D. Kumar, A. Tunlid,
and D. Ahrén, submitted for publication) and detected many sim-
ilarities to the genome of the net-forming nematode-trapping
fungus Arthrobotrys oligospora (10). The two genomes are similar
in size and consist of �62% core genes that are shared with other
fungi, �20% genes that are specific to the two species, and �16%
genes that are unique to each genome. Transcriptional analysis
showed that M. haptotylum expresses a unique set of genes during
the early stages of infection of the nematode Caenorhabditis brigg-
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sae. A large proportion of these genes belong to gene families that
are significantly expanded in the genomes of M. haptotylum and A.
oligospora, including genes that encode subtilisins, tyrosinases,
and extracellular proteins with WSC and mucin domains. In ad-
dition, transcripts encoding secreted proteins, in particular small
secreted proteins (SSPs), were highly expressed during infection
(Meerupati et al., submitted).

In the present study, we focused on the proteome of the knob
cells in M. haptotylum and used liquid chromatography-tandem
mass spectrometry (LC–MS-MS) to identify and quantify the pro-
teins expressed differentially in knobs and mycelia. The upregu-
lated knob proteome was characterized by an overrepresentation
of secreted proteins (including SSPs) and extracellular proteins
containing the carbohydrate-binding domain WSC or GLEYA
and peptidases and proteins involved in stress response. The knob
proteome was significantly different from the transcriptome ex-
pressed in the mycelium, knob, and penetrating hyphae.

MATERIALS AND METHODS
Culture. M. haptotylum (CBS 200.50) was grown in aerated 5-liter cul-
tures containing 0.01% soya peptone, 0.005% phenylalanine, and 0.005%
valine. Knobs and mycelia were separated by filtering, as described previ-
ously (8). A micrograph of the mycelia and isolated knobs is shown in
Fig. 1.

Proteome analysis. (i) Protein extraction. Knobs and mycelia were
resuspended in phosphate-buffered saline (PBS), and phenylmethanesul-
fonylfluoride (PMSF) (final concentration, 1 mM) was added. The cells
were sonicated on ice 5 times for 10 s each time at 50% amplitude on a
Vibra Cell VC 50 (Sonics), allowing 1 min of cooling between sonications.
The homogenates were centrifuged at 16,000 � g for 10 min at 4°C, and
the supernatant was collected. The proteins were precipitated by adding 4
volumes of ice-cold acetone, incubating overnight at �20°C, and centri-
fuging at 16,000 � g for 10 min at 4°C. The pellet was air dried and
resuspended in PBS containing 6 M urea and 1 mM PMSF. The protein
concentration was determined by the Bradford method (11). In total, four
biological replicates of both knobs and mycelia were analyzed.

(ii) Sample preparation and LC–MS-MS. Equal amounts (8.0 �g) of
the samples were loaded onto a one-dimensional sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (1D SDS-PAGE) gel (see Fig. S1 in the
supplemental material). The proteins were separated by an 8% stacking,
12.5% separation gel in Tris-glycine buffer. Upon electrophoresis, the gel
was stained with Coomassie brilliant blue G-250 (CBB). Each lane was cut
into five slices, which were destained with 50% acetonitrile and 25 mM
ammonium bicarbonate. After reduction with 10 mM dithiothreitol
(DTT) in 100 mM ammonium bicarbonate at 55°C for 1 h, the proteins
were alkylated with 55 mM iodoacetamide in 100 mM ammonium bicar-
bonate in the dark for 45 min. The slices were washed twice, first with 100
mM ammonium bicarbonate and then with acetonitrile, and thereafter
completely dried using a SpeedVac (Savant). The proteins were cleaved by
adding trypsin (12.5 ng/�l) in 50 mM ammonium bicarbonate in a vol-
ume until the gel slices were fully rehydrated. The samples were then
incubated overnight at 37°C. The peptides were extracted by adding 1
volume of 75% acetonitrile, 5% trifluoroacetic acid, followed by incuba-
tion for 30 min. The peptides were separated by nano-high-performance
liquid chromatography (nano-HPLC) performed on a CapLC (Waters)
with online connection to a Micromass QTOF Ultima mass spectrometer
(Waters).

For each gel slice extract, a liquid chromatography-mass spectrometry
(LC-MS) run for protein quantification was followed by an LC–MS-MS
run for protein identification. MS was performed in positive-ion mode,
with a scan range of 400 to 1,600 in MS mode and 50 to 1,800 in MS-MS
mode. The scan time was set to 1.9 s for MS spectra and to 1.0 s for MS-MS
spectra, with an interscan delay of 0.1 s. MS-MS spectra were acquired for
a maximum of 7 s for peaks of charge 2, 3, and 4, using data-dependent

acquisition for a maximum of three peaks at a time, with an intensity
threshold of 20. Real-time exclusion with a 120-s inclusion time was used,
with an exclusion window of �1,500 mDa. LC separation was performed
on an Atlantis 75-�m by 150-mm column (Waters) at an approximate
flow rate of 300 nl/min using a 65-min gradient from 4% to 40% aceto-
nitrile in 0.1% formic acid.

(iii) Data analysis and protein identification. The raw data files were
converted to mzData format using Mascot Distiller 2.3.2 (Matrix Science,
London, United Kingdom) with default settings for MassLynx QTOF and
to mzML format using msconvert from the ProteoWizard package (12).
The resulting files were uploaded to Proteios SE version 2.16 (13; http:
//www.proteios.org). The mzData and mzML files are available at the
Swestore repository (http://webdav.swegrid.se/snic/bils/lu_proteomics
/pub/). MS-MS-based protein identification was performed in Proteios
with the mzData files using Mascot Server 2.3.01 (Matrix Science) and
X!Tandem Tornado 2008.12.01 (14) in the in-house-generated M. hapto-
tylum database. The database contains 10,959 gene models and open read-
ing frames (ORFs) from all six potential reading frames predicted in the
genome of M. haptotylum (NCBI accession no. PRJNA186729). These
sequences were concatenated with the reverse sequences, yielding a total
of 3,959,574 protein sequence entries. The search settings were as follows:
70-ppm precursor tolerance and 0.1-Da fragment tolerance, and up to
one missed cleavage. Amino acid modifications that were considered in
the analysis comprised fixed carbamidomethylation of cysteine and vari-
able oxidation of methionine. The search results were combined in Pro-
teios at the peptide level and filtered at a false-discovery rate of 1%.

