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SUMMARY

The rice root nematode Hirschmanniella oryzae is the most abun-
dant plant-parasitic nematode in flooded rice fields and is distrib-
uted world-wide. Although it is economically less important than
sedentary nematodes, it can cause severe yield reductions and
economic losses in specific environmental conditions. No
transcriptome data for this genus were available until now. We
have performed 454 sequencing on a mixed life stages population
to gain an insight into nematode–plant interactions and nema-
tode survival strategies. The results of two assembly strategies
were combined to reduce the redundancy of the data, generating
a final dataset of 21 360 contigs. The data were screened for
putative plant cell wall-modifying proteins, which facilitate nema-
tode migration through host roots. A β-mannanase, previously not
reported in nematodes, was detected in the dataset.The data were
screened for putative effector proteins that may alter the host
defence mechanism. Two enzymes, chorismate mutase and
isochorismatase, thought to be involved in the salicyclic acid
pathway, were identified. Experimental treatments of H. oryzae
with artificial seawater showed that late embryogenesis abundant
(LEA) proteins and SXP/RAL-2 are induced, suggesting that these
proteins are involved in the process of anhydrobiosis. The newly
generated data can highlight potential differences between sed-
entary and migratory nematodes, and will be useful in the further
study of host–nematode interactions and the developmental
biology of this nematode.

INTRODUCTION

The rice root nematode Hirschmanniella oryzae is a migratory
endoparasite with Oryza sativa as its main host. Hirschmanniella
oryzae is the most common nematode in flooded rice ecosystems
all over the world (Prot and Rahman, 1994). The nematode is
adapted to anaerobic conditions and this makes it the most abun-
dant nematode species in these ecosystems (Babatola, 1981;
Maung et al., 2010).

Symptoms of damage caused by H. oryzae are difficult to inter-
pret. In many cases, there are no visible symptoms above ground,

although some chlorosis and growth retardation can appear
(Babatola and Bridge, 1979; Ichinohe, 1988; Khuong, 1987).
Hirschmanniella oryzae prefers to enter the root through lateral
roots or root tips, thereby using common invasion sites. It migrates
within the aerenchyma of the root, which is well developed in
flooded rice, leaving a trace of necrotic tissue along its path. This
necrosis, together with the secondary invasion of microorganisms,
causes general browning of rice roots (Babatola and Bridge,
1980). The yield loss as a result of nematode invasion varies
between geographical regions and population density.Yield losses
of up to more than 30% have been reported (Babatola and Bridge,
1979; Ichinohe, 1988; Prot and Rahman, 1994). Nematodes can
survive in wet soil for 7 months without a host interaction and can
persist at high population densities in several weeds and food
crops (Bridge et al., 2005). Hirschmanniella oryzae reproduces
sexually and, under favourable conditions, the life cycle can be
completed in 33 days, during which the nematode undergoes four
moulting stages. It has been reported that all larval and adult life
stages can feed on the host (Karakas, 2004).

The majority of nematode sequence data are from sedentary
species, but recent advances in this field have provided more data
on migratory nematodes (Haegeman et al., 2011; Jacob et al.,
2008; Kikuchi et al., 2011; Nicol et al., 2012). Sedentary species
have a huge impact on yield losses for many important food crops
world-wide (Sikora and Fernandez, 2005; Wesemael et al., 2011).
In the USA, Heterodera glycines alone accounts for almost 30% of
the total losses in soybean production (Wrather and Koenning,
2006). However, we must not marginalize the economic impor-
tance of migratory species, such as Pratylenchus spp.,
Hirschmanniella spp. and Radopholus similis, which have a broad
host range and can have a large impact on several crops (Moens
and Perry, 2009).

The expressed sequence tag (EST) data generated in this project
have been used to identify secreted putative cell wall-degrading
enzymes (CWDEs) and putative effector proteins, secreted mol-
ecules which manipulate the host for the benefit of the pathogen.
The mechanisms behind the successful infection of a host plant
were investigated, as were the molecular tools used by the nema-
tode to cope with detrimental environmental circumstances, such
as drought and potential bacterial infection. Until now, no
sequence data were available for the genus Hirschmanniella,
except for some β-1,4-endoglucanases (Rybarczyk-Mydlowska
et al., 2012). The generated transcriptome data will provide the
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scientific community with a new source of information about this
genus and migratory nematodes.

RESULTS

Dataset characteristics

RNA extracted from mixed stage populations of H. oryzae was
sequenced using a Roche 454 sequencer; 450 171 reads were
generated; following quality control, 134 205 and 106 911 assem-
bled sequences longer than 150 bp were produced using Newbler
and CLC assembly programs, respectively. The program CLC pro-
duced more than twice as many contigs as Newbler (48 347 and
21 706 contigs, respectively) (Table 1). As CLC software is thought
to generate a less redundant assembly, these data were used in
further analysis (Kumar and Blaxter, 2010). To allow a greater
confidence in the predicted sequences, only those CLC-assembled
contigs that showed high similarity with the contigs predicted by
Newbler software were retained.This resulted in a batch of 22 321
sequences. To reduce the amount of contaminating sequences,
contigs with high similarity to certain plant-pathogenic or soil
bacteria, fungi or rice proteins were removed from the dataset.
This led to a final set of 21 360 predicted contigs (Table 1). This
final dataset is enriched in contigs with a relatively high number of
reads. Roughly 30% of the contigs consisting of two to five reads
were kept in the final dataset, whereas about 80% of the contigs
containing more than five reads were retained (Table 2).

