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SUMMARY
Pratylenchus penetrans is one of the most important species among root lesion nematodes (RLNs)
due to the detrimental and economic impact that it causes in a wide range of crops. Similar to other
plant-parasitic nematodes (PPNs), P. penetrans harbors a significant number of secreted proteins
that play key roles during parasitism. Here we combined spatially and temporally resolved next
generation sequencing datasets of P. penetrans to select a list of candidate genes aimed at the
identification of a panel of effector genes for this species. We determined the spatial expression of
transcripts of 22 candidate effectors within the esophageal glands of P. penetrans by in situ
hybridization. These comprised homologues of known effectors of other PPNs with diverse putative
functions, as well as novel pioneer effectors specific to RLNs. It is noteworthy that five of the pioneer
effectors encode extremely proline-rich proteins. We then combined in situ localization of effectors
with available genomic data to identify a non-coding motif enriched in promoter regions of a subset
of P. penetrans effectors, and thus a putative hallmark of spatial expression. Expression profiling
analyses of a subset of candidate effectors confirmed their expression during plant infection. Our
current results provide the most comprehensive panel of effectors found for RLNs. Considering the
damage caused by P. penetrans, this information provides valuable data to elucidate the mode of
parasitism of this nematode and offers useful suggestions regarding the potential use of P.
penetrans-specific target effector genes to control this important pathogen.

Keywords: root lesion nematode, transcriptome, pioneer effectors, proline-rich, plant parasitic
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INTRODUCTION
Root lesion nematodes (RLNs), namely Pratylenchus spp., are economically important pathogens
that inflict damage and yield losses on a wide number of crops (Castillo and Vovlas, 2007). RLNs
require an intimate association with their host to gain access to nutrients. Pratylenchus spp. are
migratory endoparasitic nematodes that feed predominantly from the root cortical tissues causing a
reduction in root growth, accompanied by the formation of lesions, necrotic areas, browning and
cell death (Castillo and Vovlas, 2007; Fosu-Nyarko and Jones, 2016). In contrast to sedentary
nematodes, like cyst and root-knot nematodes, which induce highly specialized and complex feeding
structures (namely syncytia or giant-cells, respectively), RLNs do not induce complex feeding
structures (Fosu-Nyarko and Jones, 2016). However, their mobility throughout their life cycle causes
massive damage to the root system, predisposing the roots to secondary infections by other soil
borne pathogens (Castillo and Vovlas, 2007).
One of the most important species of this genus is Pratylenchus penetrans due to its host
range (nearly 400 species), including high value crops such as grasses, forages and fruit trees (Castillo
and Vovlas, 2007). Pratylenchus penetrans is an amphimictic species (Roman and Triantaphyllou,
1969), and all stages are vermiform and motile (except eggs and J1), capable of feeding both endoand ecto-parasitically (Zunke, 1990). The life cycle of P. penetrans can range from three to seven
weeks depending on the environmental conditions (Mizukubo and Adachi, 1997), and thus, several
generations can develop during the life span of the crop.
Similar to other PPNs, the successful infection of PPNs relies on the secretion of a repertoire
of proteins with diverse parasitism-related functions. These nematode secreted proteins (known as
effectors) are crucial components in the outcome of the plant-nematode interaction by participating
in penetration and evasion of the host, and consequent establishment of the nematode (Mitchum et
al., 2013). In most Tylenchoidea these nematode-secreted effectors are primarily synthesized in
three unicellular esophageal glands (2 sub-ventral and 1 dorsal) and ultimately secreted through the
stylet, a hollow, protrusible, needle-like structure (Hussey, 1989). These secretions can be delivered
into different compartments of the host cells (e.g. apoplasm and cytoplasm), enabling nematode
development and progression of the disease (Mitchum et al., 2013). In addition, proteins secreted
by other nematode tissues, such as the hypodermis and amphids can actively participate in different
stages of host interaction (Mitchum et al., 2013). Invasion of roots by RLNs involves mechanical force
of the stylet, pressure of the labial region and secretion of cell wall-degrading enzymes (CWDEs)
(Castillo and Vovlas, 2007). Despite their economic importance, the molecular mechanisms by which
RLNs cause disease in plants are still largely unknown, but similar to other plant pathogens, effectorlike proteins probably play an important role in their parasitic behavior.
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In this context, molecular studies have focused on the identification of nematode effector
catalogues of different economically important PPNs. The majority of these studies have focused on
sedentary plant-parasites (e.g. cyst and root-knot nematodes), showing that PPN effector
repertoires can contain hundreds of proteins implicated in the establishment of a successful
interaction (Mitchum et al., 2013). RLNs have long been considered as less specialized parasites,
since they do not induce a specific feeding site, but rather feed on the contents of host cells that
they encounter during their destructive migration through the cortex of the root (Fosu-Nyarko and
Jones, 2016).
The availability of both genomic and transcriptomic datasets for several RLNs (Haegeman et
al., 2011; Nicol et al., 2012; Burke et al., 2015; Fosu-Nyarko et al., 2015), including P. penetrans
(Mitreva et al., 2004; Vieira et al., 2015; Denver et al., 2016), provides the opportunity to identify
and catalogue putative candidate effectors. These studies have highlighted certain features of RLNs
effector repertoires: uncovering the presence of common effector genes often employed by other
migratory and sedentary PPNs. A core set of candidate effectors have been identified, including a
suite of genes encoding CWDEs, such as β-1,4-endoglucanases (GH5), pectate lyases (PL3),
arabinogalactan endo-1,4-β-galactosidases (GH53), xylanases (GH30) and expansin-like genes (Vieira
et al., 2015), often implicated in the softening and degradation of the plant cell wall (e.g. Smant et
al., 1998). A few other genes or gene families frequently identified as part of the nematode-host
secretome were also recognized by these in silico analyses (Vieira et al., 2015), including for example,
fatty acid- and retinol-binding proteins (FARs), transthyretin-like proteins (TTLs), venom allergen-like
proteins (VAPs), an array of diverse classes of putatively secreted proteases or genes involved in
protection from host defenses such as reactive oxygen species (ROS). A prominent feature of these
comparative analyses was the absence of transcripts encoding nematode effectors related to giantcell or syncytium formation by root-knot and cyst nematodes, underlining the differences among
sedentary nematode species and RLNs (Fosu-Nyarko and Jones, 2016). While efforts have been
made to provide an exhaustive list of candidate effector genes of RLNs (Haegeman et al., 2011; Nicol
et al., 2012; Burke et al., 2015; Fosu-Nyarko et al., 2015; Vieira et al., 2015; Denver et al., 2016), a
limited number have been experimentally validated or characterized. To date, only a handful of RLNs
effectors have been so far specifically localized in the esophageal glands of P. thornei [e.g. one β-1,4endoglucanase, one pectate lyase, one polygalacturonase, one glutathione-S-transferase and one
VAP (Jones and Fosu-Nyarko, 2016)], P. vulnus [e.g. two β-1,4-endoglucanases (Fanelli et al., 2014)]
and P. zeae [e.g. one calreticulin, one β-1,4-endoglucanase and one SXP/RAL-2 gene (Fosu-Nyarko et
al., 2015)].
In addition, the presence of predicted N-terminal signal peptides and the absence of
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transmembrane domains have been used to mine the predicted secretomes of RLNs,
complementing the list of candidate-secreted proteins. A hallmark of RLNs transcriptome analyses,
and in particular of P. penetrans, was the great proportion of transcripts encoding putative secreted
proteins without a known function (Vieira et al., 2015). However, other putative effectors have been
identified in the secretome of PPNs without having a classical signal peptide for secretion, suggesting
alternative secretory pathways independent of the endoplasmic reticulum-Golgi network (Dubreuil
et al., 2007; Bellafiore et al. 2008). Although the catalogue of effectors of species with distinct
strategies of parasitism may share some common features, a large portion of the new identified
pioneer effectors so far for other sedentary or migratory PPNs, seemed to be species- or genusspecific (Bird et al., 2015). In this case, the number of predicted secreted proteins without functional
annotation identified for RLNs, and in particular of P. penetrans (Vieira et al., 2015), could represent
a powerful resource to identify novel, species-specific, effectors.
Here we combine spatially and temporally resolved next generation sequencing datasets of
P. penetrans (Mayer et al., 2013; Vieira et al., 2015) to catalogue effector genes, with special focus
on the identification of novel effectors. We have experimentally determined the spatial expression
patterns of 38 nematode genes, revealing/validating gland cell expression for 22 candidate effectors.
Furthermore, we combine in situ localization of effectors with available genomic data to identify a
non-coding motif enriched in promoter regions of a subset of P. penetrans effectors, and thus a
putative hallmark of spatial expression. In addition, we experimentally validate the temporal
expression profile of candidate effectors during infection, further supporting their involvement in
parasitism. Considering the detrimental effect caused by P. penetrans in a wide range of
economically important crops, our results provide important information on the range of P.
penetrans effector genes involved in the infection, and identify high priority candidates for gene
targets in the control of this important plant pathogen.