FIG 1 Micrograph of mycelia and isolated knobs of M. haptotylum. M.
haptotylum was grown in aerated liquid cultures. After 10 days, when suf-
ficient numbers of traps (knobs) had formed and detached from the my-
celia, the knobs were separated as previously described (8). (A) Mycelia
after knobs had been filtered; a small number of knobs (arrow) are still
attached to the mycelia. Bar, 20 �m. (B) Knobs separated from mycelia.
Bar, 20 �m.
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(iv) Peptide quantification. The peptides were quantified in Proteios
using MS1 peak intensities, with a workflow similar to that described by
Sandin et al. (15) but with fixed settings. First, potential peptide features
were extracted from the MS spectra in the mzML files using msInspect
(16) with default settings, and the resulting features were imported into
Proteios. For each sample, features from the LC-MS run and MS-MS
identifications from the LC–MS-MS run were matched using a procedure
implemented in Proteios build 4196. Initially, all features were retained
that unambiguously matched an MS-MS identification within 4 min from
the start or end of the MS feature with an m/z tolerance of 0.04. Then, the
feature apex retention times and the MS-MS identification retention
times were fitted using a Loess interpolation to yield a polynomial spline
function. The function was used to recalibrate the retention times when
matching the LC-MS and LC–MS-MS files from the same sample. After
this initial recalibration, features and MS-MS identifications were consid-
ered matched if the MS-MS was within the feature time boundary of 0.5
min, with an m/z tolerance of 0.04, and the MS-MS-derived peptide iden-
tities were assigned to the matching features.

Feature matching between samples within each slice fraction was sub-
sequently performed pairwise for all LC-MS files. An initial time recali-
bration was performed using a polynomial spline function derived using
features with equal peptide identities in the file pair being matched. After
this initial recalibration, features were matched between the two files,
using a retention time tolerance for the apex intensity of 1.0 min and an
m/z tolerance of 0.03. Peptide abundance comparison reports, based on
the feature intensities, were finally exported.

(v) Protein quantification and annotation. Protein levels were calcu-
lated by summing the intensities of all peptides matching the protein
sequence. Peptides that matched more than one protein were not consid-
ered. Proteins that were detected in more than two gel slices that were not
adjacent or proteins in two neighboring slices with large differences in the
ratio between knobs and mycelia were considered to be protein isoforms.
The counts were log2 transformed, and P values were calculated from
pairwise comparisons of protein levels in knob and mycelium samples,
using Omics Explorer version 2.2 (Qlucore AB, Lund, Sweden) software.

Protein sequences were annotated based on searches in the UniProt
database (17) using the BLASTP algorithm (18) with an E value threshold
of 1e�10. In addition, the Pfam protein family database (19) (E value
threshold, 0.05), the pathogen-host interaction (PHI) protein database
version 3.2 (E value � 1e�10) (20), and the KOG database (21) were
searched to further annotate protein sequences. Target signals were ana-
lyzed with SignalP 4.0 (22) and PTS1 predictor (23). The PTS1 predictor
uses an algorithm to predict peroxisomal targeting signal 1 (PTS1). The
probability, P, of observing the number of proteins within a given cate-
gory by chance was estimated using hypergeometric distribution. The
Pearson correlation coefficient (r) was used to calculate the correlation
between the transcriptome and the proteome.

Phylogenetic analysis of the WSC domain. Proteins containing the
WSC domain were retrieved from the genomes of M. haptotylum (33
proteins) (Meerupati et al., submitted), A. oligospora (16 proteins) (10),
Metarhizium anisopliae (16 proteins) (24), Aspergillus fumigatus (5 pro-
teins) (25), Emericella nidulans (4 proteins) (26), and Magnaporthe grisea
(13 proteins) (27). In total, 87 sequences were retrieved, and regions cor-
responding to 173 WSC domains were extracted using the extractseq pro-
gram from the EMBOSS package (28). In order to produce a more reliable
alignment and tree, the first WSC domain for each of the 87 sequences was
selected and aligned using the MAFFT multiple-alignment program (29).
An unrooted maximum-likelihood (ML) tree was reconstructed from the
87 WSC domains using PhyML version 3.0 (30) with 1,000 bootstrap
replications. The phylogenetic tree was visualized in iTOL (31), and the
domain architecture of the Pfam domains for each sequence was marked
on the tree.

Transcriptome analysis. RNA was extracted from two mycelium
samples using the RNeasy Plant Mini Kit (Qiagen) with the supplied buf-
fer RLC (containing guanidine hydrochloride). After reverse transcrip-

tion into double-stranded cDNA for tag preparation (32), the material
was sequenced in single-read mode (50 bp) using Illumina HiSeq2000 by
GATC Biotech AG, Konstanz, Germany. In total, more than 51 million
reads were obtained. The reads were mapped using Burrows-Wheeler
Aligner (BWA) software (33) with default settings. The R package DESeq
(34) was used for data normalization and statistical analysis. The profiles
of the expressed mycelium transcripts were compared with the transcripts
obtained from knobs and from hyphae infecting the nematode C. briggsae
(Meerupati et al., submitted).