Comparison with protein databases and annotation

Almost all sequences, except for 22 contigs, were predicted by
ORFpredictor to have an open reading frame (ORF), with a mean
length of 144 amino acids; 16 656 of these expected protein
sequences started with methionine; 1356 sequences were pre-
dicted to have a putative signal peptide and no transmembrane
domain. BLASTX (bitscore > 50) of all sequences against the Swiss-
Prot and Trembl protein databases was used to search for similar
sequences, and this resulted in 14 248 significant hits. The result-
ing identifiers from this search were used as query for a functional
annotation according to the Gene Ontology (GO) terminology for

cellular component, biological process and molecular function.The
most abundant GO terms are summarized in Fig. 1. A total of
153 906 GO terms were assigned to the sequences; 6473 of these
terms were unique. Figure 1 shows that most proteins reside in the
cytoplasm and the nucleus. Most of the sequences are predicted to
have a function in ATP or protein binding. In the ‘biological
process’ category, the term ‘oxidation–reduction process’ is over-
represented compared with the other terms in this category.

HMMscan was used to identify possible Pfam domains. Of the
7090 sequences without similarity to Swiss-Prot or Trembl data-
bases, 173 were suspected to have a Pfam domain. The 10 most
abundant Pfam domains are listed in Table 3; 66.7% of the pre-
dicted contigs were similar to sequences from Swiss-Prot and
Trembl databases. Predicted protein sequences were scanned for
the occurrence of Pfam domains. Most of the Pfam domains men-
tioned in Table 3 take part in multiple processes. Protein kinases
are involved in a multitude of cellular processes, including
development, intercellular communication and differentiation
(Manning et al., 2002). The WD-repeat is also implicated in a wide
range of functions (Smith et al., 1999), as are the cysteine
proteases (Chapman et al., 1997; Grudkowska and Zagdanska,
2004). Other Pfam domains, such as Ras and Arf, are involved in
a variety of signalling networks and regulatory pathways
(Donaldson and Honda, 2005; Downward, 1998). Cysteine
proteases with the Peptidase_C1 domain have very diverse func-
tions; they can even act as manipulators of plant defence if
secreted by plant-pathogenic bacteria (Brix et al., 2008; Shindo
and Van der Hoorn, 2008). RNA recognition motifs (RRMs) are one
of the most abundant protein domains in eukaryotes and are
involved in post-transcriptional gene expression processes
(Dreyfuss et al., 2002). These Pfam domains, or the corresponding
InterPro domains, have been reported previously to be among the
most abundant InterPro domains in an assembly of nematode
transcriptomes (Parkinson et al., 2004).

A total of 47.1% of the sequences showed similarity to the
protein sequences of Caenorhabditis elegans, 46.6% with
Meloidogyne incognita and 53.3% with Bursaphelenchus
xylophilus; 1323 sequences had homologues in M. incognita
and/or B. xylophilus, but not in C. elegans. Of these sequences, 78
were predicted to have a putative signal peptide and no

Table 1 Dataset characteristics from the two different assemblies using
software programs (CLC and Newbler 2.3). The last column contains the
characteristics of the final dataset that was used in the different analyses.

CLC Newbler Final dataset

Number of reads 450171 450171 204524
Average read length 385 nt 385 nt –
Number of contigs 48347 23196 21360
Mean contig length 600 nt 549 nt 680 nt
Number of singletons 58564 128557 –
Mean singleton length 374 nt 349 nt –

nt, nucleotide.

Table 2 Comparison of the original dataset (CLC) with the final dataset,
with regard to the number of reads per contig. The last column shows the
percentages of sequences from the original dataset that were retained in the
final dataset.

Reads/contig # CLC contigs # Final contigs % retained

2–5 34334 9650 28.11
6–10 8125 6563 80.78
11–20 3886 3457 88.96
21–50 1577 1363 86.43
51–100 301 239 79.40
101+ 122 88 72.13
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Fig. 1 Percentage of Hirschmanniella oryzae contigs assigned to a certain Gene Ontology (GO) term as predicted by QuickGO from EBI.

Table 3 Ten most common protein families
with their accession numbers of the Pfam and
InterPro databases. The target names and
descriptions are specified in the last two
columns. The fourth column shows the share of
contigs assigned with that Pfam domain.

Pfam InterPro Number Percentage Target name Description of target

PF00069 IPR000719 178 1.67 Pkinase Protein kinase domain
PF07714 IPR001245 135 1.27 Pkinase_Tyr Protein tyrosine kinase
PF00400 IPR001680 115 1.08 WD40 WD domain, G-β repeat
PF00071 IPR013753 111 1.04 Ras Ras family
PF00112 IPR000668 104 0.98 Peptidase_C1 Papain family cysteine protease
PF00153 IPR001993 86 0.81 Mito_carr Mitochondrial carrier protein
PF00025 IPR006689 84 0.79 Arf ADP-ribosylation factor family
PF08477 IPR013684 79 0.74 Miro Miro-like protein
PF00076 IPR000504 71 0.67 RRM_1 RNA recognition motif
PF14259 IPR000505 64 0.60 RRM_6 RNA recognition motif
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transmembrane domain, indicating that these proteins could be
involved in plant parasitism. Nine are known to be involved in the
infection process: expansin (5), endoglucanase (2), pectate lyase
(1) and chorismate mutase (1). Of the contigs without similarity to
these three organisms, 773 were predicted to have a putative
secretion signal without a transmembrane domain. Most of these
did not show similarities to the Swiss-Prot or Trembl database (585
contigs), or were assigned as an uncharacterized protein
(71 contigs).

