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Plant-parasitic nematodes were found in 4 of the 12 clades of phylum
Nematoda. These nematodes in different clades may have originated inde-
pendently from their free-living fungivorous ancestors. However, the exact
evolutionary process of these parasites is unclear. Here, we sequenced the
genome sequence of a migratory plant nematode, Ditylenchus destructor.
We performed comparative genomics among the free-living nematode,
Caenorhabditis elegans and all the plant nematodes with genome sequences
available. We found that, compared with C. elegans, the core developmental
control processes underwent heavy reduction, though most signal transduction
pathways were conserved. We also found D. destructor contained more
homologies of the key genes in the above processes than the other plant nema-
todes. We suggest that Ditylenchus spp. may be an intermediate evolutionary
history stage from free-living nematodes that feed on fungi to obligate plant-
parasitic nematodes. Based on the facts that D. destructor can feed on fungi
and has a relatively short life cycle, and that it has similar features to both
C. elegans and sedentary plant-parasitic nematodes from clade 12, we propose
it as a new model to study the biology, biocontrol of plant nematodes and the
interaction between nematodes and plants.

1. Introduction

Plant-parasitic nematodes, which attack nearly all plant species, pose a great
food safety threat worldwide and cause losses of more than $US80 billion per
year. More than 4100 species of these nematodes have been described, and new
species are continually being identified [1]. Three major types of plant-parasitic
nematodes have been described based on their distinct life cycles. Sedentary
endoparasitic nematodes use special feeding structures to obtain rich and
continuous food sources from the plant host. Migratory plant endoparasitic
nematodes do not induce feeding sites but feed while migrating between or
through plant cells [2]. The third type of plant nematode is migratory ectoparasi-
tic; these nematodes do not enter the plant and move in the soil to attack the roots
[3]. The phylum Nematoda is divided into 12 clades based on small subunit
ribosomal DNA (SSU rDNA) sequences [4]. Plant-parasitic nematodes were
found in four of them, including clades 1, 2, 10 and 12. Plant-parasitic nematodes
in different clades may have originated independently from their free-living
fungivorous ancestors [5]. Two lines of evidence support this hypothesis. On
the SSU rDNA sequence tree, the fungivorous nematode taxa are often located
at the very base of the plant-parasitic nematode lineages [4,6]. Moreover, fungi-
vorous nematodes usually possess onchiostyles (clade 1), spears (clade 2) or
stomatostylets (clades 10 and 12) similar to their plant-parasitic relatives in the
same clade [5]. However, the exact evolution of these parasites is unclear.

We focused on the plant nematodes from clade 12 because they contain eight of
the top ten economically important nematodes, including Meloidogyne spp.,
Heterodera and Globodera spp., Pratylenchus spp., Radopholus spp., Ditylenchus
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spp., Rotylenchulus spp., Nacobbus spp. and Aphelenchoides
spp [1]. To gain in-depth insights into the parasitic mechanism,
genome sequences of nematodes with different life cycles
were considered. Genome sequences are available for three
sedentary endoparasitic nematodes (M. incognita, M. hapla
and G. pallida) and one migratory endoparasite (Pratylenchus
coffeae) in this clade [7-10]. In this study, we sequenced another
migratory endoparasitic nematode (Ditylenchus destructor) that
was positioned at the base of the most economically important
plant nematodes, including root-knot and cyst nematodes, on
the SSU rDNA tree [6]. This potato rot nematode can enter
tubers through lenticels and then digest starch and pectin,
leading to cell disintegration [11]. It can also cause additional
damage during storage. Ditylenchus destructor is the second-
ranking nematode pest of potatoes after the potato cyst
nematode and is an internationally quarantined pest. Moreover,
D. destructor can live on a very wide range of fungi and plants
[12]. Unlike other plant-parasitic nematodes in clade 12, it can
be cultured with fungi under laboratory conditions [13].
Using comparative genomics, we investigated the mechanisms
underlying the parasitism of this nematode and the evolution of
plant-parasitic nematodes.