RESULTS
Knob proteome. The SDS-PAGE and LC–MS-MS analyses
yielded 6,131 spectra that could be assigned to peptides within the
M. haptotylum sequence database (applying a false-discovery rate
of 1%). In total 6,105 of these peptides were assigned to 336 gene
models predicted in the genome of M. haptotylum (see Table S1 in
the supplemental material) (Meerupati et al., submitted). The re-
maining 26 peptides matched 26 ORFs that were not found among
these gene models. Further analysis of these ORFs showed that 16
of them were found in the same locations as predicted gene mod-
els either in different reading frames (9 ORFs) or in alternative
splicing variants (7 ORFs). The remaining 10 ORFs were either
wrongly mapped (false positives) or matched ORFs not located
among the predicted gene models. BLASTP searches of the se-
quences of these ORFs against the NCBI nr database (E value
cutoff, �1e�5) showed that only one of them displayed sequence
similarities to proteins in the database (best hit, EGX50602.1 from
A. oligospora).

In total, 54 of the 336 predicted proteins among the M. hapto-
tylum genome proteins were significantly more highly expressed
in the knobs than in the mycelia (Table 1). Compared with the
proteins in the genome overall, the overexpressed knob proteins
showed several unique characteristics (Fig. 2A and C). First, the
upregulated knob proteome was significantly enriched with core
proteins (P � 0.003). Second, secreted proteins were overrepre-
sented: secretion signals were predicted in 26 sequences, i.e., 48%
of the proteins identified to be upregulated in the knobs, which is
significantly (P � 8.4e�9) higher than the proportion of secreted
proteins in the proteome overall (15%) (Meerupati et al., submit-
ted). Five of the secreted proteins were short (�300 amino acids)
and were therefore considered to be SSPs. Three of the SSPs—
found among the species-specific proteins—were orphans, i.e.,
they shared no homology with proteins in the NCBI database and
lacked Pfam domains (35).

The upregulated knob proteome was also enriched with mem-
bers of protein families that are expanded in M. haptotylum
(Meerupati et al., submitted). In total, 10 (19%) of the 54 overex-
pressed proteins belonged to the expanded gene families com-
pared with a proportion of 8% in the proteome overall (P �
0.009). Members belonging to expanded Pfam families were
exclusively encoded by core genes and comprised proteins con-
taining the WSC domain (5 proteins), proteins with the PA14_2
(GLEYA) domain (1 protein), mucin (1 protein), peptidase_S8
(subtilisin) (1 protein), aspartyl protease (1 protein), and tyrosi-
nase (1 protein) (Tables 1 and 2). Three of the proteins displayed
sequence similarity to proteins in the pathogen-host interaction
(PHI base) database of experimentally verified pathogenicity and
virulence genes from fungi (20) (Table 1).

In the knob proteome, five proteins with the carbohydrate-
binding domain WSC were upregulated compared with 33 genes
with the domain in the M. haptotylum proteome overall (Meeru-
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TABLE 1 Proteins identified by quantitative mass spectrometry as significantly upregulated in knobs versus mycelia from M. haptotyluma

NCBI locus IDb Featurec Ratiod Pe Pfamf Secg Putative functionh

Cell surface proteins
H072_6833 Core 53.0 0.0025 WSC SiP Cell surface protein, adhesion (I)
H072_973 Core 11.9 0.0183 WSC SiP Cell surface protein, adhesion (I)
H072_10254 Core � PA14_2/GLEYA SiP Cell surface protein, adhesion (K)
H072_6835a Core � WSC SiP Cell surface protein, adhesion (I)
H072_6835c Core � WSC SiP Cell surface protein, adhesion (I)
H072_10205 Core � WSC SiP Cell surface protein, adhesion (I)
H072_8804 Core � WSC SiP Cell surface protein, adhesion (I)
H072_1293 Core 10.4 0.0370 SiP Extracellular serine-rich protein (K)
H072_5601 Core 2.6 0.0487 Cupin_1 SiP Spherulin (SSP)

Peptidases
H072_11420 Core 7.1 0.0112 Peptidase_S8; Inhibitor_I9 SiP Serine endopeptidase. cuticle degrading subtilisin
H072_11104 Core 7.3 0.0114 Peptidase_S10 SiP Carboxypeptidase O
H072_4030 Core 3.2 0.0286 Peptidase_S10; Carbpep_Y_N SiP Carboxypeptidase Y
H072_4639 Core 9.6 0.0033 Peptidase_M28;PA SiP Aminopeptidase
H072_6217 Core 5.5 0.0474 Peptidase_M18 Aminopeptidase I
H072_8764 SS � Peptidase_M36; FTP - Metalloendopeptidase, fungalysin/thermolysin
H072_3605 Core 11.7 0.0063 Asp SiP Aspartic endopeptidase

Stress response
H072_1780 Core 3.8 0.0038 Thioredoxin SiP Protein disulfide isomerase (I)
H072_5104 Core 3.8 0.0026 2-Hacid_dh_C; Pyr_redox_2 Thioredoxin reductase
H072_7628 Core 2.7 0.0245 GST_C Glutathione S-transferase (K)
H072_6664 Core 2.5 0.0136 GST_N;GST_C Glutathione S-transferase
H072_6484 Core 5.5 0.0273 HSP70 SiP Chaperone, HSP 70 family (I)

Extracellular enzymes
(not peptidases)

H072_5927 Core 5.9 0.0109 Pectate_lyase_3; mucin SiP Plant cell wall degradation, glycoside hydrolase
H072_448 Core � Tannase SiP Plant cell wall degradation, feruloyl esterase
H072_4515 Core 18.3 0.0436 Tyrosinase SiP Oxidation of phenols