Most abundant transcripts

To look for transcripts with high expression, the 100 contigs which
contained the greatest number of mapped reads were selected. As
a result of normalization of the data, it is not possible to quantify
expression absolutely, but the number of reads can provide an
idea of the abundance of the transcripts. These 100 contigs are
built with an average of 163 reads, compared with an average of
10 reads per contig in the full dataset. The GO of these 100 contigs
showed a bias towards GO terms involving reproduction and
development (GO:0009792; GO:0000003; GO:0002119) in the
category of ‘biological process’. These three terms accounted for
22% of the assigned terms in this category, indicating the impor-
tance of these processes during the nematode’s life cycle. About
60 of the 100 contigs were annotated as housekeeping genes; 35
contigs were not annotated with a specific function, nine of which
were predicted to have a signal peptide. The transcript with the
highest expression consisted of 923 reads and did not show any
similarity to other sequences in public databases. The longest
possible ORF for this transcript was only 52 amino acids long. The
transcript containing the second greatest number of reads (402
reads) was similar to a galactose-binding lectin from C. elegans,
LEC-8. It has been suggested that this protein is involved in the

defence process against bacterial infection (Ideo et al., 2009).
Some other highly expressed transcripts code for expansin, a
thaumatin-like protein (TLP), glycoside hydrolase family (GHF)25
lysozyme and a lysozyme with a destabilase domain. These last
three are probably involved in protection against bacterial patho-
gens (Evans et al., 2008; Zavalova et al., 2006). It has been shown
that TLPs are up-regulated on bacterial infection in C. elegans
(Fasseas et al., 2012). Seven TLPs were found in the full dataset,
four of which contained a predicted secretion signal. The localiza-
tion of the expression of one of the TLPs was checked by in situ
hybridization, showing expression in the pharyngeal region
(Fig. 2A). A protein BLAST was performed for the GHF25 lysozyme
and the lysozyme with a destabilase domain. They showed highest
similarity with LYS-8 from Caenorhabditis briggsae and ILYS-3
from C. elegans, respectively, a protist-type and an invertebrate-
type lysozyme (Schulenburg and Boehnisch, 2008). Both are
known to be up-regulated on bacterial infection (Irazoqui et al.,
2010; Mallo et al., 2002).

Survival in dry conditions

Hirschmanniella oryzae can survive in dry soils for several months
without a host in a state of anhydrobiosis (Mathur and Prasad,
1973). We used an artificial seawater solution to induce
anhydrobiosis and mimic drought stress. Nematodes were able to
survive a 24-h treatment in 40% artificial seawater solution.When
higher concentrations were used, the nematode did not revive in
distilled water. Several genes have been reported to play a role
in this process in nematodes, including hydrophilic late
embryogenesis abundant (LEA) proteins (Browne et al., 2002;
Goyal et al., 2005). Six different sequences with similarities to LEA
proteins were present in the dataset. All six were hydrophilic and
had a negative grand average of hydropathicity (GRAVY) index,
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Fig. 2 (A) Whole-mount in situ hybridization
of Hirschmanniella oryzae showing the spatial
expression pattern of β-mannanase (a),
xylanase (GHF30) (b), thaumatin-like protein
(c) and chorismate mutase (d). The negative
control (e) showed no signal. Arrows indicate
the stained region of the pharyngeal region (c)
or pharyngeal glands (a, b, d). Magnification,
128×. (B) Anatomy of the pharyngeal region of
H. oryzae. Contrary to some other
plant-parasitic nematodes (e.g. Heterodera
sp.), the pharyngeal glands overlap the
intestine.
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with a mean index of −0.817. The expression of the LEA protein
with the lowest GRAVY index was investigated by quantitative
reverse transcription-polymerase chain reaction (Q-RT-PCR) on
soaking in artificial seawater solution for 24 h. The expression
values of two other genes that could be involved in this process
were also considered: glutathione peroxidase and sxp/ral-2 (Tyson
et al., 2012). The results are shown in Fig. 3.The transcripts encod-
ing LEA and SXP/RAL-2 were highly induced on artificial seawater
treatment, with the most significant activation in 30% solution.
Glutathione peroxidase was not significantly up- or down-
regulated at any concentration. Expression ratios of both refer-
ence genes varied around unity according to REST 2009 software,
indicating that the expression of these genes was not influenced
by the treatments. The overall expression ratios were 1.013 and
1.039 for FMRFamide-like neuropeptide 14 and elongation factor
1α, respectively.