Because some aspects of structure, development and repro-
duction are comparable between Caenorhabditis elegans and
plant-parasitic nematodes, C. elegans is used as a model to
study the biology of plant nematodes [14]. However, we
found that C. elegans was not an ideal model when we focused
on details of the interactions between plants and nematodes, the
structure and development of these parasitic nematodes, and
the biocontrol of plant nematodes. Additionally, we cannot
use root-knot and cyst nematodes because their reproduction
obligately relies on plants, and they are difficult to manipulate
using molecular methods [14]. Ditylenchus destructor can feed
on fungi or potatoes very easily and has a relatively short life
cycle [12]. Therefore, we suggest its use as a model for biological
and biocontrol studies of plant-parasitic nematodes. In this
study, we consider this purpose based on its genomics.

2. Material and methods
(@) DNA/RNA extraction

Ditylenchus destructor Dd01 was isolated from sweet potatoes in
Wuhan, China (electronic supplementary material, Supporting
Methods). The nematodes were cultured for approximately 30 days
on sweet potatoes. Both DNA and RNA were obtained from
nematodes of mixed life stages. Total DNA was extracted using cetyl-
trimethylammonium bromide (CTAB)/Proteinase K. Total RNA
was extracted using the HP Total RNA kit (Omega Bio-tek, USA)
and treated with RNase-free DNase kit (Omega Bio-Tek).

(b) Genome sequencing and assembly
Short paired-end (160-, 380- and 800-bp) and mate-paired (3-, 5-
and 8-kb) genomic DNA libraries were prepared and sequenced
on an Illumina HiSeq 2500 platform (electronic supplementary
material, table S1). High-quality genomic DNA extracted from
D. destructor was prepared as a 20-kb library for P5-C3 chemistry.
The PacBio RSII sequencing system generated 119 710 reads with
a mean read length of 3.5 kb from one SMRT cell. RNA-seq was
performed on an Ilumina HiSeq 2000 platform; about 3 Gbp
pair-end reads with length of 100 Gbp were obtained.
ALLPATHS-LG was used in the first step of the assembly [15];
reads from the three short paired-end and two mate-paired (3- and
5-kb) libraries were used in this step. In the second step, reads from

the 8-kb mate-paired library were used to extend the scaffolds gen- n

erated from ALLPATHS-LG using the tool SSPACE [16]. Then,
subreads from PacBio were used to improve the assembly in
PBJelly (http://sourceforge.net/projects/pb-jelly). The last step
of the assembly was to use all of the paired- and mate-end reads
to fill the gaps with GapFiller [17].

The assembly was cleared of contaminants as described by
Cotton et al. [9] in two steps. Before gene model prediction, all
scaffolds were searched against the NCBI non-redundant (nr)
database with BlastX using an e-value of 107°. Those that only
had hits to bacterial sequence and for which no RNA-seq reads
mapped were filtered out. After gene prediction, scaffolds with
high GC content that did not have predicted gene models and
scaffolds with no gene model with similarity to animals instead
of plants, fungi or bacteria were removed.