Metabolism
H072_9427 Core 11.3 0.0071 Glyco_hydro_65N; glyco_hydro_65 m SiP Carbohydrate metabolism, trehalase
H072_7564 Core 3.7 0.0169 Glyco_hydro_31 SiP Carbohydrate metabolism (PHI)
H072_10613 Core � PRKCSH; DUF1403 SiP Carbohydrate metabolism (I)
H072_6506b Core 5.5 0.0014 Transaldolase; PTE Pentose-phosphate shunt
H072_6506a Core 4.0 0.0112 Transaldolase; PTE Pentose-phosphate shunt
H072_6506d Core 2.2 0.0498 Transaldolase; PTE Pentose-phosphate shunt
H072_4602 Core 3.4 0.0267 F_bP_aldolase Carbohydrate metabolism
H072_3423 Core 3.5 0.0253 Aminotran_3 Metabolism
H072_6416d Core 14.2 0.0086 NmrA SiP Metabolism
H072_6416c Core 2.2 0.0291 NmrA SiP Metabolism
H072_10483 Core 3.1 0.0146 NUDIX Isoprenoid synthesis
H072_8576b Core 6.6 0.0012 NDK Nucleotide metabolism
H072_8576a Core 4.6 0.0024 NDK Nucleotide metabolism
H072_8576c Core 4.5 0.0026 NDK Nucleotide metabolism
H072_8576d Core 3.9 0.0058 NDK Nucleotide metabolism
H072_8285 Core 2.3 0.0362 NUDIX Phosphohydrolase
H072_6884 Core 3.2 0.0407 RRM_1; eIF2A Protein synthesis
H072_9479b Core 16.3 0.0002 Mt_ATP-synt_D Proton transporter
H072_9479a Core 4.7 0.0025 Mt_ATP-synt_D Proton transporter
H072_6761a Core 10.1 0.0302 FMN_red Oxidoreductase
H072_6761b Core 8.3 0.0165 FMN_red Oxidoreductase
H072_9515 Core 3.0 0.0285 adh_short Oxidoreductase (PHI) (K)
H072_10514b Core 8.3 0.0220 Ribonuc_L-PSP PTS1 Endoribonuclease
H072_10514c Core 8.1 0.0017 Ribonuc_L-PSP PTS1 Endoribonuclease
H072_10514a Core 8.0 0.0015 Ribonuc_L-PSP PTS1 Endoribonuclease
H072_10514d Core 7.4 0.0064 Ribonuc_L-PSP PTS1 Endoribonuclease

(Continued on following page)
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pati et al., submitted). WSC is a cysteine-rich domain with eight
conserved cysteine residues that are required for its function (36,
37). A sequence logo illustrating the prevalence of amino acids at
specific positions showed that eight cysteine residues are highly
conserved among the aligned WSC domains in this study (see Fig.
S2 in the supplemental material). The WSC proteins varied exten-
sively in length (223 to 3,063 amino acids). Phylogenetic analysis
of the WSC proteins showed that 15 of the 33 WSC proteins in M.
haptotylum form a large clade of expanded WSC paralogs (Fig. 3).
All the proteins in this clade contain two WSC domains. Further-
more, this expanded clade contains all five WSC proteins that were
upregulated in the proteome. The WSC-containing proteins out-
side this clade were highly diverse; they contained a variable num-
ber of WSC domains, and many of them had additional Pfam
domains.

Comparisons of protein and mRNA expression levels. Anal-
ysis of the RNA-Seq data showed that 851 gene models (8% of the
10,959 gene models in M. haptotylum) were more than 2-fold
upregulated in the knobs compared with the mycelia. The com-
position of the upregulated knob transcriptome was significantly
different from that of the corresponding proteome. Only six of the
upregulated knob transcripts were upregulated at the protein
level. These proteins included a putative surface protein of the

PA14_2/GLEYA family, a glutathione S-transferase, an alcohol
dehydrogenase identified in the PHI database, and two hypothet-
ical proteins with predicted secretion signals (Table 1). The lack of
correlation between protein and transcript was evident when plot-
ting the fold changes in the abundance of mRNA against its en-
coded proteins (Fig. 4A). However, in agreement with the upregu-
lated proteome, the upregulated transcriptome was significantly
enriched (P � 9.9e�6) with sequences predicted to have a signal
peptide (Fig. 2B and C). Indeed, secretion signals were found in
20% of the upregulated knob transcripts, and 87 of the 171 se-
creted proteins were SSPs. In contrast, the proportion of tran-
scripts from expanded gene families among the upregulated knob
transcripts was significantly lower (6%) than that in the upregu-
lated proteome (19%). The most abundant Pfam families in the
knob transcriptome included the F-box domain, ankyrin repeat,
and CFEM domain, and these were not found among the families
detected in the upregulated knob proteome (Table 2).

The large differences between the knob proteome and knob
transcriptome were also displayed when comparing the distribu-
tions of proteins and transcripts upregulated in knobs in different
eukaryotic orthologous groups (KOGs) (see Fig. S3 in the supple-
mental material). In the proteome, the KOG classes “signal trans-
duction mechanisms”; “replication, recombination, and repair”;

TABLE 1 (Continued)

NCBI locus IDb Featurec Ratiod Pe Pfamf Secg Putative functionh

Actin and DNA
binding proteins

H072_6869c Core 6.7 0.0055 Tropomyosin_1 Actin binding protein (I)
H072_6869d Core 3.5 0.0137 Tropomyosin_1 Actin binding protein (I)
H072_6869a Core 3.3 0.0126 Tropomyosin_1 Actin binding protein (I)
H072_4754 Core 5.3 0.0321 HMG_box DNA binding (PHI)

Others
H072_9522 Core � DUF297 Endo alpha-1,4 polygalactosaminidase
H072_940 Core 4.0 0.0282 OSCP SiP ATP synthesis coupled proton transport (SSP)
H072_10638 Core � SiP Outer membrane autotransporter