RESULTS

1. Candidate effector gene selection
To identify a more comprehensive list of P. penetrans effectors, we combined spatially and
temporally resolved sequencing datasets. While we expected considerable overlap between these
approaches, they were nevertheless combined to safeguard against false negatives in each
inherently imperfect approach. Based on a dataset of 1330 transcripts (Table S1) predicted to
encode secreted proteins (i.e. presence of a signal peptide and no transmembrane domain) from the
de novo transcriptome assembly of P. penetrans (Vieira et al., 2015), we ranked sequences by
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transcript abundance in: 1) 454 sequencing of a cDNA library generated from the esophageal glands
mRNA of P. penetrans (Maier et al., 2015); and 2) Illumina RNAseq of a nematode infection time
course (Vieira et al., 2015).
The 454 gland cell reads were mapped to all P. penetrans transcripts in the transcriptome to
identify sequences that may be expressed in these tissues. Using this approach, 85 of the 1330
transcripts encoding putatively secreted proteins were identified (Fig. S1A; Table S1, see Supporting
Information). Among this list, we were able to re-identify transcripts encoding homologues of known
effectors, or genes relevant during nematode-host interaction, such as different classes of CWDEs, a
calreticulin, a venom allergen-like protein, several transthyretin-like proteins, and different
proteases. Of the 85 transcripts, 40 sequences had no similarity to sequences in the non-redundant
(NR) database (BLASTx, e-value <10-5) (Fig. S1B, see Supporting Information). The Illumina RNAseq in
planta infection time course reads were similarly mapped to all P. penetrans transcripts (Vieira et al.,
2015) that putatively encode secreted proteins, and a total of 1286 out of the 1330 transcripts were
identified (Fig. S1; Table S1, see Supporting Information).
From these lists, a panel of candidate effectors was compiled to contain both those with
similarity to previously characterized effectors, and those that represented pioneer sequences (i.e.,
no known or annotatable function) because effector proteins are often evolutionarily diverse among
different lineages of PPNs and are rarely similar to known proteins (Kikuchi et al., 2017). Thirty-three
candidates from this panel were similar to those previously described, for example various families
of CWDEs including: β-1,4-endoglucanases (GH5), pectate lyases (PL3), xylanase (GH30),
arabinogalactan endo-1,4-β-galactosidase (GH53) and expansin-like proteins (Table 1). Other
candidates included homologues of known PPN genes with a putative participation in suppression of
plant defenses, e.g. venom allergen-like proteins (Lozano-Torres et al., 2012) and a calreticulin
(Jaouannet et al., 2013), or genes commonly associated with the nematode activity within the host,
such as fatty acid- and retinol-binding proteins (FARs) (Iberkleid et al., 2013), transthyretin-like
proteins (Lin et al., 2016), a glutathione peroxidase (Jones et al., 2004) and SXP/RAL-2 proteins
(Jones et al., 2000; Tytgat et al., 2005). A set of sequences encoding different classes of proteases
and inhibitor-like proteases was also included due to their potential participation in parasitism
(Table 1). Although these types of proteins may play essential physiological roles (e.g. digestion),
some proteases are secreted within the host tissues of both animal-parasitic nematodes (APNs) and
PPNs (Hewitson et al., 2009; Vieira et al., 2011), and are linked to putative roles in parasitism, such
as suppression of the host immunity by APNs (Hewitson et al., 2009).
To obtain a final list of 100 candidates, an additional set of 67 transcripts (pioneer sequences
with unknown function) expressed in the gland cell dataset and/or the in planta time course data
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were chosen primarily based on the distribution of similar sequences across the phylum: 45 were
apparently exclusive to P. penetrans, and 22 had similar sequences in at least one other PPN species,
but were absent from sequences of C. elegans (Table 2). Although we recognize that this pipeline
will exclude effectors that have diversified from common ancestral genes, our goal was to identify
whether P. penetrans carries novel effectors not derived from ancestral loci. It is important to note
that due to the incomplete nature of other RLN datasets, we cannot conclude that the 45 putatively
P. penetrans-specific pioneer sequences are truly absent from other RLNs.

2. In situ hybridization identifies specific genes to secretory organs of P. penetrans
In order to determine whether the selected genes of P. penetrans represent valid candidate
effectors, in situ hybridization assays were performed on 100 candidates to determine their
expression in the nematode tissues. In these analyses, a substantial number of homologues of PPN
effectors were specifically expressed in the esophageal glands of P. penetrans, which included
transcripts encoding two β-1,4-endoglucanases (Ppen15842_c0_seq1 and Ppen16218_c0_seq1), two
pectate lyases (Ppen13447_c0_seq1 and Ppen14256_c0_seq1), two expansin-like proteins
(Ppen12533_c0_seq1

and

Ppen15554_c1_seq1),

one

xylanase

(Ppen12597_c1_seq1),

one

arabinogalactan endo-1,4-β-galactosidase (Ppen18759_c0_seq1), one venom allergen-like protein
(Ppen11632_c0_seq1), one calreticulin (Ppen15229_c0_seq1), one fatty acid- and retinol-binding
protein (Ppen12895_c0_seq1), and one SXP/RAL-2 protein (Ppen12103_c0_seq1) (Figs 1A-L, Table 1).
Interestingly, transcripts encoding a catalase (Ppen16493_c0_seq1) is also localized to the
esophageal glands of P. penetrans (Fig. 1M).
Among the transcripts encoding different proteases, one was predicted to encode a putative
trypsin inhibitor-like protein (Ppen13849_c0_seq1), and was localized in the esophageal glands of
the nematodes (Fig. 1N). Remarkably, transcripts encoding two trypsin-like serine proteases
(Ppen15876_c0_seq1

and

Ppen12385_c0_seq1)

and

a

fatty-acid

amide

hydrolase

(Ppen16494_c0_seq1) were found predominantly expressed in the excretory duct of the
excretory/secretory (E/S) system of P. penetrans (Figs 2A-C), and to our knowledge these are the
first genes ever found to be expressed in the E/S system of a RLN. In addition, transcripts encoding
three other proteases (Ppen15235_c0_seq1, Ppen14741_c0_seq1 and Ppen13948_c0_seq1) were
localized in the intestine of P. penetrans (Figs 2D-F), likely associated with digestive processes of the
nematode.
Of the pioneers (sequences of unknown function), eight candidates were specifically
localized in the esophageal glands (Ppen11402_c0_seq1, Ppen8004_c0_seq1, Ppen7984_c0_seq1,
Ppen16605_c0_seq1,

Ppen12016_c0_seq1,

Ppen10370_c0_seq1,

Ppen11230_c0_seq1

and
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Ppen15066_c0_seq1) of the nematode (Figs 3A-H), increasing considerably the number of candidate
parasitism-related genes identified for this species. It is interesting to note that seven out of eight
are, with reference to currently available datasets, unique to P. penetrans or to other RLNs (Table 2).
Other relevant results among this set were a transcript localized to the amphids
(Ppen13578_c0_seq1) (Figure 3I), and two different transcripts localized along the hypodermis
(Ppen9159_c0_seq1 and Ppen16557_c0_seq1) of the nematode (Figs 3J-K). Although some genes
expressed in the amphids and hypodermis have been shown to be relevant for parasitism of other
PPNs (Iberkeid et al., 2013; Eves-van den Akker et al., 2014), we cannot exclude that they can be
part of the ordinary development or physiology of the nematode.
In addition to the transcripts encoding proteases found within the E/S system, transcripts
that encode a putatively secreted protein of unknown function (Ppen16416_c0_seq1) were found
abundantly expressed in the E/S duct of different stages of P. penetrans (Fig. 3L). For the remaining
candidates, in situ localization excluded their participation in parasitism (Fig. S2, see Supporting
Information), or no signal was detected using the probes designed in this study (data not shown). As
a control the sense probe of each corresponding gene was used, and no hybridization signal was
detected (e.g. Fig. 1O; for the remaining genes, data not shown).
Having a range of candidate effectors validated by in situ hybridization we observed that out
of the 22 effectors specifically expressed within the esophageal glands, 17 were present within the
gland transcriptome dataset, with a significant portion of them being highly abundant within the
gland transcripts coding for putative proteins with signal peptide and without transmembrane
domain (Fig. 4A). On the other hand, the 22 candidate effectors identified were each actively
transcribed while the nematodes were in planta (Fig. 4B).