Mining the transcriptome for cell
wall-modifying proteins

The BLASTX output was used to scan the dataset for putative cell
wall-modifying proteins. Individual protein sequence similarity
searches were performed on the translated ESTs to confirm the
results from the BLASTX output using Swiss-Prot and Trembl data-
bases. Seven different putative cell wall-modifying proteins were
discovered (Table 4). Expansin is the most abundant sequence in
this category, followed by endoglucanase and pectate lyase. The
discovered GHF30 xylanase shows similarities to the xylanase
from the migratory nematode Radopholus similis (Haegeman

et al., 2009). A single β-mannanase (member of GHF5) was also
observed in the transcriptome of H. oryzae, as well as genes
encoding polygalacturonases and a poly-α-D-galacturonosidase.
Most of these proteins contained a putative signal peptide, indi-
cating secretion. The spatial expression pattern of some of these
putative CWDEs was tested by performing an in situ hybridization.
The results of the hybridization of β-mannanase and xylanase
(GHF30) are shown in Fig. 2A. Both showed staining in the gland
cell area, whereas the negative control showed no staining. The
pharyngeal gland cells in Hirschmanniella species usually overlap
the intestine and are unequal in length (Fig. 2B).

Chorismate mutase and isochorismatase

Next to effector proteins that degrade the plant cell wall, nema-
todes also secrete proteins that can alter the defence mechanism
of the plant. One of these proteins is chorismate mutase (CM)
(Lambert et al., 1999). This protein contains a signal peptide and
its gland cell spatial expression was confirmed by in situ hybridi-
zation (Fig. 2A). The protein has a CM type 2 domain (PF01817). A
protein sequence similarity search (BLASTP) using the catalytic
domain sequence revealed high similarity with CMs from several
Burkholderia species. When we performed a TBLASTN against
the nucleotide or EST database, the top hits came from plant-
parasitic nematode species, both from Meloidogyne arenaria.
A phylogenetic tree was constructed based on Bayesian inference.
CM is in the same clade as other plant-parasitic nematodes,
with its closest relative being a CM from Pratylenchus coffeae
(Fig. 4).

Next to CM, two contigs with an isochorismatase (ICM) domain
(PF 00857) were also present in the dataset (ICM1 and ICM2).
These sequences did not contain a predicted signal peptide. Using
BLASTP with the ICM1 sequence as a query revealed that it is
mostly similar to plant-pathogenic bacteria. A TBLASTN against the
EST database at the National Center for Biotechnology Informa-
tion (NCBI) discovered homologues in other plant-parasitic nema-
todes exclusively. A search with the protein sequence of ICM2
against the nonredundant protein database only revealed similar-
ity to eukaryotic sequences. Most of these sequences were pre-

Fig. 3 Changes in expression level of a late embryogenesis abundant (LEA)
protein, sxp/ral-2 (SXP) and a glutathione peroxidase (Glutper) from
Hirschmanniella oryzae. Nematodes were soaked in 10%, 30% or 40%
artificial seawater solution for 24 h after which RNA was extracted and the
relative expression levels were estimated relative to a 24-h soak in water.
Each value is the mean of two biological replicates, each with three technical
replicates. Asterisks indicate significant differences (P < 0.05). The bars
represent the standard error.

Table 4 Summary of the number of sequences with similarity to cell
wall-degrading proteins. The last column indicates whether at least one
sequence of a family of enzymes was predicted to have a signal peptide.

Enzyme Family # Contigs # Reads SP

Expansin Beta 8 487 Yes
β-1,4-Endoglucanase GHF5 15 136 Yes
Pectate lyase PL 6 108 Yes
β-Mannanase GHF5 1 58 Yes
Polygalacturonase GHF28 3 13 No
Poly-α-D-galacturonosidase GHF28 1 4 No
Xylanase GHF30 1 4 Yes

GHF, glycoside hydrolase family; SP, signal peptide.
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dicted to have a mitochondrial localization in their annotation.
ICM2 was compared with nematode ESTs (TBLASTN) and showed
similarity to ESTs derived from nematodes with different lifestyles
(plant-parasitic, animal-parasitic and free-living). Both ICM
sequences were used to construct a phylogenetic tree (Fig. 5).
ICM2 is in a cluster together with other ICM sequences originating
from nematode species, not limited to plant-parasitic nematodes.
ICM1 homologues in nematodes are restricted to the plant-
parasitic species, which could indicate that it is involved in plant
parasitism. ICM1 and ICM2 do not show any similarity with
each other. No significant similarities were observed between
sequences clustered together with ICM1 and sequences from the
same organism clustering together with ICM2. A conserved
domain search of both ICM sequences revealed that ICM1 has a
cysteine hydrolase domain (cd00431, 1.5e-40), whereas ICM2 has
an YcaC-related domain (cd01012, 3.59e-54). Both CM and ICM
are involved in the salicylic acid (SA) biosynthesis pathway in
plants (Dempsey et al., 2011). It is tempting to speculate that CM
and ICM could interfere with SA production, thereby altering the
defence mechanism of the host.