Hypothetical proteins
H072_1845 SS � SiP/PTS1 Hypothetical protein (SSP) (I)
H072_2504 LS � SiP Hypothetical protein (K)
H072_6857 SS � SiP Hypothetical protein (SSP) (K)
H072_8717 SS � SiP Hypothetical protein (SSP) (I)
H072_4225 LS 74.1 0.030 DUF1921 Hypothetical protein
H072_8026 SS 30.1 0.0001 SiP Hypothetical protein
H072_11591 Core 8.0 0.0294 SiP Hypothetical protein
H072_8078 Core 7.0 0.0075 Hypothetical protein
H072_7877 LS 3.9 0.0289 Hypothetical protein
H072_3089 Core 3.6 0.0232 BAR_2 Hypothetical protein
H072_11515 LS 2.5 0.0113 SiA Hypothetical protein

a Shown are proteins that were upregulated at least 2-fold in knobs versus mycelia or proteins that were detected in at least two of the four replicates of the knob. Peptides that
matched more than one protein were excluded from the analysis. Information about protein identifications is provided in Table S1 in the supplemental material.
b Gene models matching the peptide sequences. Before peptide sequencing, each lane in the SDS-PAGE gel was cut into five slices. Peptides generated from slices that were not
adjacent, or with large differences in ratio were considered different (iso)forms of the proteins. An italic letter after the ID indicates such proteins.
c Core, the protein has homologs in other fungi; LS (lineage specific), the protein is shared between M. haptotylum and A. oligospora; SS (species specific), the protein is unique to
M. haptotylum (Meerupati et al., submitted). Proteins marked SS in boldface are orphans (i.e., they lack both Pfam domains and homologs in the NCBI database).
d Ratio of protein levels in knobs and mycelia; �, the protein was present only in the knob samples.
e P values estimated from pairwise comparisons of protein levels in knob and mycelium samples.
f Pfam IDs in boldface designate gene families that were significantly expanded in the genome of M. haptotylum (Meerupati et al., submitted).
g SiP, the protein has a predicted secretion signal; PTS1, the protein has a predicted peroxisomal target signal; SiA, the protein has a signal anchor sequence.
h Assigment of the biological or enzymatic function based on manual annotations. PHI, the protein displayed sequence similarity to proteins found in the pathogen-host interaction
protein database (20); SSP, small (�300 amino acids) secreted proteins; K and I, the gene models were at least 2-fold upregulated in the RNA-Seq analysis in the pairwise
comparisons of knob versus mycelium and infecting hyphae versus knob.
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and “transcription” were more enriched in the knobs than in the
mycelia. However, in the transcriptome, the KOG classes “coen-
zyme transport and metabolism”; “translation, ribosomal struc-
ture, and biogenesis”; and “amino acid transport and metabo-
lism” were more enriched in the knobs than in the mycelia.

Distinct differences were also found between the knob pro-
teome and the transcriptome that was upregulated during infec-
tion of the nematode C. briggsae (Meerupati et al., submitted).
Only 11 upregulated knob proteins were found among the 842
gene models that were more than 2-fold upregulated in the pene-
trating hyphae (in a pairwise comparison with the knob transcrip-
tome) (Table 1). Furthermore, there was weak correlation be-
tween the changes in proteins in the knob and the changes in the
corresponding transcripts in the infected mycelium (Fig. 4B). No-
tably, 5 of the 11 upregulated protein-transcript pairs encoded

proteins with the WSC domain. Accordingly, all upregulated
WSC domain proteins present in the knob proteome were signif-
icantly upregulated at the transcriptional level during infection. In
addition, two proteins presumably involved in stress response
(displaying sequence similarity to thioredoxin and HSP70, respec-
tively)—an actin binding protein and two SSPs—were upregu-
lated in both the knob proteome and the infection transcriptome
(Table 1).

DISCUSSION

This is the first study where the proteome of the trapping cells of a
nematophagous fungus has been characterized in detail. Previous
proteome studies of nematode-trapping fungi have involved spe-
cies such as Monacrosporium lysipagum and A. oligospora, where
the trap cells cannot be isolated from the mycelium (10, 38). Given
that the biomass of trap cells is considerably lower than that of the
mycelium, it is difficult to infer the trap proteome by comparing
the proteomes of a mycelium with and without traps. M. haptoty-
lum offers a unique opportunity in this context, because function-

TABLE 2 Expanded gene families upregulated in the proteome and
transcriptome of knobs from M. haptotyluma

No. of transcripts or proteins
upregulated

Pfam family Genomeb

Proteome
(knobc)

Trancriptome

Knobd Infectione

WSC 33 5 2 13
Peptidase_S8 59 1 3 8
Asp 38 1 2 1
Tyrosinase 29 1 5 8
PA14_2 28 1 5 0
Mucin 16 1 3 3
F box 190 0 7 12
Ank 139 0 5 11
CBM_1 108 0 2 17
NACHT 76 0 0 5
PNP_UDP_1 49 0 0 4
BTB 36 0 2 0
DUF3129 33 0 2 20
SKG6 32 0 0 3
Glyco_hydro_61 28 0 0 3
Herpes_gE 27 0 1 2
CFEM 26 0 8 5
Glyco_hydro_28 20 0 0 3
NB-ARC 17 0 0 0
SPRY 17 0 0 2
Pec_lyase_C 10 0 0 0
Peptidase_M10 9 0 1 2
Pectinesterase 8 0 0 2
Ricin_B_lectin 8 0 1 1
Stig1 6 0 0 1
a The table shows the numbers of proteins and transcripts from 25 expanded Pfam gene
families (Meerupati et al., submitted) that were upregulated in the proteome and
transcriptome of M. haptotylum. The five largest families in each column are in
boldface.
b Number of genes in the genome.
c More than 2-fold upregulated (knob versus mycelium) or uniquely present in knobs;
total, 54 proteins (Table 1).
d More than 2-fold upregulated (knob versus mycelium; P � 0.01); total, 851
transcripts.
e More than 2-fold upregulated (infected hyphae versus knob; P � 0.01); total, 842
transcripts (Meerupati et al., submitted).