3. Genetic characterization and annotation of gland cell-expressed candidate effectors
Candidate effector-encoding transcripts with spatial expression in the esophageal glands were used
for BLASTn searches (e-value >1e-10) against the low coverage genome skim assemblies of P.
penetrans (Denver et al., 2016; Zasada, unpublished data), in order to identify their respective
genomic sequence. These analyses allowed us to generate a preliminary prediction of the gene
structure of the candidate effectors, and to substantiate the nematode origin of these genes, in
particular for those often suggested to have been acquired via horizontal gene transfer (e.g. the
CWDEs). This could not be determined for all candidates because the low coverage genomic skim is
incomplete and highly fragmented; many P. penetrans transcripts were not present in their entirety
(Fig. S3, see Supporting Information). Nevertheless, we could analyze possible gene structures for a
subset of the candidates. Intron positions were determined by aligning the genomic DNA sequence
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to their corresponding transcripts. Most candidate effectors appear to be encoded by multi-exon
genes, with the number of exons varying from two to seven. The exon-intron boundaries of the
majority are consistent with the canonical cis-splicing GU-AG rule.
The predicted protein sequence of all transcripts expressed within the glands were then
used for InterPro scan, Pfam domain search and GO term mapping to refine their annotation and to
search for potential conserved domains using the Blast2GO suite (Table 3). A predicted function
could be attributed to all annotated proteins, as the presence of Pfam domains was supported by
relevant similarities with other characterized proteins within the NR database. Among the pioneers
or sequences with unknown function localized within the esophageal glands, only one candidate
(Ppen15066_c0_seq1) showed low sequence identity to the Domain of Unknown Function - DUF148
(PF02520.14 and IPR003677, e-value of 4.9e-7) (Table 3).
Interestingly, we observed that most of the candidate pioneer effectors encoded an
unusually high proportion of proline residues when compared to the other candidate-secreted
proteins selected for our analyses (Table 3). In one case up to a quarter of the residues were prolines,
while the average proline content of all predicted proteins of the transcriptome of P. penetrans is
approximately 5.3% (Fig. 5). The five proline-rich pioneer effectors were studied in more detail.
Interestingly, on average the proline content of these effectors is unevenly distributed across the
predicted protein, and preferentially excluded from the first 20% (Fig. 5). This is in stark contrast to
transcripts encoding putatively secreted proteins, or indeed the predicted amino acid sequence of
all other P. penetrans transcripts in the transcriptome (Fig. 5), suggesting that this trait is not a
general feature of proteins/secreted proteins/effectors but rather specific to this set. While we
cannot confirm that all the transcripts in the transcriptome are complete at their 5’, those that
encode proteins with a predicted signal peptide are more likely to be complete, and are comparable
to the proline rich effectors. The probability of randomly selecting five putatively secreted proteins
that all exclude prolines from the first 20% of their open reading frame is empirically derived to be
2/250 (or p = 0.008). Furthermore, prolines are not randomly distributed across the proline-rich 80%
of the open reading frame, but are often present in pairs (position n+1 to a proline) (Fig. 6). Prolines
are also apparently more common in positions n+3, n+6, and n+9 to another proline. This
phenomenon does not appear to be a general feature of transcripts encoding proline-rich proteins,
as plotting those with >20% prolines (n = 145) does not generate the same pattern.

4. Putative promoter motifs associated with subventral gland expression
To determine whether identified non-coding promoter motifs are associated with gland cell
expression in P. penetrans [as previously found for other PPNs (Eves-van den Akker et al., 2016)], we
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identified the putative promoter regions of gland cell-expressed transcripts in the available draft
genome sequence (Denver et al., 2016). Given that this genome sequence was produced from a very
low coverage skim, where possible, approximately 500 nt of the 5´ sequence from the start codon
was manually extracted based on BLASTn coordinates. The promoter regions of eight dorsal glandexpressed transcripts and 14 subventral gland-expressed transcripts were compared to a set of 28
promoters of transcripts not predicted to encode effectors (including those with experimentally
verified non-gland cell expression, e.g. egg, vulva region and amphids), using the differential motif
discovery algorithm HOMER. The list and sequences of the identified promoter regions for the
different candidate effector genes used is listed in Table S2. A motif of the consensus sequence
CAA[A|G|T|C]TG[T|G]C was identified as enriched in the subventral gland set (Figs 7A-B; Fig. S4; see
Supporting Information). Given the nature of the genome skim assemblies for P. penetrans, and the
consequent lack of gene calls, a global analysis of this motif’s presence and frequency in P.
penetrans promoters is not currently possible. However, we are able to show that the presence of
this motif is not enriched in the sedentary PPNs Meloidogyne hapla, nor Globodera pallida (Figs 7CD), and multiple copies of the motif in the promoters of genes in these species cannot be used as a
consistent predictor of secreted proteins, as was the case for the unrelated but conceptually
analogous Dorsal Gland Box sequence of cyst nematodes (Eves-van den Akker et al., 2016).

5. Expression of P. penetrans gland cell genes at different developmental stages
Since most stages of P. penetrans are motile (with exception of eggs and J1), with the capacity of
invading and migrating throughout the roots, we conducted semi-quantitative RT-PCR analyses in
order to detect transcripts at different nematode developmental stages [eggs, juveniles (J2 to J4),
adult females and adult males, respectively] (Fig. S5). Our results suggest that all motile stages are
able to express the panel of effector genes described above. In some cases, the expression of some
effectors also could be detected within the eggs, probably resulting from the non-hatched second
stage juveniles. Stage specificity of the different batches of cDNA was validated using the Pp-18S
rDNA gene as a constitutive gene (Fig. S5), and a pioneer gene (Ppen13485_c0_seq1) found
specifically expressed in females (Fig. S5).

6. Expression profiles of P. penetrans effectors during infection in planta
To substantiate the involvement of the different effector candidates during root infection, RT-qPCR
analyses were conducted to assess their transcription profiles at different time points after
nematode infection. The time points were determined over a 10-day infection time course in
soybean hairy roots (Figs 8). One day after inoculation (DAI), a mixture of juvenile and adult stages
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were observed feeding both ecto- and endoparasitically, with some nematodes reaching the inner
layers of the roots (Fig 8D). At this time, eggs were not observed within the root tissues. At 3 DAI
both juveniles and adult stages could be seen migrating and well established in different areas of the
roots (Fig 8E), while at 7 days a higher number of nematodes (including deposition of eggs by
females) were observed within the inner layers of the roots (Figs 8F). Consistent with the increased
number of nematodes associated with the hairy roots, a discoloration of the roots could be observed
in different areas parasitized by the nematodes (Figs 8A-C).
We then established the expression profile of 20 candidate effectors specifically expressed
within the glands at 1, 3 and 7 DAI (Figs 8G,H). For the control, RNA extracted from nematodes not
yet established within the roots was used as the main reference. Most of the nematode effector
genes were transcriptionally induced during infection and establishment of nematodes within roots.
When individual levels of expression were compared, several of the pioneer candidate effectors
were among the highest expressed transcripts during infection (e.g. Ppen11402_c0_seq1,
Ppen8004_c0_seq1, Ppen10370_c0_seq1 and Ppen11230_c0_seq1), while transcripts encoding an
expansin (Ppen12533_c0_seq1), two pectate lyases (Ppen14256_c0_seq1 and Ppen13447_c0_seq1),
a

venom-allergen

like

protein

(Ppen11632_c0_seq1)

and

one

β-1,4-endoglucanase

(Ppen15842_c0_seq1) were among the top highly expressed genes with known annotation. The
normalized expression values were then used for clustering analysis in order to visualize the
expression patterns of the different candidate effectors. Three expression clusters were obtained
when analyzing 20 nematode candidate effectors according to their temporal expression levels (Fig.
8I). The profiles revealed that expression of the majority of the transcripts tested peaked at 1 DAI
when nematodes became established within the host, followed by a consistent or decreased
accumulation at 3 and 7 DAI, suggesting that these panel of effectors are likely to play important
roles during the interaction of P. penetrans and the host.