DISCUSSION

The transcriptome of H. oryzae was studied to gain an insight into
the survival strategies of this organism and to investigate the

parasitic interaction with its host, O. sativa. The ESTs were gener-
ated using the 454 FLX Titanium Platform on a mixed stages
population of H. oryzae. 454 sequencing produces longer reads
than Illumina sequencing; the longer reads are beneficial for
transcriptome assembly (Pop and Salzberg, 2008). A total of
450 171 reads, with an average read length of 385 nucleotides,
was assembled by a combination of CLC and Newbler software.As
there are several different drawbacks to each assembly strategy,
we combined the two strategies to have more confidence in each
contig. The disadvantage, however, is that several contigs only
predicted by one program were discarded during this combined
assembly process.The dataset was further reduced by rejecting the
sequences with high similarity (bitscore > 200) to possible con-
taminating sources. By doing so, potential horizontal gene transfer
events (Mitreva et al., 2009) might be overlooked. This led us to a
final dataset consisting of 21 360 contigs.

To survive, H. oryzae must be able to adapt to environmental
conditions and must be able to successfully infect a host plant to
be capable of feeding and reproducing. During the growing
season, rice is flooded and deprived of oxygen. In between
growing seasons, however, the field can dry out. In addition, the
soil is inhabited by bacteria which may be harmful to nematodes
(Costa et al., 2012; Hodgkin et al., 2000; Piskiewicz et al., 2007).
Hirschmanniella oryzae has been reported to survive in anaero-
bic conditions (Babatola, 1981). We only detected the presence

Fig. 4 Phylogenetic tree of chorismate mutase (CM) constructed with MrBayes software. Posterior probabilities are shown for each node. The closest homologue of
the CM of Hirschmanniella oryzae comes from Pratylenchus coffeae. Nematode sequences cluster together with CM sequences from plant-pathogenic bacteria.
Plant sequences are in the same cluster as plant-pathogenic fungi. Taxa are indicated as follows: proteinID_species. An asterisk (*) indicates in-house data. A plus
sign (+) indicates data from Haegeman et al. (2011). The suffix ‘EST’ indicates a translated EST sequence instead of a protein sequence.
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of a few genes coding for enzymes that are important in anaero-
bic metabolism pathways, such as fumarate reductase and
malate dehydrogenase, but not enough to construct a full
pathway (Muller et al., 2012). This is probably caused by the fact
that the analysed nematodes were not harvested under anaero-
bic conditions.

There is a vast bacterial community thriving in the soil and
rhizosphere of rice plants (Lu et al., 2006). Most bacteria are
harmless to nematodes; however, some species are nematode
pathogens, such as certain Pasteuria and Pseudomonas species
(Siddiqui and Mahmood, 1999). Several antimicrobial peptides, as
well as lysozymes and lectins with antibacterial activity, have been
described in C. elegans (Bogaerts et al., 2010; Irazoqui et al.,
2010; Mallo et al., 2002). The top 100 most abundant transcripts
mirror the need for H. oryzae to protect itself against microbial
invaders. Several proteins with (potential) antimicrobial properties
were detected. First, two different types of lysozyme were identi-
fied: GHF25 lysozyme (lys25) and a lysozyme with a destabilase
domain (dest-lys). lys25 is up-regulated in the intestinal cells of
C. elegans on pathogen infection (Mallo et al., 2002). Dest-lys is
up-regulated on bacterial infection in C. elegans (Irazoqui et al.,
2010), and is also known for its antifungal properties (Yudina
et al., 2012; Zavalova et al., 2006). In addition, several lectins are
involved in the innate immune system against bacteria. A
galactose-binding lectin with strong similarity to LEC-8 of

C. elegans was the second most abundant transcript in the
dataset. Lec-8 is up-regulated on bacterial infection and probably
functions as a competitive binding protein for glycolipid molecules
that are targeted by the bacterial invader (Ideo et al., 2009; Mallo
et al., 2002). The dataset contained several TLPs, one of which was
present in the list of most abundant transcripts (113 reads). Spatial
analysis by in situ hybridization showed this gene to be expressed
in the pharyngeal region. In plants, TLPs are classified as
pathogenesis-related proteins family 5 and have antifungal prop-
erties. In nematodes, they have been reported to be involved in the
innate immune system (Fasseas et al., 2012; Golden and Melov,
2004; O’Rourke et al., 2006). Although most antibacterial proteins
involved in the innate immune system are expressed in the intes-
tines of the nematode, some are also expressed in the gland cells
or pharyngeal region. For instance, LYS-8, an antibacterial
lysozyme in C. elegans, is up-regulated on bacterial infection and
its expression has been reported in the pharyngeal region (Mallo
et al., 2002).Among several other activities, TLPs also show β-1,3-
glucanase activity, implicating that this nematode could secrete
this protein as a protection against fungi or to degrade callose in
the plant (Liu et al., 2010).

Next to being challenged by parasitic bacteria and/or fungi,
another big challenge is surviving long periods of drought.
Hirschmanniella oryzae is used to a life in flooded rice fields (Prot
and Rahman, 1994).Although these rice fields are flooded most of