FIG 2 Features of proteins and genes that were significantly upregulated in
knobs of M. haptotylum. Proteins and genes were classified as core (shared with
other fungi), lineage specific (LS) (shared among the nematode-trapping fungi
M. haptotylum and A. oligospora), and species specific (SS) (unique to M.
haptotylum) (Meerupati et al., submitted). “Secreted” designates proteins with
a predicted secretion signal; SSPs are small secreted proteins with a length of
�300 amino acids; “Expanded Pfam” represents proteins found among 25
expanded gene families in M. haptotylum (Meerupati et al., submitted). (A)
Proteins (54 total) that were at least 2-fold upregulated in knobs versus mycelia
(Table 1). (B) Transcripts (851 total) that were at least 2-fold upregulated in
knobs versus mycelia. (C) Distribution of predicted proteins (10,959 total) in
the genome of M. haptotylum (Meerupati et al., submitted).
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ally intact trap cells can be isolated from the mycelium, meaning
that the proteomes of the two tissues can be analyzed separately (8).

The upregulated knob proteome of M. haptotylum was charac-
terized by an overrepresentation of secreted proteins (including
SSPs) and a number of extracellular proteins, including proteins
with WSC or GLEYA domains, peptidases, and proteins involved
in stress response. Of note, the knob proteome was significantly
different from the transcriptomes expressed in the mycelium,
knob, or infecting hypha. Actively growing yeast cells generally
show concordance between mRNA and protein expression pro-
files (39–41). However, the knob is a specialized cell that develops
at the apex of a hypha, meaning that growth has been arrested.

There are at least two possible reasons for poor correlation be-
tween mRNA and protein levels: faster protein synthesis and
slower degradation (42). Both explanations are feasible in this
context. Early experiments in M. haptotylum showed that treat-
ment with the protein synthesis inhibitor cycloheximide does not
affect the infection process (43). Thus, the traps of M. haptotylum
appear to contain many of the proteins needed in the early stages
of infection, and it is reasonable to assume that trap cells can
tightly control the translation and degradation of these proteins to
minimize the cost of protein synthesis.

Cell surface proteins. (i) Proteins containing the WSC do-
main. Several of the most highly upregulated proteins in the trap

FIG 3 Phylogeny of the WSC Pfam family. An unrooted PhyML tree of the first WSC domain in each protein was reconstructed with 1,000 bootstrap
replications. Branches with 	50% bootstrap support are shown. The phylogeny and Pfam domain architecture of each protein is displayed using iTOL. Proteins
marked with a blue star were 2-fold upregulated in the knob proteome compared with the mycelium. Green circles indicate genes that were 2-fold upregulated
during infection compared with the knob transcriptome. Red squares show genes that were highly upregulated during infection compared with the knob
transcriptome (	10-fold) and highly expressed during infection (10% most expressed transcripts).
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proteome contained the WSC Pfam domain. WSC is one of the
most expanded gene families in M. haptotylum, with 33 members.
This number is very high: other ascomycetes have 0 to 18 proteins
containing the domain (Meerupati et al., submitted). The closely
related fungus, A. oligospora, has 16 proteins with this domain.
The only fungus, to our knowledge, that has a number of WSC-
containing proteins similar to that of M. haptotylum is the root-
colonizing endophyte Piriformospora indica, with 36 genes (44).

The phylogenetic tree shown in Fig. 3 revealed rapid expansion
of a clade containing 15 M. haptotylum paralogs. This clade has
only one ortholog in A. oligospora, indicating that the expansion of
the M. haptotylum paralogs in the clade occurred after the specia-
tion of M. haptotylum and A. oligospora. Another phylogenetic
analysis using all WSC domains (instead of the first domain in
each protein, as in Fig. 3) revealed that the first WSC domains in
each protein tend to cluster together (see Fig. S4 in the supplemen-
tal material). Accordingly, the two domains were found in the
ancestral protein of the expanded clade containing the 15 WSC
paralogs.

Gene duplication and protein family expansion are important
genomic mechanisms shaping the evolution of pathogenic fungi
(45). Many gene family expansions are species specific (46, 47).
Interestingly, the clade of 15 expanded WSC proteins in M. hap-
totylum contains all 5 WSC proteins that were upregulated in the

knob proteome and all 13 transcripts encoding the WSC domain
that were upregulated in the transcriptome during infection. This
indicates that these proteins have an important role during patho-
genicity. Two of the five upregulated WSC proteins are found in a
gene cluster of secreted proteins that are adjacent in the M. hap-
totylum genome (cluster 74) (Meerupati et al., submitted). All five
proteins in this cluster are highly (	10-fold) upregulated during
infection. In addition to the two WSC proteins, the cluster in-
cludes two SSPs and one protein with the DUF3129 domain. Tak-
ing the data together, it is likely that this gene cluster is associated
with pathogenicity and that its deletion affects pathogenicity, sim-
ilar to what has been shown in Ustilago maydis (48).

WSC is a carbohydrate-binding domain that is found in pro-
teins with many different functions (49). Notably, 28 of the 33
WSC proteins in M. haptotylum—including the five proteins that
were upregulated in the trap proteome— have structural features
that are found in fungal adhesins (50). These features include a
signal peptide, tandem repeats, and O-glycosylation sites (see Ta-
ble S2 in the supplemental material). Three of the putative ad-
hesins have glycosylphosphatidylinositol (GPI) anchor signals.
Based on these features, we suggest that a large proportion of the
WSC domain proteins in M. haptotylum are extracellular and lo-
cated on the surfaces of knob cells.