Discussion
The purpose of this study was to identify and validate effector genes of P. penetrans, since
very little is known about the infection mechanism adopted by this group of nematodes. Here we
provide novel insights into the catalogue of candidate effector genes of P. penetrans, covering
different functional categories of known PPN effector genes, but also a wide number of genes
encoding proteins with unknown functions.
The expanded effector repertoire of P. penetrans, described herein, can be rationally
subdivided into several apparently distinct functional groups based on sequence analysis. Consistent
with previous findings for other PPNs, a significant number of genes encode different families of
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CWDEs or modifying enzymes (e.g. GH5, GH30, GH53, PL3 and expansin-like proteins). We confirm
that a subset of these is specifically expressed in the esophageal glands of P. penetrans during
infection. CWDEs are one of the few unifying features of PPNs effector repertoires, and their
similarity to bacterial or fungal genes, and yet absence in almost all other metazoans, implies
acquisition by horizontal gene transfer (Smant et al., 1998; Danchin et al., 2009). The secretion of
CWDEs by PPNs is hypothesized to facilitate penetration and migration through host tissue by
softening or modifying the plant cell wall (e.g. Smant et al., 1998; Wang et al., 1999; Rosso et al.,
1999). High cellulase and proteolytic enzyme activity has been found in P. penetrans homogenates
(Morgan & McAllan, 1962), and the identification of these genes within the esophageal glands,
suggests that these CWDEs might be secreted during the parasitism.
Following invasion of roots by plant-pathogens, the activation of the plant immune system is
considered a prominent feature (Jones and Dangl, 2006). The response of plants to RLNs is
characterized by dynamic expression of genes associated with defense pathways, including the
production of secondary plant metabolites (Backiyarani et al., 2014; Zhu et al., 2014; Yu et al., 2015).
Suppression of host defense responses is critical to successful colonization. In this context, venom
allergen-like proteins (VAPs) are a conserved family of proteins through the Phylum and implicated
in suppression of host immunity (Lozano-Torres et al., 2012, 2014). Globodera rostochiensis VAP1
(GrVAP1) was shown to interact with the papain-like cysteine protease Rcr3pim in tomato (Solanum
lycopersicum L.), and this interaction perturbs the protease active site, resulting in increased plant
susceptibility to the nematode (Lozano-Torres et al., 2012), while silencing of this gene reduced
nematode infectivity (Lozano-Torres et al., 2014). Accordingly, overexpression of Hs-VAP1 and HsVAP2 increases infection by Heterodera schachtii (Lozano-Torres et al., 2014). It will be interesting to
explore whether VAPs in RLNs function similarly, and whether perturbing their activity can be
exploited to generate resistance towards RLNs as well.
There is increased evidence that PPNs harbor a significant number of genes that are involved
in protection from the host defenses (Goverse and Smant, 2014). The effector repertoire of P.
penetrans also includes a highly expressed catalase with a predicted N-terminal signal peptide
sequence. Catalases are found in most living organisms and provide protection against oxidative
damage by catalyzing reactive oxygen species (ROS) (Chelikani et al., 2004). An oxidative burst is one
of the earliest defense responses to plant-pathogen attack. The transient accumulation of ROS helps
defend the host from invading pathogens and can also act as signaling molecule to trigger various
other plant defense responses (Goverse and Smant, 2014). PPNs across the Phylum have apparently
independently evolved a number of secreted proteins that may be involved directly or indirectly in
metabolizing host ROS (e.g. superoxidase dismutase, glutathione peroxidases, GST) (Jones et al.,
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2004; Bellafiore et al., 2008; Espada et al., 2015). The resistance of some cultivars against RNLs have
been linked to a strong capacity of plants of producing ROS, while in susceptible varieties a weaker
production of ROS has been registered (Kathiresan and Mehta, 2005). It is interesting to note that
secreted catalases have been proposed as virulence factors in pathogenic fungi, providing evidence
that extracellular catalases could participate in neutralizing ROS (Robbertse et al., 2003; Barek et al.,
2015). The putative secretion of a catalase by P. penetrans is intriguing, and in this context, it will be
interesting to analyze the role of this catalase through this nematode-plant interaction.
Proteases and protease inhibitors are present in the secretome of PPNs (e.g. Bellafiore et al.,
2008; Shinya et al., 2013), and transcriptome analyses of P. penetrans reveal a wide range of
putatively secreted proteases/protease inhibitors for this species (Vieira et al., 2015). Although
nematodes possess hundreds of protease encoding genes (Castagnone-Sereno et al., 2011), only a
portion of these is ultimately secreted into the plant tissue, as suggested by the different proteases
found within the intestine of P. penetrans. Likewise, protease inhibitors are highly abundant in the
proteome of APNs (Hunt et al., 2017). These secreted proteases are known to participate in a wide
spectrum of functions, including penetration and invasion of the host tissues (Zhu et al., 2014),
acquisition of resources from the host, and modulation of the host immune response
(Balasubramanian et al., 2010; Schwarz et al., 2015; Hunt et al., 2017). In PPNs the esophageal gland
cells are the major secretory tissues involved in effector delivery and host immune-modulation
(Mitchum et al., 2013). In APNs the E/S system is considered the major component of their host
immuno-modulatory machinery (Hewitson et al., 2009). Of the panel of P. penetrans proteases
studied we specifically localize transcripts encoding a trypsin inhibitor-like protein to the esophageal
gland cells, but interestingly, also transcripts of several proteases to the E/S system. Given that a
similarly specific expression pattern has been reported for two unrelated pioneer gene sequences of
the plant-parasitic Meloidogyne graminicola (Haegeman et al., 2012), the E/S system of PPNs may be
more important in parasitism than previously appreciated, for migratory and sedentary plantparasitic nematodes alike.
Other candidate effectors expressed in the esophageal glands of P. penetrans included a FAR
gene, and one gene of the SXP/RAL-2 family. Both families are specific to nematodes. Similar to our
results, transcripts of a FAR gene were detected in the esophageal glands of B. xylophilus (Espada et
al., 2014). While the function of the FAR family members in PPNs is still relatively obscure, a
correlation between the secretion of FAR-1 by the hypodermis of cyst and root-knot nematodes and
host defense interaction has been established (Prior et al., 2001; Iberkleid et al., 2013). FAR-1 binds
a broad range of fatty acid precursors of the jasmonate signaling pathway [e.g. linolenic and linoleic
acids (Prior et al., 2001)]. In P. penetrans, knockdown of FAR-1 by plant-mediated RNAi resulted in a
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significant reduction of nematode propagation (Vieira et al., 2017), consistent with a role in
parasitism for this migratory species. Members of the SXP/RAL-2 family are characterized by the
presence of the Domain of Unknown Function-DUF148 protein (Rao et al., 2000). Although their
roles in pathogenicity are yet to be determined, silencing of a SXP/RAL2 gene in P. zeae resulted in a
significant reduction of nematodes after the inoculation of carrot disks (Fosu-Nyarko et al., 2015).
The differential spatial expression, e.g. amphids or hypodermis of G. rostochiensis (Jones et al.,
2000), esophageal glands of P. zeae (Fosu-Nyarko et al., 2015) and M. incognita (Tytgat et al., 2005),
and our results, suggests multifaceted functions for this family.
In addition to the identification of conserved features between RLNs and other PPNs
effectors, our results revealed eight new pioneer candidate effectors for P. penetrans. Most of these
pioneer sequences are not annotatable in Pfam and identify no similar sequences by BLAST analyses
in a panel of PPN genomes and transcriptomes across the Phylum. These apparently RLNs-specific
effectors suggest an adaptation to the particular lifestyle of these species, or at least to P. penetrans.
Attributing a function to such taxonomically restricted and apparently unique genes is challenging.
Nevertheless, it is interesting to note that most of these pioneers are extremely proline-rich (up to
25% of the primary amino acid sequence). Furthermore, prolines are not evenly distributed across
this set of predictive proteins but preferentially excluded from the first 20% and grouped into
tandem arrays of proline pairs and/or triplets. Using the current datasets of P. penetrans both of
these phenomena appear to be a specific feature to these effectors. It is well documented that
infection by RLNs induces the production and accumulation of tannin-like deposits (Townshend et al.,
1989; Castillo et al., 1998; Vieira et al., 2017). Tannins are astringent polyphenols induced upon
wounding and may contribute to induced defense response (War et al. 2012). To counter this, many
herbivores secrete tannin-binding salivary proteins, which typically contain a high proportion of
proline (Shimada, 2006). Whether P. penetrans proline-rich pioneers function similarly remains to be
tested.
The similarity among effector genes of P. penetrans and other PPNs continue to support the
idea of a parasitism strategy-independent, “pan-nematode”, effector repertoire (Bird et al. 2015).
While juxtaposed to this are the bewildering, and apparently species-specific, pioneer effectors. The
size of effector repertoires seems to be correlated with the perceived “complexity” of nematode
feeding strategy: a substantially higher number of effectors have been identified for sedentary
nematodes (Abad et al., 2008; Danchin et al., 2010; Thorpe et al., 2014; Eves-van den Akker et al.,
2016), many of which are part of large multigene families (Eves-van den Akker et al., 2016). The fact
that RLNs do not induce the formation of a feeding site in planta, presumably excludes a priori
certain effectors involved in the formation of giant-cells or syncytia (Fosu-Nyarko and Jones, 2016),