Fig. 5 Phylogenetic tree of isochorismatase (ICM) constructed with MrBayes software. Posterior probabilities are shown for each node. Homologues in expressed
sequence tag (EST) and protein databases on the National Center for Biotechnology Information (NCBI) server were used to construct this tree. Taxa are indicated
as follows: proteinID_species. An asterisk (*) indicates in-house data. ICM1 and ICM2 cluster in different branches of the tree. A plus sign (+) indicates data from
Haegeman et al. (2011).
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the time, they can dry out in between growing seasons. The nema-
tode has to rapidly adapt to this new situation to overcome the dry
period. Several nematodes are known to be able to survive long
periods of drought (Reardon et al., 2010; Tyson et al., 2007). They
are adapted to these extreme situations by the differential expres-
sion of several genes. One of these genes is lea, also found in
plants in which it accumulates in response to water loss.These LEA
proteins have been found in nematodes, where they are strongly
induced on anhydrobiosis (Browne et al., 2002). Other proteins
also play a role during this process. In Panagrolaimus superbus, an
anhydrobiotic nematode, it was found that SXP/RAL-2 is the most
abundant transcript in the transcriptome (Tyson et al., 2012). This
led the authors to believe that it is involved in survival during
desiccation. Glutathione peroxidases have also been shown to be
involved in drought tolerance (Reardon et al., 2010). When a state
of anhydrobiosis was induced by soaking H. oryzae in a diluted
solution of artificial seawater for 24 h, thereby mimicking desic-
cation stress, sxp/ral-2 and lea were both significantly
up-regulated. Although the up-regulation of certain glutathione
peroxidases on dehydration of nematodes has been described
previously (Reardon et al., 2010), this was not observed in this
experiment. To our knowledge, this is the first time that the
up-regulation of sxp/ral-2 on anhydrobiosis has been described.
This family of proteins is specific to nematodes. It is present in
free-living and animal-parasitic nematodes, as well as in plant-
parasitic nematodes (Tyson et al., 2012). The role of these proteins
has not been elucidated to date. It has been proposed that they
are involved in plant parasitism, for instance in feeding cell induc-
tion (Tytgat et al., 2005). However, the presence of this family
across the phylum may indicate a more general function. The
results presented here suggest that SXP/RAL-2 has a role in pro-
tection against desiccation. This apparent contradiction can be
explained by the fact that there may be several SXP/RAL-2
isoforms within a species, as shown previously for Globodera
rostochiensis (Jones et al., 2000). These proteins are grouped
within the same family, but have a different spatial expression
pattern. The expression of two different sxp/ral-2 genes has been
reported in either the amphids or hypodermis of G. rostochiensis,
and one sxp/ral-2 gene was expressed in the subventral pharyn-
geal glands of M. incognita (Jones et al., 2000; Tytgat et al.,
2005). This could be an indication that diverse members of this
family exhibit different functions.

To successfully infect the host plant, the nematode must over-
come the cell wall as a structural barrier, which mainly consists of
cellulose, hemicelluloses, pectins and structural proteins (Vogel,
2008). To overcome this hurdle, nematodes hold an arsenal of
CWDEs thought to have been acquired through horizontal gene
transfer from bacteria and/or fungi (Jones et al., 2005). Several cell
wall-modifying proteins have already been described in nema-
todes, such as expansin, β-1,4-endoglucanase, pectate lyase,
polygalacturonase and xylanase, which were also found in the

H. oryzae ESTs (Jaubert et al., 2002; Kikuchi et al., 2006;
Mitreva-Dautova et al., 2006; Qin et al., 2004; Rosso et al., 1999).

A putative new CWDE not previously found in nematodes was
identified in the H. oryzae ESTs: β-mannanase. It is possibly
involved in hemicellulose degradation. The hemicellulose fraction
is more abundant in cell walls of monocots relative to dicots
(Vogel, 2008), which could explain the presence of this enzyme in
H. oryzae, whereas it is absent in the genomes of M. incognita,
M. hapla and B. xylophilus. β-Mannanase is important in the deg-
radation of β-(1,4)-linked mannans. This enzyme has previously
been found in plants, fungi and bacteria. Its presence has been
confirmed in several plant-pathogenic fungi and bacteria, where it
has a role in cell wall degradation (Couturier et al., 2012; Kim
et al., 2011; Pham et al., 2010). This is the first report of this gene
in nematodes. The presence and activity of this type of
β-mannanase have been reported recently in an insect species
(Acuna et al., 2012). An in situ hybridization showed a spatial
expression pattern in the region of the gland cells, ruling out the
possibility that this contig originated from bacterial contamina-
tion. It might be possible that H. oryzae acquired this gene by
horizontal gene transfer. A search using BLASTP against the
nonredundant protein database revealed β-mannanase as top hit.
This sequence originated from Opitutus terrae, an obligate
anaerobic bacterium which is known to reside in rice paddy soils
(Chin et al., 2001). The fact that the β-mannanases from both
organisms have a high similarity (51% identical residues), and that
these two organisms share the same ecosystem, could point to
horizontal gene transfer. GHF30 xylanases have been found in
plant-parasitic nematodes previously, although there is some dis-
cussion about the designation of these enzymes to GHF5 or GHF30
(Haegeman et al., 2009). The presence of all of these enzymes
shows that H. oryzae is well equipped to break through the
monocot plant cell wall and migrate through the root. As migra-
tory nematodes must continuously pass cell walls during their
whole life cycle, it is not surprising that they possess an arsenal of
enzymes to degrade hemicellulose.