(c) Genome annotation
RepeatScout [18] and RECON [19] were used to predict repeat
sequences. RepeatModeler (http://repeatmasker.org/RepeatMo-
deler.html) was used to classify consensus models of putative
interspersed repeats. RepeatMasker (http://www.repeatmasker.
org) was used to mask the repeats in the genome sequence.
MAKER v. 2318 (http://www.yandell-lab.org/software/
maker.html) was used to perform annotations as follows. Clean
reads from the transcriptome with removal of adaptor sequences
and low quality data were de novo assembled using the software
Trinity (https://github.com/trinityrnaseq/trinityrnaseq) with the
default settings to generate full-length cDNA sequences. These
sequences were used to train the ab initio gene prediction programs
SNAP [20] and Augustus [21]. The outputs of the above programs
were used to re-train the tools themselves. Similarity-based gene
predictions were generated using exonerated alignments of transcrip-
tome sequences. Transcript fragments from the RNA-seq datasets
were aligned and merged using TopHat [22] and Bowtie2 [23], and
protein-based predictions were generated using GeneWise [24].
Gene predictions of ab initio and similarity methods were aggregated
into a final set following three rounds of processing in MAKER soft-
ware; the first two rounds improved the training of the ab initio tools,
and a final round predicted proteins based on their similarities to all
of the non-redundant protein sequences of the nematode phylum.
Functional annotation was performed using the InterProScan
tool (5.14.53.0) [25] to scan the following 15 signature databases:
COILS 2.2, Gene3D 3.5.0, PANTHER 8.1, Pfam-A 28.0, PIRSF
3.01, PRINTS 42.0, ProDom 2006.1, PROSITE 20.113, SMART
6.2, SignalP_EUK, SUPERFAMILY 1.75, TIGRFAMs 15.0 and
TMHMM 2.0.

(d) Comparative genomics

Protein sequences of all available plant nematodes and C. elegans
were clustered using the tool OrthoMCL [26]. The gene family-
shared features among these nematodes were computed using an
in-house Perl script. Protein sequences of each single-copy gene
family were aligned using Muscle [27], and each alignment was
trimmed with trimAl [28]. A maximum-likelihood core protein
phylogenetic tree was constructed based on the concatenated align-
ment from all single-copy core protein families using PhyML [29]
with the best model (LG + 14 G) predicted by ProtTest [30].
Bootstrap support values were calculated from 1000 replicates.

(e) Expert functional annotation
The glycoside hydrolase (GH) and glycosyltransferase (GT) genes
were identified and classified by searching query protein
sequences against the CAZy database [31]. Then, target sequences
were checked manually by identifying their conserved domains
with the Pfam and CDD databases [32,33].

Protein sequences of effectors reported in the root-knot and
cyst nematodes [34—37] were obtained from GenBank. Blast was
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Figure 1. Photographs of injected sweet potatoes and D. destructor. (a) The outside phenotype of sweet potatoes six weeks after injection with D. destructor. (b) The
inside phenotype of sweet potatoes six weeks after injection with D. destructor. (c) Nematodes extracted from sweet potatoes. (d) Light microscopy photographs of
D. destructor. (e) The stylet (arrow) of D. destructor. (f) The male’s tail of D. destructor. (g) The female’s tail of D. destructor. (h) The J1 in a D. destructor egg.

used to predict putative homologous effectors from D. destructor.
Signal peptides and transmembrane domains were predicted
for each putative effector by SignalP (www.cbs.dtu.dk/services/
SignalP) and TMHMM (www.cbs.dtu.dk/services/ TMHMM),
respectively. Only those with signal peptide but without
transmembrane domain were considered.

Protein sequences associated with pressure resistance, core
development and pathways from C. elegans were extracted accord-
ing to their descriptions in WormBook (http://www.wormbook.
org). Protein sequences for each of the processes and pathways
were respectively used as original query sequences to search against
all of the protein sequences investigated in this study by BlastP.
Similar sequences were extracted and searched against all the
protein sequences of C. elegans; only those having the highest
scorer to the original query sequences were considered. Then, all
candidate sequences were checked manually by identifying the con-
served domains contained by the query sequences. If a query
sequence did not contain a conserved domain, we filtered out the
resulting sequences using an e-value of 10> and a coverage of 60%.