None of the five upregulated WSC proteins in M. haptotylum
displayed significant sequence similarity to proteins found in the
UniProt database. However, several other WSC domain proteins
in M. haptotylum displayed significant sequence similarity to
other proteins. Protein H072_1433 displayed sequence similarity
(2e�33) to WscB in Aspergillus nidulans, which is involved in the
cell wall integrity (CWI) pathway (51). WscB and other so-called
cell surface sensors have been extensively characterized in yeast,
where they monitor cell stress, including internal turgor pressure,
through the CWI pathway (52–54). Interestingly, the CWI path-
way is essential for appressorium penetration and invasive
growth in Magnaporthe oryzae (55). In addition, four WSC
proteins in M. haptotylum (H072_10165, H072_2046,
H072_6644, and H072_8090) displayed sequence similarity
(�1e�124) to a legume lectin beta-domain-containing protein
(H1UW68) identified in the plant-pathogenic fungus Colletotri-
chum higginsianum.

(ii) GLEYA proteins and other cell surface proteins. Another
cell surface protein that was upregulated in the knobs was the
cupin_1 protein, which showed sequence similarity to spherulin
1a, a cell wall glycoprotein in the slime mold Physarum polycepha-
lum (56). Furthermore, another upregulated knob protein had a
PA14_2 (also known as GLEYA) domain, which is a carbohy-
drate-binding domain that is found in fungal adhesins (57, 58).
GLEYA is one of the most expanded gene families in M. haptoty-
lum, with 28 members. Notably, three GLEYA proteins also had a
WSC domain, but none of them was found in the clade containing
the upregulated WSC knob proteins (Fig. 3).

(iii) Lectins. The adhesion of nematodes to nematode-trap-
ping fungi might be mediated by an interaction between lectins
present on the trap surface and carbohydrate ligands found on the
nematode surface, as indicated by sugar inhibition experiments
published in 1979 (59). Later, a gene encoding such a lectin was
characterized from A. oligospora (60). However, deletion of the
gene did not affect the ability to infect nematodes (61), which
suggests that the fungus might express other lectins mediating
attachment to nematodes. Indeed, in the recently published ge-

FIG 4 Comparisons between protein and transcript changes among the pro-
teins that were significantly more highly expressed in knobs than in mycelia.
(A) Log2 values of the ratio of the abundance of proteins in knobs versus
mycelia plotted against the ratio of the abundance of the corresponding tran-
scripts. (B) Log2 values of the ratio of the abundance of proteins in knobs
versus mycelia plotted against the ratio of the abundance of transcripts in
infected hyphae versus knobs. The Pearson correlation coefficients (r) of the
comparisons are shown.
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nome of A. oligospora, seven lectins with different sugar specifici-
ties were identified (10). The expression levels of the mRNAs and
the corresponding proteins of these lectins did not change during
trap formation, and their roles in the trapping mechanism remain
unclear (10). In the genome of M. haptotylum, we identified ho-
mologs of six of the seven lectins in A. oligospora. None of the
lectins identified in M. haptotylum were upregulated in the knob
proteome. However, the transcripts of two lectins were upregu-
lated in the knobs during nematode infection. One of the lectins in
A. oligospora has a WSC domain. This sequence is homologous to
the WSC gene model H072_8090 in M. haptotylum, but
H072_8090 was not found in the rapidly evolving clade of WSC
knob proteins.

Peptidases. (i) Subtilisins. Several peptidases were upregu-
lated in the knob proteome of M. haptotylum, including a subtil-
isin (H072_11420) with the peptidase_S8 domain. In A. oli-
gospora, extracellular subtilisins have a key role in the early stages
of infection, including immobilization of the captured nematodes
(10, 62, 63). Subtilisins are an expanded gene family in M. hapto-
tylum, and the genome contains 59 gene models with a pepti-
dase_S8 domain (Meerupati et al., submitted). Two subtilisin
genes (spr1 and spr2) in M. haptotylum are significantly upregu-
lated during infection of Caenorhabditis elegans (64). In the ge-
nome, spr1 corresponds to H072_6551 and spr2 to H072_5672;
thus, the subtilisin that was upregulated in the proteome was not
identical to SPR1 or SPR2. The transcriptome data (Table 2)
showed that three genes encoding a peptidase_S8 domain were
upregulated in knobs compared with mycelia and that eight genes
were upregulated during the infection of nematodes. One of the
three genes that were upregulated in knobs was spr2, but neither
spr1 nor spr2 was significantly upregulated during infection. spr2
did show the second highest expression level among all the tran-
scripts upregulated during infection, but the P value was too high
for the result to be significant.

(ii) Carboxypeptidases and other peptidases. In addition to
subtilisins, two carboxypeptidases were upregulated in knobs.
One of them (H072_11104) shows sequence similarity to a car-
boxypeptidase that is produced during root colonization by the
egg-parasitic nematophagous fungus Pochonia chlamydosporia
(65). The other upregulated carboxypeptidase (H072_4030)
shows sequence similarity to carboxypeptidase Y in M. grisea,
which is expressed during appressorium formation (66).

Other upregulated peptidases included aminopeptidases
(H072_4639 and H072_6217), an aspartic endopeptidase
(H072_3605), and a metalloendopeptidase (H072_8764) belong-
ing to the M36 fungalysin family. Notably, the M36 peptidase is a
species-specific protein that displayed no sequence similarity to
other fungal peptidases.

Fungal pathogenicity factors. The trapping cells of nematode-
trapping fungi and the appressoria formed by plant-pathogenic
fungi have several structural and functional similarities (9). Both
are specialized infection structures that develop from hyphae. The
structures contain an adhesive layer that binds to the host surface.
Following attachment, both traps and appressoria form a hypha
that penetrates the host using a combination of physical force and
extracellular enzyme activities (3, 67). The plasticity of infection
structures in nematode-trapping fungi has been extensively stud-
ied in A. oligospora (68). Hence, this fungus has the capacity to
colonize plant roots by the aid of appressorium-like structures
(69). Furthermore, it was observed that the infected plant cells

contained structures similar to the infection bulbs that the fungus
forms inside penetrated nematodes (3).