Sedentary nematodes secrete effector proteins which aid in the
establishment of a specialized feeding site and attenuate the host
defence mechanism (Hewezi and Baum, 2013). As migratory
nematodes do not form specialized feeding cells and do not stay
in one place in the host, one could claim that they are not in need
of these specific effector proteins. This used to be a generally
accepted idea for necrotrophic fungi, but it was later shown that
they are able to manipulate the host’s defence to their advantage
(Oliver and Solomon, 2010). Therefore, migratory nematodes
might also secrete effector proteins to suppress the plant immune
system. CM was found in our dataset and in the transcriptome of
Pratylenchus coffeae (Haegeman et al., 2011). CM is involved in
the shikimate pathway in plants, where it catalyses the step from
chorismate to prephenate. Secretion of CM was suggested by the
presence of a putative secretion signal and expression in the
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region of the pharyngeal gland cells. The secreted CM is probably
involved in the deregulation of the SA pathway in the host plant,
making it more vulnerable to pathogen attack. This has been
shown recently for a secreted CM from Ustilago maydis, which
lowers the total SA content in infected leaves (Djamei et al.,
2011).

In addition to CM, another enzyme involved in the SA pathway
in plants was also discovered, ICM. ICM converts isochorismate to
2,3-dihydroxybenzoate and pyruvate, thereby depleting the pool
of isochorismate and reducing SA synthesis. ICM has been found
in the secretome of phytopathogenic fungi and is thought to have
a function in reducing the SA content of the host (El-Bebany et al.,
2010; Soanes et al., 2008). Two sequences with similarity to ICM
have been found in the dataset. ICM1 clusters together with other
plant-parasitic nematode sequences in a phylogenetic tree and
does not have any homologues in nonparasitic nematodes. This is
an indication that it could be involved in plant parasitism. ICM2
has homologues in plant-parasitic nematodes, as well as free-
living nematodes and animal-parasitic nematodes, and has a con-
served YcaC-related domain, but does not show similarity to
ICM1.A BLASTP sequence similarity search revealed that it also has
putative orthologues in other eukaryotic species, most of which
were predicted to have a mitochondrial localization. YcaC-related
ICM is probably involved indirectly in energy transduction. It has
been shown that it can bind to creatine kinase, which catalyses the
transfer of a phosphate group from phosphocreatine to ADP, yield-
ing ATP and creatine. This is supported by the fact that YcaC-
related ICM is mainly localized in mitochondria, where ATP
production takes place (Jiang et al., 2008). These results indicate
that ICM1 could be an interesting effector protein for the nema-
tode, whereas ICM2 is involved in basic cellular functioning.

In conclusion, the transcriptome of H. oryzae provides insights
into the proteins needed by this nematode to survive in unfavour-
able environmental conditions. In addition, it augments our under-
standing of the strategies used to infect the host plant, from
CWDEs to putative effector proteins. As the available data for
migratory species are scarce compared with the economically
more important cyst and root-knot nematodes, these new data are
a convenient source to perform comparative studies.

EXPERIMENTAL PROCEDURES

RNA/DNA extraction and sequencing

Juvenile and adult stages of H. oryzae obtained from Myanmar were
extracted from fresh rice roots using a modified Baermann funnel. RNA
was extracted from the nematodes using the RNeasy kit (Qiagen, Hilden,
Germany). The RNA was sent to LGC Genomics (Berlin, Germany), where
mRNA was isolated and a cDNA library was constructed with the Mint
Universal cDNA synthesis kit (Evrogen, Moscow, Russia). The cDNA was
normalized using the TRIMMER kit (Evrogen), size selected (>800 bp) and

transformed into the vector pDNR-lib. The library was analysed by 454 FLX
Titanium sequencing in a run on one-half of a picotitre plate. The raw data
have been submitted to the Sequence Read Archive (SRA) database of the
NCBI under accession number SRA048498.

Clean up and assembly

The reads were processed with Newbler 2.3 and CLC Genomics workbench
4.0.2 software. Contaminating vector and adaptor sequences were
trimmed from the reads and an assembly was performed using standard
settings. Singletons and sequences shorter than 150 bp were removed
from the dataset. Contigs generated by CLC software were BLAST searched
(BLASTN) against contigs predicted by Newbler 2.3 with a cut-off bitscore of
200.

BLAST searches and annotation

The remaining contigs in the dataset were subsequently BLAST searched
(BLASTX, cut-off bitscore of 200) against protein sequences of several
plant-pathogenic bacteria and fungi, soil bacteria and rice to remove
possible contamination. Predicted proteins from the O. sativa genome
(version 7.0) were downloaded from the website of the Rice Genome
Annotation Project (http://rice.plantbiology.msu.edu/). The data for the
other organisms were downloaded from the NCBI server (http://
www.ncbi.nlm.nih.gov/): Bacillus sp., Pseudomonas fluorescens,
Rhizobium sp., Azospirillum sp., Agrobacterium sp., Gluconobacter sp.,
Flavobacterium sp., Herbaspirillum sp., Thiobacillus sp., Xanthomonas
oryzae, Magnaporthe grisea, Magnaporthe salvinii, Rhizoctonia solani,
Cochliobolus miyabeanus, Gibberella fujikuroi and Ustilaginoidea virens.
The remaining sequences were subjected to a BLASTX (cut-off bitscore of
50) against the Swiss-Prot and Trembl databases. The output was used for
annotation. By using the software application QuickGO from EBI (http://
www.ebi.ac.uk/QuickGO/GAnnotation), GOs were downloaded for the
protein identifiers of the BLASTX top hits. Sequences were compared with
(BLASTX, cut-off bitscore of 50) protein data of C. elegans, M. incognita and
B. xylophilus downloaded from Wormbase (http://www.wormbase.org,
release WS229), http://www7.inra.fr/meloidogyne_incognita and http://
www.genedb.org/Homepage/Bxylophilus (version 1.2), respectively.