3. Results

(a) General features of the Ditylenchus destructor
genome

The D. destructor strain studied in this work was isolated from
sweet potatoes and caused serious damage to its host during
storage (figure 1). We sequenced the D. destructor genome by
combining the Illumina HiSeq 2500 and PacBio platforms to
obtain approximately 200-fold coverage and produced a draft
assembly of approximately 112 Mbp (N50 = 570 kb; table 1)
with a mean GC content of 36.6%. The genome size was
much larger than the genome sizes of other plant-parasitic
nematodes [7-9,38]. The completeness was estimated to be
91% by CEGMA (core eukaryotic gene mapping approach)
and showed a better assembly than the G. pallida [9] and
M. incognita [7] genomes. Additionally, about 85% of the
reads from RNA-seq were mapped to the genome sequence,
confirming the completeness estimated by CEGMA. Genome
repeats comprise approximately 23.4 Mbp (19.5%), of which
only approximately 6 Mbp (28%) can be classified into
known repeat types (electronic supplementary material, table
S2). The features of the overall repeats are similar to the other
plant-parasitic nematodes with genome sequences available
[7-9,38].

A total of 13938 protein-coding genes were predicted
(table 1). The gene density was lower than the densities of
other plant-parasitic nematodes and C. elegans. The mean
gene length was 4101 bp, which was much longer than the
lengths of other plant nematodes and C. elegans. The mean
exon and intron lengths were 146 bp and 325 bp, respectively,
and the mean exon number of each gene model was 8. The
large intron length and number both contribute to the large
lengths of each gene model.

All protein sequences of the plant-parasitic nematodes and
C. elegans were clustered using the MCL algorithm [26]. A phy-
logenetic tree was constructed based on all single-copy core
genes (figure 2). The tree had a topology similar to the SSU
rDNA-based tree, with D. destructor positioned on the base
branch of the root knot and cyst nematodes with 100% boot-
strap support. A total of 3219 gene families were shared by
all plant nematodes and C. elegans, and 329 gene families
were orthologous among the four plant nematodes but not
C. elegans (figure 3). Approximately 28% (3910) of the
D. destructor genes had no orthologues in the other four nema-
todes. Ditylenchus destructor shared more orthologous genes
with C. elegans than with other plant nematodes in clade 12.

Among the 13938 predicted genes in the D. destructor
genome, 11 819 proteins were annotated based on the presence
of characteristic protein domains identified by InterProScan [25].
Compared with other plant nematodes and C. elegans, no obvious
extreme gene family expansions, like G protein-coupled receptor
(GPCR) in M. halpa [8] and SPRY domain (domain in SP1a and the
ryanodine receptor) proteins in G. pallida [9], were found. In the list
of the top 25 Pfam hits featured from D. destructor compared with
the other clade 12 plant nematodes, more proteins containing
trypsin (PF00089), ABC transporter (PF00005), sugar (and other)
transporter (PF00083) and short chain dehydrogenase (PF00106)
domains (electronic supplementary material, table S3) were
found. This result conforms to the capacity of D. destructor to
metabolize carbohydrates and proteins from tubers of its major
host, potatoes.

(b) Genomic insights into the plant parasitism
mechanisms of Ditylenchus destructor

The cell wall is the first barrier that any endoparasitic plant nema-
tode needs to overcome during plant invasion. Ditylenchus
destructor has a cell wall modification gene content that is
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Table 1. Features of the Ditylenchus destructor draft genome. (DS, coding
DNA sequence; CEGMA, core eukaryotic gene mapping approach.

genome size (bp) 112 991 371
number of scaffolds; tontigs 1761; 3818 ‘
largest scaffold size (bp) 3556 246

N ‘cou‘nts‘ in‘scaffoI‘d o 2308783 ‘
N50 (bp); count > 1 kb in length 570 381; 47
N90 (bp); count > N90 length 65 385; 260
genome GC content (%) 36.6
repetitivé sequences (%)‘ ‘ ‘ 19.5%
number of gene models 13938