(i) Homologs of proteins in plant-pathogenic fungi. Three of
the upregulated knob proteins in M. haptotylum were homologs of
proteins in plant-pathogenic fungi that are involved in the devel-
opment and function of appressoria. Alpha-glucosidase (H072_
7564) shows sequence similarity to GAS1 in U. maydis, which is
induced during pathogenesis. Mutants lacking gas1 were able to
form an appressorium but were arrested in growth after penetra-
tion of the plant surface (70). The protein H072_9515 shows se-
quence similarity to a short-chain dehydrogenase/reductase that
is involved in M. oryzae pathogenicity. Mutants lacking this gene
showed reduced appressorium development (71). Reduced ap-
pressorium development was also seen in mutants of M. grisea
lacking a nonhistone protein 6 gene that shows sequence similar-
ity to H072_4754 in M. haptotylum (72).

(ii) Proteins with peroxisomal target signals. Microscopic
studies have shown that traps contain a large number of peroxi-
some-like organelles called microbodies (73–75). The number of
these microbodies rapidly decreases during penetration and de-
velopment of the infection hyphae (3). Organelles with peroxi-
somal function are also found in the appressoria of plant-patho-
genic fungi, including Colletotrichum orbiculare (76). Similar to
microbodies, these organelles are selectively degraded at the stage
of plant invasion (77). The organelles might have a role in the
recycling of cellular components that are needed for the synthesis
of compounds required for host invasion (77). Notably, we iden-
tified only two proteins with peroxisomal PTS1 target signals in
the upregulated knob proteome of M. haptotylum. H072_1845 is
an SSP with unknown function, while H072_10514 is a member of
the YjgF/Yer057p/UK114 family. Even though the primary se-
quence is highly conserved among members of this family, their
biological functions vary (78–81). For the predicted protein
H072_10514, the highest sequence similarity was found with the
L-PSP endoribonuclease family protein Brt1. A BLAST search of
sequences in the UniProt database revealed that there are other
fungal L-PSP endoribonuclease proteins that have PTS1 target
signals. The fact that that only two of the upregulated knob pro-
teins had peroxisomal PTS1 target signals raises the question of
whether the microbodies are peroxisomes. Alternatively, the
membranes of the microbodies were not disrupted during sample
preparation.

(iii) Tyrosinases. One of the most highly upregulated (18-
fold) knob proteins (compared with mycelium proteins) in M.
haptotylum was a tyrosinase. In addition, eight other tyrosinase
genes were upregulated in the transcriptome during infection. Ty-
rosinases are involved in the synthesis of melanin (82). Several
fungi require melanization for pathogenic processes, for example,
appressorial penetration by Colletotrichum lagenarium (83). Ty-
rosinases also oxidize protein- and peptide-bound tyrosyl resi-
dues, resulting in the formation of inter- and intramolecular
cross-links between peptides, proteins, and carbohydrates (84).
Cross-linking between proteins and polymers present in the ex-
tracellular layer might have a role in mediating binding between
the trap of nematode-trapping fungi and the nematode cuticle
(85).

(iv) Cell wall-degrading enzymes. The upregulated knob pro-
teins also included two putative plant cell wall-degrading en-
zymes. One of these was a feruloyl esterase (EC 3.1.1.73), an en-
zyme that hydrolyzes ester bonds between hydroxycinnamic acids
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and sugars present in plant cell walls (86). The other putative cell
wall-degrading enzyme (H072_5927) displayed significant se-
quence similarity to exo-
-1,3 glucanases (EC 3.2.1.58). Further
annotation showed that it has the same catalytic sites as other
enzymes with 
-1,3 glucan-hydrolyzing activity belonging to gly-
coside hydrolase family 55 (87). 
-1,3 Glucans are building blocks
of callose, which is found in plant cell walls (88), but 
-1,3 glucans
are also major constituents of the fungal cell wall (89).

(v) SSPs. Many plant-pathogenic fungi are thought to employ
small secreted proteins during infection (90). Entomopathogenic
fungi also have a large battery of SSPs that might be involved in
pathogenesis (91). Typically, such SSPs have a limited phyloge-
netic distribution, possible because of rapid evolution. Notably,
we identified three SSPs with unknown functions among the up-
regulated knob proteins in M. haptotylum. The transcripts of two
of the SSPs were highly upregulated during infection. The three
SSPs showed no sequence similarity to genes in other species, and
they lack Pfam domains, i.e., they are orphans (35). In the genome
of M. haptotylum, we have recently identified 695 SSPs (Meerupati
et al., submitted). The sequences of these SSPs are highly diver-
gent. A homology-based clustering of secreted proteins using an
all-against-all BLASTP similarity search showed that only a few of
the SSPs belonged to clusters containing three or more paralogs
(Meerupati et al., submitted). One of the three SSPs upregulated
in the knob was found in a cluster with two other SSPs in the
genome. The sequences of the paralogs in this cluster share 12
conserved cysteine residues. The DNA sequences of the other two
SSPs that are upregulated in the knob proteome show evidence of
repeat-induced point (RIP) mutations. RIP mutation has been
suggested to be a major mechanism generating sequence diver-
gence of SSPs in the genome of M. haptotylum (Meerupati et al.,
submitted).

Conclusion. We have shown that there are large differences
between the protein content of the trapping knob and that of the
vegetative mycelia. The knob proteome was overrepresented in
secreted proteins, including SSPs, peptidases, and carbohydrate-
binding proteins of the WSC family. Previous studies have shown
that transcripts encoding such proteins are highly upregulated in
M. haptotylum during early stages of infection (Meerupati et al.,
submitted). Hence, the trap proteome contains several of the pro-
teins needed during the initial stages of infection, i.e., adhesion
and penetration. Phylogenetic analysis shows that the WSC pro-
teins that were upregulated in the knob proteome are members of
a large clade of rapidly evolving WSC genes. Further studies will
show if they have a role during the adhesion of nematodes or what
function they have during pathogenicity.
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