14
This article is protected by copyright. All rights reserved.

and may explain the apparently smaller number of effectors present in P. penetrans compared to
other species. One constraint for the comprehensive identification of nematode effector repertoires
lies in the relatively crude prediction pipelines. The strategies employed herein allowed us to
identify a number of previously described and novel effectors for P. penetrans. Using these
experimentally verified esophageal gland cell-expressed genes, we have identified a non-coding
promoter motif that appears to be associated with gland cell expression in P. penetrans
[conceptually similar but sequence unrelated to the DOG box of Globodera effectors (Eves-van den
Akker et al., 2016)]. We anticipate that this motif may provide an additional useful criterion to
expedite future effector prediction pipelines for this group of nematodes once complete and
annotated genome sequences are available, and its accuracy can be validated.
Overall, we present a comprehensive set of candidate effectors of P. penetrans. We provide
continued support for the presence of “common” PPN effectors and implicate novel effectors in the
parasitism process of RLNs. The unique composition and perhaps even delivery strategy of RLN
effectors highlights the lack of knowledge for these species. This study provides an important
prelude towards detailed functional analyses, and a platform for effector biology. Given the
importance of effectors to parasitism, the expanded and novel effector repertoire of P. penetrans
represents a series of new targets for the development of biotechnological alternatives to host
resistance.

EXPERIMENTAL PROCEDURES

Nematode collection and nematode extraction
Pratylenchus penetrans isolate (NL 10p RH) collected in Beltsville (Maryland, US) was routinely
multiplied in vitro in roots of corn (Zea mays cv. ‘Iochief’) growing in Murashige and Skoog (MS)
medium agar plates. Nematodes were re-cultured every 2 months onto new ex-roots of corn and
maintained in the dark at 25°C.

Pratylenchus penetrans gene selection
Two distinct next generation sequencing data sets were used to identify a panel of putative
effectors: 1) a subset of 1330 transcripts encoding for putatively secreted proteins from the de novo
transcriptome assembly of P. penetrans, ranked according to normalized transcript abundance
during root infection (Vieira et al., 2015); and 2) a set of 454 reads derived from mRNA collected
from the esophageal glands of P. penetrans (Maier et al., 2013). These esophageal gland cell reads
were mapped to the 1330 transcripts encoding putatively secreted proteins using CLC Genomics v. 8
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with default parameters. Relative transcript abundance was calculated based on RKPM values [reads
per kilobase per Million mapped reads].
BLASTp (e-value cutoff of 1e-5 and bitscore >50) was used to compare all 1330 putatively
secreted proteins to sequences in the non-redundant database (NR) and the proteomes of Clade 12
(Megen et al., 2009) sedentary species [root-knot nematodes Meloidogyne incognita (Abad et al.,
2008) and M. hapla (Opperman et al., 2008); and cyst nematodes Globodera pallida (Cotton et al.,
2014) and G. rostochiensis (Eves-van den Akker et al., 2016)]; Clade 12 migratory species
[Ditylenchus destructor (Zheng et al., 2016) and Clade 10 Bursaphelenchus xylophilus (Kikuchi et al.,
2011)];

and

finally

to

the

Clade

9

free-living

species

Caenorhabditis

elegans

(http://parasite.wormbase.org). Local tBLASTn searches were performed against the transcriptomes
of additional Pratylenchidae species, namely P. coffeae (Haegeman et al., 2011), P. thornei (Nicol et
al., 2012), P. vulnus (NCBI data), P. zeae (Fosu-Nyarko et al., 2015), and the burrowing nematode
Radopholus similis (Jacob et al., 2008).

RNA extraction and cDNA libraries
Total RNA was extracted from individual life stages [eggs, juveniles (J2-J4), adult females or males] or
from a pool of mixed stages of P. penetrans using the RNeasy Plant Mini kit (QIAGEN), and following
the manufacturer’s instructions. RNA was treated with RNase-free DNase (QIAGEN) before reverse
transcription. The quantity and quality of the extracted RNA was assessed by a ND-1000 NanoDrop
spectrophotometer (Thermo Scientific), and cDNA was synthesized using the iScript first-strand
synthesis kit (Bio-Rad) following the manufacturer’s instructions.

In situ hybridization
Whole mount in situ hybridizations were performed in all stages of P. penetrans following the
protocol of de Boer et al., (1998). Specific primers were designed to amplify a range of gene
products varying from 170 to 300 nucleotides (Table S3), using the cDNA library produced from the
mix pool of P. penetrans stages. The resulting PCR products were used as template for generation of
sense and antisense DIG-labeled probes, using a DIG-nucleotide labeling kit (Roche, Indianapolis, IN,
USA). Hybridized probes within the nematode tissues were detected using an anti-DIG antibody
conjugated to alkaline phosphatase and its substrate. Nematode sections were then observed using
a Nikon Eclipse 5i light microscope.

Genetic characterization of P. penetrans candidate effectors
Focusing on a subset of candidate effectors with verified esophageal gland cell expression in P.
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penetrans, additional in silico analyses were performed. Open reading frames were used to perform
BLASTn searches (e-value >1e-10) against the low coverage genome skim of P. penetrans (Denver et
al., 2016; Zasada, unpublished data). The most similar sequences were manually examined, and each
transcript sequence was aligned to the respective genomic scaffold using MUSCLE (Edgar, 2004).
Genomic sequences with > 90% identities were submitted to FGENESH (www.softberry.com) for
exon-intron prediction (Solovyev et al., 2006), and corresponding protein prediction. Gene
schematics for predicted complete genes were generated with the Exon-Intron Graphic maker
available at WormWeb.org. The protein sequences obtained from transcripts (transcriptome data)
were then aligned to the respective genome predicted protein by MUSCLE (Edgar, 2004), and
pairwise similarities calculated using the software CLC Main Workbench v.9. SIGNALP v. 4.0 was used
to confirm the presence/absence protein signal peptide in the genome predicted proteins (Petersen
et al., 2011). Proteins were scanned for InterPro scan and PFAM domain search using Blast2GO
(Conesa et al., 2005) with default parameters. PSORTII algorithm was used to predict the sub-cellular
localization of the candidate effector protein sequences. Cysteine and proline content was
calculated for each predicted mature protein CLC Main Workbench v.7.

Proline analyses
Proline distribution across all proline rich effectors, all other effectors, all other secreted proteins,
and all other proteins encoded in the transcriptome of P. penetrans was thus calculated. Proteins of
interest were divided into 10 equal length fragments across their entire length (where possible), and
the percentage of proline residues in each fragment calculated using custom python script 1
(Script1_calculate_Proline_distributions.py, https://github.com/sebastianevda). The probability of
randomly selecting 5 putatively secreted proteins that all exclude prolines from the first 20% of their
open reading frame was empirically estimated to be 2/250 (or p = 0.008). To calculate the
probability that residues adjacent to a proline in positions n+1 to n+9 are also a proline, custom
python

scripts

2

and

3

were

used

(Script2_calculate_next_letter_P_percent.py,

Script3_calculate_next_letter_P_percent_random_250.py, https://github.com/sebastianevda).