gene density (genes per Mb) 124

mean gene size (bp) 4101

mean CDS Iehgth (bp) o o 1408

mean exon number per gene 8

mean‘ exoh length (bb) » o ‘ 145

mean intron length (bp) 325

coding GC content (%) 44%

CEGMA completeness: complete; partial (%) 87.1; 91.1

similar to the other three plant-parasitic nematodes in clade 12
(electronic supplementary material, table S4). Three cellulases
from glycoside hydrolase family 5 (GH5) are present in
D. destructor; each gene was positioned on the base of the other
GH5 members from the root-knot and cyst nematodes in the
protein sequence-based phylogenetic tree (electronic supple-
mentary material, figure SI1). Other cell wall-modifying
genes identified in other plant nematodes were also present
in D. destructor, including xylanases (GH30), arabinases (GH43)
and pectate lyase (PL3). However, no genes homologous to poly-
galacturonase (GH28) or expansin were found in D. destructor,
despite their frequent presence in other plant nematodes [39].
As the major host of D. destructor, potato-containing starch
comprises more than 30% of its tubers [40]. To survive in
this type of plant host, D. destructor harbours key enzymes
for starch degradation. Although proteins belonging to
GH13 have been predicted in all plant-parasitic nematodes,
a-amylases (EC 3.2.1.1) were only identified from D. destructor
and Bursaphelenchus xylohpilus, with a slight expansion in
D. destructor (electronic supplementary material, table S4 and
figure S2; figure 4). The a-amylase, which acts specifically on
starch, cleaves the a-1,4 glycosidic bonds present from the
inner part (endo-) of the amylose or amylopectin chain [41]. Phy-
logenetic analysis based on a-amylase protein sequences from
nematodes and other organisms indicated a similar origin to
other nematodes. These sequences were clustered together
with those from animal parasitic and free-living nematodes
and definitely apart from those of bacteria, fungi, insects and
some higher animals (figure 4). The other two types of enzymes
of GH13 predicted in this study included the branching enzyme
(EC 2.4.1.18), which converts amylose into amylopectin, and
oligo-1,6-glucosidase (EC 3.2.1.10), which releases an «-1,6-
linked glucose from oligosaccharides produced from starch.
All nematodes analysed in this study contained these enzymes.
Another starch-degrading enzyme that belonged to the

100 M. hapla

100 M. incognita

100 L G paliida

D. destructor

B. xylophilus

C. elegans

0.1

Figure 2. Phylogenomic analysis of nematodes. A maximum-likelihood
phylogenetic tree was constructed based on a concatenated alignment of
protein sequences for the 651 single-copy core genes by PhyML. Bootstrap
support values were calculated from 1000 replicates. B. xylophilus,
Bursaphelenchus xylophilus.

D. destructor

/ 3910

C. elegans \

G. pallida| 602

127 262

M. hapla
~
M. 1'17('()5;171'/(1( 52 97 899 221
~
27 L 137 329 3219 729 )

\_ 33

\ \144/ 63 y

Figure 3. Homologs shared among plant-parasitic nematodes (D. destructor, G.
pallida, M. hapla and M. incognita) and C. elegans. The homologous groups were
computed by OrthoMCL with an inflation value of 1.5 after an all-against all Blast.

exo-amylase was also slightly enriched in D. destructor.
Maltase-glucoamylase (GH31) cleaves both «-1,4 and «-1,6
bonds on the external glucose residues of amylose or amylo-
pectin from the non-reducing end and thus produces only
glucose (glucoamylase). Ditylenchus destructor contains nine
of these proteins, which is more than even C. elegans (electronic
supplementary material, table 54).

Effectors play crucial roles in the interaction between nema-
todes and their plant hosts. Fifty-six proteins homologous
to effectors of other plant nematodes were predicted in
D. destructor, including 20 homologs to cyst nematodes and 36
homologs to root-knot nematodes (electronic supplementary
material, table S5). Only five D. destructor proteins belonging to
two families (FAR-1 (fatty-acid and retinol binding protein)
and VAP-1 (venom allergen-like protein)) showed significant
similarity to effector proteins of both root-knot and cyst nema-
todes. FAR-1 and VAP-1, both of which play important roles in
the infection process, were also identified in several other plant
nematodes, suggesting that they play similar roles in the nema-
tode parasitic process. Most of the other putative effectors had
limited information available concerning their roles in parasitism
except that they were secreted during the infection process.