Protein domain search and sequence analysis

Putative proteins were predicted using the OrfPredictor tool (Min et al.,
2005). The protein sequences were scanned for the presence of putative
signal peptides and the absence of transmembrane domains using SignalP
4.0 (Petersen et al., 2011). Pfam HMM motifs were downloaded from the
Pfam website (release 26.0). HMMscan (HMMER3.0, reporting threshold
30, hmmer.org) was used to look for possible domains in the contigs. The
molecular weight of a protein was calculated using the ProtParam tool
from the ExPASy website (http://web.expasy.org/protparam/). To calculate
the GRAVY index, the Kyte–Doolittle scale was used (Kyte and Doolittle,
1982). Conserved domains from the Conserved Domain Database (CDD)
were retrieved through CD-search in the NCBI server.

Dehydration treatment

Nematodes of mixed stages were soaked in an artificial seawater solution
or in distilled water as a control. The seawater solution was adapted from
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Feng et al. (2006). It contained 1692.00 mM NaCl, 9.00 mM KCl, 9.27 mM

CaCl2, 22.94 mM MgCl2.6H2O, 25.50 mM MgSO4.7H2O and 2.14 mM

NaHCO3. Approximately 500 nematodes were soaked in six-well plates for
24 h in water, 10%, 30% and 40% artificial seawater.

RNA extraction and cDNA synthesis

RNA was extracted with the RNeasy kit (Qiagen). To remove all contami-
nating DNA, 1 μg of the extracted RNA was treated with 1 μL DNaseI
(1 U/μL; Fermentas, Waltham, MA, USA), 0.5 μL RNAsin ribonuclease
inhibitor (Promega Fitchburg, WI, USA) and 3 μL DNaseI buffer (10×,
Fermentas) in a total volume of 27 μL. The mixture was incubated at 37 °C
for 30 min, after which 3 μL of 50 mM ethylenediaminetetraacetic acid
(EDTA) was added and incubated for 10 min at 65 °C to stop the reaction.
First-strand cDNA synthesis was started by adding 1 μL oligo dT (700 ng/
μL) to 30 μL DNAse-treated RNA and incubating the mixture for 5 min at
70 °C. Afterwards, the following products were added: 10 μL of Goscript
5× reaction buffer, 5 μL of 25 mM MgCl2, 2.5 μL of PCR nucleotide mix,
1 μL of Goscript reverse transcriptase (Promega) and 0.5 μL of water to a
total volume of 50 μL. The mixture was incubated for 5 min at 25 °C, 2 h
at 42 °C and 15 min at 70 °C to stop the reaction.

Q-RT-PCR

The SensiMix SYBR No-ROX kit (Bioline, London, UK) was used to perform
Q-RT-PCR. Each reaction contained 10 μL of 2 × SensiMix, 500 nM of each
primer and 1 μL of cDNA in a total volume of 20 μL. All reactions were
performed in three technical replicates on a Rotor-Gene 3000 (Corbett Life
Science, Hilden, Germany) and analysed with Rotor-Gene 6000 software
version 1.7. The PCR conditions were as follows: 10 min of initial dena-
turation at 95 °C, followed by 45 cycles of 25 s at 95 °C, 25 s at 58 °C and
20 s at 72 °C.The melting curve was generated by gradually increasing the
temperature from 72 °C to 95 °C after the last cycle to test the specificity
of the amplicon. The data were analysed by REST 2009 software to deter-
mine statistically significant differences (Pfaffl et al., 2002). Two reference
genes identified in the contigs were used; an FMRFamide-like
neuropeptide 14 and an elongation factor 1α. Primers are listed in
Table S1 (see Supporting Information).

Construction of a phylogenetic tree

To construct a phylogenetic tree, homologues of CM or ICM were down-
loaded from the NCBI server. EST sequences were first translated into
protein sequences. The alignment was performed by Clustal Omega on the
EBI server (http://www.ebi.ac.uk/Tools/msa/clustalo/). The output format
was converted into the nexus format using Readseq (http://www.ebi
.ac.uk/Tools/sfc/readseq/). The nexus file was loaded into MrBayes 3.2.1 to
construct a phylogenetic tree using Bayesian inference with a gamma
distributed model (Ronquist et al., 2012). At least 50 000 generations
were performed to achieve a standard deviation below 0.05.

Whole-mount in situ hybridization

Genes were cloned in pGEM-T (Promega), using the standard cloning
techniques. The primers used for cloning and probe synthesis are listed in

Table S1. Whole-mount in situ hybridization was performed as described
previously by de Boer et al. (1998) with some minor modifications with
regard to the fixation of the nematodes and the hybridization temperature.
The nematodes were fixed in 2% formaldehyde for 16 h at 4 °C, followed
by an additional incubation for 4 h at room temperature. Hybridization
was performed at 47 °C. Photographs were taken with a Leica S8AP0
(Wetzlar, Germany) stereomicroscope.
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