Promoter analyses
To determine whether we were able to identify a non-coding promoter motif that is descriptive of
gland cell expression in P. penetrans, as for other PPNs (Eves-van den Akker et al., 2016), we
identified the putative promoter regions of gland cell expressed transcripts in the available draft
genome sequence (Denver et al., 2016). Given that this genome sequence was produced from a very
low coverage skim, and no gene calls are available, where possible, approximately 500 nt of the 5´
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sequence from the start codon was manually extracted based on BLASTn coordinates. The promoter
regions of eight dorsal gland expressed transcripts and 14 subventral gland expressed transcripts
were compared to a set of 28 promoters of transcripts not predicted to encode effectors (including
those with experimentally verified non-gland cell expression, e.g. egg, vulva region and the amphids),
using the differential motif discovery algorithm HOMER (Heinz et al., 2010). Instances of the motif
were identified in FASTA sequences of promoter regions using the FIMO web server. The consensus
sequences for the identified motifs were analyzed using the WebLogo 3 program
(http://weblogo.threeplusone.com/).

Developmental expression of candidate effectors at different nematode stages
The different nematode effectors of P. penetrans were amplified from the cDNA libraries generated
for each nematode development stage (eggs, juveniles J2-J4, females and males) using the same
primers employed for the in situ hybridization protocol. Semi-quantitative RT-PCR reactions were
conducted for transcript detection of each stage specific cDNA library, with the following PCR: 2 min
at 94°C; 38 cycles (30 s at 94°C, 30s at 57°C, 30s at 72°C), and then one cycle of 72 °C for 10 min. The
PCR reactions contained equal amounts of cDNA, 1x PCR buffer, 1 U Taq polymerase (Invitrogen) and
0.2 µM of each primer in a 50 µL total solution. PCR products were separated by electrophoresis on
a 1 % agarose gel using TBE buffer (0.045 M Trisborate, 0.001 M EDTA, pH 8.0) and visualized using
SYBR Safe DNA gel stain (Invitrogen). Pratylenchus penetrans 18S rDNA gene was used as a control
constitutive gene, and one gene specific for females, respectively, were employed as control of the
different nematode stage cDNA library.

Plant inoculation and differential expression analyses of P. penetrans candidate effectors during
infection in planta
Nematode sterilization and infection of soybean hairy roots followed the protocol described in Vieira
et al., (2015). To follow the early steps of nematode infection, inoculated roots were stained with
acid fuchsin following Byrd et al., (1983) from 1 to 10 DAI. Root tissues were then destained using a
clearing solution (equal volumes of lactic acid, glycerol, and distilled water) for 2 to 4 hr at room
temperature. After rinsing several times with tap water, roots containing nematodes were stored in
acidified glycerol (five drops of 1.0 M HCl in 50 ml of glycerol), and observed using a Nikon Eclipse
50i light microscope.
To quantify the expression levels of P. penetrans candidate effector genes total RNA was
extracted from a pool of six infected soybean hairy root systems at 1, 3 and 7 DAI. Nematodes not
yet established within the roots at 1DAI were washed out from the medium and proceed for RNA
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extraction. The expression levels of transcripts from nematodes collected from the medium were
used as baseline in comparison to the expression levels of transcripts from nematodes within the
roots at the different time points. Specific primers were design to amplify individual fragments of
each candidate effector gene, and a 148 bp fragment of P. penetrans 18S rDNA gene was used as
reference (Table S3). Real-time RT-qPCR included 3.5 µL of SYBR green mix (Roche), 1 µL of 5 µM
primers and 100 ng cDNA. Reactions were performed on a CFX96 Real-time system machine (BioRad). The amplification reactions were run using the following program: a hot start of 95 °C for 3min;
then 40 cycles of 95°C for 10 s and 60°C for 30 s. After 40 cycles a melt curve analysis or dissociation
program (95 °C for 15 s, 60 °C for 15 s, followed by a slow ramp from 60 to 95 °C) was performed to
ensure the specificity (above 90%) of amplification. Three independent biological experiments were
conducted by RT-qPCR, using three technical replicates for each independent experiment. Data
analyses were performed using the CFX MANAGER v. 3 software (Bio- Rad). The values of the relative
normalized expression of each gene were calculated using the 2-

ΔΔCt

method (Livak & Schmittgen,

2001), relative to the expression levels of P. penetrans 18S rDNA gene, and using the transcript
expression levels of the non-root established nematodes at 1DAI as baseline.

Accession numbers
Raw RNAseq reads used in this publication are available under SRA accession PRJNA432986 and
PRJNA304159. The predicted CDS and corresponding predicted amino acid sequences of transcripts
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tissues
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available
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Digital

Repository:
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Figures and Tables

Fig. 1 Detection of gene transcripts by in situ hybridization that encode genes with known
annotation of Pratylenchus penetrans. (A-B) β-1,4-endoglucanases; (C-D) Pectate lyases; (E-F)
Expansin-like; (G) Arabinogalactan endo-1,4-β-galactosidase; (H) Xylanase; (I) Venom allergen-like;
(J) Calreticulin; (K) Catalase; (L) Trypsin inhibitor-like; (M) Fatty acid- and retinol-binding protein; (N)
SXP/RAL-2; (O) Example of a control image obtained using the sense probe (e.g.
Ppen15842_c0_seq1). s: stylet; m: medium bulb; ep: excretory pore; ed: excretory duct; g:
esophageal glands; int.: intestine. Bars = 20 µm.

Fig. 2 Detection of Pratylenchus penetrans gene transcripts by in situ hybridization that encode
different proteases. (A) Fatty-acid amide hydrolase; (B) Trypsin inhibitor-like; (C) Serine protease; (D)
Cathepsin L-like cysteine protease; (E) Cathepsin L; (F) Papain family cistern protease. s: stylet; m:
medium bulb; ep: excretory pore; ed: excretory duct; g: esophageal glands; int.: intestine. Bars = 20
µm.

Fig. 3 Detection of gene transcripts by in situ hybridization that encode genes with unknown
predictive function of Pratylenchus penetrans. (A-H) Pioneer candidate effectors localized within the
esophageal

glands

Ppen16605_c0_seq1,
Ppen15066_c0_seq1),

(Ppen11402_c0_seq1,
Ppen12016_c0_seq1,
(I)

amphids

Ppen8004_c0_seq1,
Ppen10370_c0_seq1,

(Ppen13578_c0_seq1),

(J)

Ppen7984_c0_seq1,
Ppen11230_c0_seq1,

excretory/secretory

duct

(Ppen16416_c0_seq1); and (K-L) hypodermis (Ppen9159_c0_seq1 and Ppen16557_c0_seq1). s:
stylet; m: medium bulb; ed: excretory duct; g: esophageal glands; H: hypodermis; int.: intestine. Bars
= 20 µm.

Fig. 4 Relative abundance of transcripts encoding secreted proteins collected from the esophageal
glands of Pratylenchus penetrans. (A) Out of the 46 genes selected, a total of 17 genes were localized
within the esophageal glands. The annotation of each transcript can be found in Table 3. (B) A total
of 22 effector candidate genes were detected in the in planta dataset.

Fig. 5 Prolines preferentially excluded from the first 20% of proline-rich pioneers. On average, the
proline content of the proline-rich effectors is non-evenly distributed across the open reading frame,
and preferentially excluded from the first 1-20% (black). In stark contrast to all P. penetrans
predicted proteins (light blue), transcripts that encode putatively secreted proteins (light grey), and
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all transcripts expressed in the gland cells (dark grey). Five proteins were selected at random in each
of 250 iterations. In each iteration, the average distribution of prolines in those five proteins was
calculated. Means of all 250 iterations are shown, with error bars indicating the standard deviation.

Fig. 6 Distribution of prolines across proline rich pioneers and all other proline rich proteins
predicted from the transcriptome of P. penetrans. (A) For each proline (P), the probability of
neighbouring positions (n+1, n+2, n+3, etc.) also containing a proline was calculated. (B) For the
proline-rich effectors, positions n+1, n+3, n+6, and n+9 to a proline appear to be enriched for
another proline (dark blue), when compared to the randomized primary amino acid sequence
(purple). (C) No such enrichment is observed in any position for all other similarly proline-rich
proteins in the transcriptome dataset.