(c) Core processes and pathways involved in the control
of nematode development

To gain more information about the evolution of the plant-
parasitic nematodes, we focused on the diversity of the
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Figure 4. Phylogenetic analysis of the a-amylase protein sequences from all nematodes and representatives of bacteria, fungi and other animals. Different branch
colours represent different organisms (red for nematodes, blue for fungi, brown for bacteria, purple for invertebrates and green for vertebrates). Taxon names are
coloured for different nematodes (dark green for plant nematodes, dark red for animal parasitic nematodes and blue for free-living nematodes).

genes involved in the core processes and pathways identified
in C. elegans.

Genes homologous to the C. elegans genes involved in the
development control were surveyed in all plant-parasitic
nematodes (table 2; electronic supplementary material,
Supporting Results). With the exception of the genes invol-
ved in intestine development, less than half of the genes
associated with each of the other processes had homologs
in G. pallida, M. halpa and M. incognita. There were more
homologous genes in the two migratory plant-parasitic
nematodes B. xylophilus and D. destructor, but many key
genes in these processes identified in C. elegans had no
homologs in any of the plant-parasitic nematodes.

During development of the intestine, the actin protein
ACT-5 has been reported to play a key role in the microvilli,
and act-5 knockout resulted in lethality shortly after hatching
[42]. However, no homologous gene was found in any of the
plant-parasitic nematodes, suggesting a different microvilli
structure (electronic supplementary material, table S6). Two

genes involved in pharynx development (skn-1 and pha-4)
were absent in plant nematodes despite the finding that
mutations in one of these genes could result in an absent
pharynx [43,44]. Moreover, only some of the genes that
played no crucial roles in this process were conserved, such
as gei-17, htz-1, lag-1, myo-2, pha-2, ubc-9 and ubc-39 (electronic
supplementary material, table S7).

Programmed cell death (PCD) plays a fundamental role in
animal development, and genes involved in the three phases
of this process have been well studied in C. elegans [45].
Although more genes were conserved in D. destructor than
in the other three clade 12 nematodes, most key genes in
the first two stages were lost in all of the plant nematodes
(electronic supplementary material, table S8). During the spe-
cification phase, only one transcriptional regulator (ces-2) was
conserved in all nematodes. In the killing phase, no homolo-
gous genes were found in any of the plant nematodes for
three (eag-1, ced-9 and ced-4) out of the four genes in the
core machinery involved in the activation of the apoptotic



Table 2. Numbers of genes associated with core processes in C. elegans and the five plant-parasitic nematodes.

process/pathway C. elegans B. xylophilus

development control
intestine development 24 19
pharynx development 25 il
Q neuroblast development 32 u o
embryo development 48 22
programmed cell death . » 28 16
translational control of maternal 15 8
RNAs

signal transduction

© RTK-Ras-ERK signalling I “o
Eph receptor signalling 25 20
heterotrimeric pr‘ote‘ins‘ T 6
Hh signalling network 63 28
insulin/insulin-like grthh fator 18 13
signalling
notch signalling 47 0
nuclear hormone receptor 284 68
small GTPases » . » 34 n
TGF-B signalling 26 16

chemoreceptor 1276 ETa

Wnt signalling 38 31

her cére‘pro‘ces‘ses T B
autophagy 19 13
neurbgéhesis o o 64 3‘2‘ »
sex determination 23 7
neuropeptide genes ‘ ‘ 122 28‘
RNAi pathway 78 37

programme. Most genes in the execution phase were
conserved in all plant nematodes.