Fig. 7 Identification of a non-coding motif in the upstream region of the start codon that is
associated with gland cell expression in Pratylenchus penetrans. (A) Each bar shows the distribution
of the motif within 500 nt upstream of the start codon. The annotation of each transcript can be
found in Table 3. (B) Graphic representation of the consensus motif sequence. (C) In related plantparasitic nematodes with well annotated genomes available (Meloidogyne hapla and Globodera
pallida), the number of promoter regions with multiple copies of this motif does not deviate from
random. Normal promoter regions are shown in blue for M. hapla and red for G. pallida, 250
iterations of randomizing the sequence of each promoter region are shown in grey. (D) An increased
number of motifs in the promoter region does not correlate with a greater chance of the
corresponding gene encoding a predicted signal peptide in either species.

Fig. 8 Expression profile of 20 Pratylenchus penetrans candidate effectors during early time points of
plant infection. (A-C) Symptom development of soybean hairy roots after P. penetrans infection: at 1
(A), 3 (B) and 7 DAI (C), with arrows indicating root lesions. (D-F) Acid fuchsin staining of nematodes
within soybean hairy roots at 1, 3 and 7DAI, respectively. (G-H) The relative transcript expression
values for each candidate effector gene was quantified by RT-qPCR at 1, 3 and 7 DAI, relative to the
expression levels of 18S rDNA gene, and using the transcription expression levels of nematodes not
established within roots (Nema) as baseline. (I) The normalized expression values were used for
clustering analysis suggesting the occurrence of three expression clusters of the different candidate
effectors.
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Table 1 Summary of Pratylenchus penetrans gene transcripts with known annotation selected for in
situ hybridization assays. Blast searches were performed against sequences in the non-redundant
database (NR) at NCBI for a putative annotation, and against specific nematodes protein or
transcriptome datasets for presence/absence of positive blast hits (e-value cutoff of 1e-5 and
bitscore >50) in those corresponding species.

Table 2 Summary of Pratylenchus penetrans gene transcripts without functional known annotation
selected for in situ hybridization assays. Blast searches were performed against sequences in the
non-redundant database (NR) at NCBI for a putative annotation, and against specific nematode
proteins or transcriptome datasets for presence/absence of positive blast hits (e-value cutoff of 1e-5
and bitscore >50) in those corresponding species.

Table 3 Characterization of corresponding predictive protein sequences whose gene transcripts
were specifically localized in the esophageal glands of Pratylenchus penetrans.

SUPPORTING INFORMATION
Table S1 Summary of BLAST hit analyses of 1,330 transcripts of Pratylenchus penetrans against the
non-redundant GenBank database and transcript quantification.

Table S2 List of transcripts and respective promoter sequences used for the identification of a noncoding motif in the upstream region of the start codon that is associated with gland cell expression
in Pratylenchus penetrans.

Table S3 List of primers.

Fig. S1 Distribution of transcripts encoding secreted proteins identified in different Pratylenchus
penetrans datasets. (A) Venn diagram showing the number of nematode transcripts recovered from
the nematode esophageal glands versus the in planta datasets, when mapped against the full set of
1,330 nematode transcripts encoding for predictive secreted proteins without transmembrane
domains identified by the de novo assembly of the transcriptome of P. penetrans (Vieira et al. 2015).
A complete description of the nematode transcripts is shown in Table S1. (B) Total number of
annotated versus non-annotated protein sequences by homology searches against the nonredundant NCBI database of each nematode dataset.
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Fig. S2 Detection of gene transcripts encoding pioneer genes of Pratylenchus penetrans by in situ
hybridization in different nematode tissues. Whole-mount in situ hybridization was performed using
mixed stages of nematodes incubated with anti-sense probes (brown coloration) amplified from
cDNA of P. penetrans. Transcripts of predictive pioneer genes localized in: (A) developing egg within
the female (Ppen12587_c0_seq1), (B) surrounding the vulva region (Ppen13485_c0_seq1), (C) two
dots like posterior to the medium bulb (Ppen14681_c0_seq1); (D) two dots like below the cuticle
level (Ppen14446_c0_seq1); (E-F) testis region (Ppen14188_c0_seq1 and Ppen14399_c0_seq1,
respectively) s: stylet; m: medium bulb. Bars = 20 µm.

Fig. S3 Prediction of gene structure of Pratylenchus penetrans candidate effectors with
corresponding transcripts localized within the esophageal glands. Only genes with complete genomic
sequences obtained after BLAST analyses against the skim genome assemblies of P. penetrans were
used. Exons are illustrated as black boxes and introns as black lines. Scale = 100 bases. VAP: venom
allergen-like gene; FAR: fatty acid- and retinol-binding gene.

Fig. S4 Alignment of non-coding promoter motif sequences associated with gland cell expression
transcripts of Pratylenchus penetrans. Ppen12016_c0_seq1: pioneer; Ppen16493_c0_seq1: catalase;
Ppen15554_c1_seq1: expansin-like; Ppen14256_c0_seq1 and Ppen13447_c0_seq1: pectate lyases;
Ppen12103_c0_seq1: SXP/RAL-2; Ppen16218_c0_seq1: β-1,4-endoglucanase; Ppen18759_c0_seq1:
arabinogalactan endo-1,4-β-galactosidase; Ppen12597_c1_seq1: xylanase; Ppen13849_c0_seq1:
trypsin inhibitor-like; Ppen7984_c0_seq1: pioneer.