(d) Core processes and nematode signal
transduction pathways

In contrast with the genes involved in developmental control, the
major signalling systems were conserved among all nematodes
and most key genes in these pathways identified in C. elegans
were conserved in all plant nematodes (table 2; electronic
supplementary material, Supporting Results). Compared with
the three sedentary parasitic plant nematodes, the two migra-
tory plant-parasitic nematodes contain more genes that are
homologous with the free-living nematode C. elegans. The
main differences among these plant nematodes and C. elegans
arise from genes encoding receptors, such as the nuclear hor-
mone receptors (NHRs) and GPCRs. Additionally, most of
these types of genes identified in C. elegans have no homologs
in any of the plant nematodes (electronic supplementary
material, tables S9, S10 and Supporting Results).

In response to harsh environmental conditions, C. elegans
larvae undergo dauer arrest at the second moult. There are
four pathways that play critical roles during the formation of

D. destructor G. pallida M. halpa M. incognita
2 15 16 16

15 12 7 1

et "

21 19 21 17
S o e
7 4 6 5

et -
2 17 19 13

et et i
32 18 21 2

“ o 10 13 13

s s

51 54 3 18
g i e
15 16 15 1

e e S
3 % 2% 21

10 1 14 10
2 2 18 18

1 8 5 7

» 16 18 16

36 7 2 %

this situation: the guanylyl cyclase, TGFg-like, insulin-like
and hormonal signalling pathways. The last three pathways
exhibit limited conservation in the plant nematodes; only a
few genes in each pathway have homologs in these nematodes
(electronic supplementary material, table S11), with relatively
more conservation in D. destructor and B. xylophilus. Although
many of the genes involved in TGF- signalling are conserved
in all plant nematodes, genes associated with the regulation of
dauer development are almost all lost, with daf-4 being the only
exception (electronic supplementary material, tables S11 and
S12). The insulin-like and steroid hormone pathways are in
similar situations. Sex determination in C. elegans has been
well studied. Only limited genes involved in this process are
conserved in all nematodes, including mag-1, mog-1, mog-4,
mog-6 and tra-3 (table 2; electronic supplementary material,
table S13). Ditylenchus destructor possesses more genes that
are similar to C. elegans than G. pallida, M. incognita and
M. halpa. For example, D. destructor contains the mab-23 gene,
which is associated with male differentiation and behaviour.
RNA interference (RNAi) represents an important gene
regulation pathway implemented by double-strand (dsRNA)-
based gene silencing. RNAi can be used as a molecular tool
for functional research in eukaryotic organisms. For the control
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of plant nematodes, it can be applied in transgenic plants to
promote resistance against parasites [46]. Caenorhabditis elegans
has 78 RNAI effectors, but all plant nematodes contain less
than half of these effectors [9,38]. The two migratory plant
nematodes have more RNAIi effectors than the sedentary
plant nematodes (table 2; electronic supplementary material,
table S14). Most of the small RNA biosynthetic proteins have
homologs in all plant nematodes, and genes involved in
dsRNA uptake and argonaute formation are more conserved in
D. destructor and B. xylophilus. Genes homologous to rrf-1, rrf-3
and csr-1 were found in D. destructor and B. xylophilus but notin
the other plant nematodes. For all of these processes, approxi-
mately half or more of the effectors identified in C. elegans have
no homologous members in the plant nematodes.

4. Discussion

We present the draft genome sequence of D. destructor, a
migratory plant nematode from clade 12. In addition to plant
cell wall degradation enzymes, the a-amylase enzyme is
important for the capacity of D. destructor to parasitize
plants. Unlike the cell wall modification-associated genes, the
a-amylase gene was not acquired by horizontal gene transfer
(HGT) and might have been inherited from the nematode
ancestor. Moreover, the presence of fungal cell wall degra-
dation enzymes coincides with the finding that D. destructor
is a fungi feeder (electronic supplementary material,
table S4). Indeed, most members of the genus Ditylenchus are
fungivorous [47].