Fig. S5 Expression pattern of Pratylenchus penetrans effector candidate genes specifically localized
in the esophageal glands and detected by semi-quantitative RT-PCR in different nematode
developmental stages. As positive control each nematode developmental cDNA libraries [eggs,
juveniles (J2-J4), female and male, respectively] was amplified using the primers of 18S rDNA gene,
and a pioneer gene (Ppen13485_c0_seq1) specific to females, respectively. VAP: venom allergen-like
gene; FAR: fatty acid- and retinol-binding gene.
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Fig. 1 Detection of gene transcripts by in situ hybridization that encode genes with known annotation of
Pratylenchus penetrans. (A-B) β-1,4-endoglucanases; (C-D) Pectate lyases; (E-F) Expansin-like; (G)
Arabinogalactan endo-1,4-β-galactosidase; (H) Xylanase; (I) Venom allergen-like; (J) Calreticulin; (K)
Catalase; (L) Trypsin inhibitor-like; (M) Fatty acid- and retinol-binding protein; (N) SXP/RAL-2; (O) Example
of a control image obtained using the sense probe (e.g. Ppen15842_c0_seq1). s: stylet; m: medium bulb;
ep: excretory pore; ed: excretory duct; g: esophageal glands; int.: intestine. Bars = 20 µm.
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Fig. 2 Detection of Pratylenchus penetrans gene transcripts by in situ hybridization that encode different
proteases. (A) Fatty-acid amide hydrolase; (B) Trypsin inhibitor-like; (C) Serine protease; (D) Cathepsin Llike cysteine protease; (E) Cathepsin L; (F) Papain family cistern protease. s: stylet; m: medium bulb; ep:
excretory pore; ed: excretory duct; g: esophageal glands; int.: intestine. Bars = 20 µm.
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Fig. 3 Detection of gene transcripts by in situ hybridization that encode genes with unknown predictive
function of Pratylenchus penetrans. (A-H) Pioneer candidate effectors localized within the esophageal glands
(Ppen11402_c0_seq1, Ppen8004_c0_seq1, Ppen7984_c0_seq1, Ppen16605_c0_seq1, Ppen12016_c0_seq1,
Ppen10370_c0_seq1, Ppen11230_c0_seq1, Ppen15066_c0_seq1), (I) amphids (Ppen13578_c0_seq1), (J)
excretory/secretory duct (Ppen16416_c0_seq1); and (K-L) hypodermis (Ppen9159_c0_seq1 and
Ppen16557_c0_seq1). s: stylet; m: medium bulb; ed: excretory duct; g: esophageal glands; H:
hypodermis; int.: intestine. Bars = 20 µm.
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Fig. 4 Relative abundance of transcripts encoding secreted proteins collected from the esophageal glands of
Pratylenchus penetrans. (A) Out of the 46 genes selected, a total of 17 genes were localized within the
esophageal glands. The annotation of each transcript can be found in Table 3. (B) A total of 22 effector
candidate genes were detected in the in planta dataset.
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Fig. 5 Prolines preferentially excluded from the first 20% of proline-rich pioneers. On average, the proline
content of the proline-rich effectors is non-evenly distributed across the open reading frame, and
preferentially excluded from the first 1-20% (black). In stark contrast to all P. penetrans predicted proteins
(light blue), transcripts that encode putatively secreted proteins (light grey), and all transcripts expressed in
the gland cells (dark grey). Five proteins were selected at random in each of 250 iterations. In each
iteration, the average distribution of prolines in those five proteins was calculated. Means of all 250
iterations are shown, with error bars indicating the standard deviation.
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Fig. 6 Distribution of prolines across proline rich pioneers and all other proline rich proteins predicted from
the transcriptome of P. penetrans. (A) For each proline (P), the probability of neighbouring positions (n+1,
n+2, n+3, etc.) also containing a proline was calculated. (B) For the proline-rich effectors, positions n+1,
n+3, n+6, and n+9 to a proline appear to be enriched for another proline (dark blue), when compared to
the randomized primary amino acid sequence (purple). (C) No such enrichment is observed in any position
for all other similarly proline-rich proteins in the transcriptome dataset.
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Fig. 7 Identification of a non-coding motif in the upstream region of the start codon that is associated with
gland cell expression in Pratylenchus penetrans. (A) Each bar shows the distribution of the motif within 500
nt upstream of the start codon. The annotation of each transcript can be found in Table 3. (B) Graphic
representation of the consensus motif sequence. (C) In related plant-parasitic nematodes with well
annotated genomes available (Meloidogyne hapla and Globodera pallida), the number of promoter regions
with multiple copies of this motif does not deviate from random. Normal promoter regions are shown in blue
for M. hapla and red for G. pallida, 250 iterations of randomizing the sequence of each promoter region are
shown in grey. (D) An increased number of motifs in the promoter region does not correlate with a greater
chance of the corresponding gene encoding a predicted signal peptide in either species.
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Fig. 8 Expression profile of 20 Pratylenchus penetrans candidate effectors during early time points of plant
infection. (A-C) Symptom development of soybean hairy roots after P. penetrans infection: at 1 (A), 3 (B)
and 7 DAI (C), with arrows indicating root lesions. (D-F) Acid fuchsin staining of nematodes within soybean
hairy roots at 1, 3 and 7DAI, respectively. (G-H) The relative transcript expression values for each candidate
effector gene was quantified by RT-qPCR at 1, 3 and 7 DAI, relative to the expression levels of 18S rDNA
gene, and using the transcription expression levels of nematodes not established within roots (Nema) as
baseline. (I) The normalized expression values were used for clustering analysis suggesting the occurrence
of three expression clusters of the different candidate effectors.
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Table 1 Summary of Pratylenchus penetrans gene transcripts with known annotation selected for in situ hybridization assays. Blast searches were performed against
sequences in the non-redundant database (NR) at NCBI for a putative annotation, and against specific nematodes protein or transcriptome datasets for presence/absence
of positive blast hits (e-value cutoff of 1e-5 and bitscore >50) in those corresponding species.
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RKN: root-knot nematodes (Meloidogynidae); Cyst: cyst nematodes (Heteroderidae); Ang.: Anguinidae; Aph.: Aphelenchida; Rhab.: Rhabditida
Pc: Pratylenchus coffeae; Pz: P. zeae; Pt: P. thornei; Pv: P. vulnus; Rs: Radopholus similis; Mi: Meloidogyne incognita; Mh: M. hapla; Gp: Globodera pallida;
Gr: G. rostochiensis; Dd: Ditylenchus destructor; Bx: Bursaphelenchus xylophilus; Ce: Caenorhabditis elegans
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Table 2 Summary of Pratylenchus penetrans gene transcripts without functional known annotation selected for in situ hybridization assays. Blast searches
were performed against sequences in the non-redundant database (NR) at NCBI for a putative annotation, and against specific nematode proteins or
transcriptome datasets for presence/absence of positive blast hits (e-value cutoff of 1e-5 and bitscore >50) in those corresponding species.
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RKN: root-knot nematodes (Meloidogynidae); Cyst: cyst nematodes (Heteroderidae); Ang.: Anguinidae; Aph.: Aphelenchida; Rhab.: Rhabditida
Pc: Pratylenchus coffeae; Pz: P. zeae; Pt: P. thornei; Pv: P. vulnus; Rs: Radopholus similis; Mi: Meloidogyne incognita; Mh: M. hapla;
Gp: Globodera pallida; Gr: G. rostochiensis; Dd: Ditylenchus destructor; Bx: Bursaphelenchus xylophilus; Ce: Caenorhabditis elegans
n: represents the total number of genes with a postive blast hit against the 67 genes of P. penetrans.
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Table 3 Characterization of corresponding predictive protein sequences whose gene transcripts were specifically localized in the esophageal glands of
Pratylenchus penetrans.
PSORTII prediction

Transcript
code

Interpro
Acession

InterPro Name

Homologues of known effector genes or genes with relevant annotation
Ppen15842_c
0_seq1
IPR001547
Glycoside hydrolase family 5
Ppen16218_c
0_seq1
IPR001547
Glycoside hydrolase family 5
Ppen13447_c
0_seq1
IPR004898
Pectate lyase catalytic
Ppen14256_c
0_seq1
IPR004898
Pectate lyase catalytic
Ppen12533_c
0_seq1
IPR009009
RlpA-like protein double-psi beta-barrel domain
Ppen15554_c
IPR001919,IP
Carbohydrate-binding type-2 domain, RlpA-like protein double1_seq1
R009009
psi beta-barrel domain
Ppen18759_c
0_seq1
IPR011683
Glycosyl hydrolase family 53
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hydrolase family 30 TIM-barrel domain
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Nematode fatty acid retinoid binding
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180.8

3.00E-53

3.9

Cytoplasmic

60.9

PF00150 (PFAM)

446

36-289

145

2.70E-42

3.8

Cytoplasmic

47.8

PF03211 (PFAM)

260

19-236

214.1

1.50E-63

1.2

Nuclear

56.5

PF03211 (PFAM)

264

20-257

86.4

1.70E-24

3.8

Nuclear

73.9

PF03330 (PFAM)
PF00553 (PFAM),
PF03330 (PFAM)

180

28.8
32 |
31.2

8.70E-07
9.0E-7,
2.1E-8

5.6

Nuclear

34.8

323

56-73
25-118,
202-316

6.8

Nuclear

39.1

PF07745 (PFAM)
PF17189 (PFAM),
PF02055 (PFAM)

336

27-283

296.7

1.80E-88

3.6

Cytoplasmic

60.9
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49-187

36.9

2.20E-09

3.5

Cytoplasmic

47.8

PF00188 (PFAM)
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35-174

59.2

1.30E-20

2.4

39.1

PF00262 (PFAM)
PF00199 (PFAM),
PF06628 (PFAM)
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206.9
616.7 |
49.5

9.80E-123
9.6E-176,
9.5E-14

5.6
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23-333
44-425,
445-511
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Endoplasmic
reticulum

7

Cytoplasmic

52.2

PF01826 (PFAM)

151

37-91

40.8

1.80E-10

11.9

Nuclear

78.3

PF05823 (PFAM)

188

31-180

84.5

4.80E-24

4.3

Nuclear

47.8

PF02520 (PFAM)

209

54

149

7.00E-15

14.4

Nuclear

69.6
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Subcellular
localization

Proba
bility

55.6

Pioneer candidate effectors
Ppen11402_c
0_seq1
Ppen8004_c0
_seq1
Ppen7984_c0
_seq1
Ppen16605_c
0_seq1
Ppen12016_c
0_seq1
Ppen10370_c
0_seq1
Ppen11230_c
0_seq1
Ppen15066_c
0_seq1
IPR003677

-

-

79

-

-
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69.6

-
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-

-

-
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-

-
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-

-
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-
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-

-
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-
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-

-
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-

-
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-

-
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Domain of unknown function DUF148

PF02520 (PFAM)
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266-372

29.7

4.90E-07

7.3

Cytoplasmic

69.6
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