On the SSU-based phylogenetic tree, the genus Ditylenchus
is on the base of the most important sedentary nematodes, the
root-knot and cyst nematodes. The phylogenetic tree of all
single-copy core proteins of the plant nematodes and C. elegans
supports that D. destructor is positioned more closely to the root
[6]. We suggest that Ditylenchus spp. are more ancient than
sedentary endoparasitic nematodes and may represent an
intermediate stage during the evolution of plant nematodes.
Some members of this genus, particularly Ditylenchus dipsaci,
have much larger host ranges than other plant nematodes,
which supports the ancient origin of this genus [2,48]. For
each of the four clades containing plant-parasitic nematodes,
information concerning feeding habits and puncturing devices
supports the hypothesis that plant-parasitic nematodes have
originated from fungivorous ancestors [5]. Most members of
the genus Ditylenchus feed on fungi, although other members
(including D. destructor) feed on both fungi and plants. This
finding also supports the hypothesis that Ditylenchus is more
ancient than other sedentary endoparasitic nematodes in the
same clade.

Comparative genomics among different plant nematodes
in clade 12 and C. elegans supports the ancient position of
Ditylenchus spp. and its intermediate situation between free-
living and sedentary nematodes. First, D. destructor exhibits
no genome reduction, and no gene family associated with
plant parasitism has been expanded, in contrast with the
other plant nematodes. This result is in accordance with its
two different lifestyles (free-living and facultative plant para-
sitism). Second, some effectors from root-knot and cyst
nematodes have homologies in D. destructor, but there is
little overlap between the two sedentary nematodes [9].
These common effectors may originate from nematodes
such as Ditylenchus spp. Root-knot and cyst nematodes

inherited these effectors separately from a Ditylenchus-like

ancestor [5]. Third, the key effector, the cellulase gene, from
D. destructor shows a more ancient situation than the effectors
of the two sedentary nematodes. Other cell modification-
associated genes have similar features, such as the arabinase
(GHA43) gene. The member in D. destructor was positioned
more closely to the roots of the phylogenetic trees (electronic
supplementary material, figures S3). Fourth, genes associated
with response to and protection against environmental
pressures were more conserved in D. destructor (electronic
supplementary material, Supporting Results). As a facultative
fungivorous nematode, D. destructor faces more challenges
owing to diverse environmental pressures in the soil than
obligate plant-parasitic nematodes. Fifth, core development
processes are more conserved in D. destructor. Compared to
the free-living nematode C. elegans, most genes involved in
core development have undergone substantial losses in all
plant nematodes. However, D. destructor usually possesses
relatively more conserved members in terms of both gene
families and sequence identities. From free-living to sedentary
plant-parasitic styles, nematodes exhibit large transformations
in their core development, and D. destructor may represent an
intermediate situation in this process. Sixth, in contrast
with pathways associated with developmental control, signal
transduction pathways are conserved in all plant-parasitic
nematodes. Additionally, many of these pathways are conser-
ved among animals from different phyla [49,50]. However, we
could find obvious diversity in the plant nematodes when
compared to C. elegans, and we found more homologous
genes in D. destructor than in the root-knot and cyst nematodes.
Taken together, our results suggest that sedentary lifestyles, for
example formation of root-knot and cyst, may represent
advanced states of plant parasitism because the nematodes
do not kill the plant and can continuously absorb nutrients
from the plant host [51]. If we consider the fungi-feeding life-
styles as the primary state, the migratory lifestyles can
represent an intermediate state. Migratory nematodes, such
as Ditylenchus spp., can cause the death of their plant hosts,
after which they need to relocate from the host to the soil to
feed on fungi and to find a new appropriate plant host [2].

Some migratory plant nematodes were phylogenetically
close to sedentary nematodes. For example, Pratylenchus
spp. were clustered together with Meloidogyne spp. on the
phylogenetic tree based on SSU rDNA sequences [5]. These
nematodes maintain life migratory lifestyles, but lost the
capability of free-living feeding on fungi. Information from
the genomics indicated that some processes associated with
developmental control (for example, sex determination)
were not conserved, whereas those involved in signal trans-
duction were more conserved, such as the dauer pathway
and RNAi pathway [10]. This can be considered as indirect
evidence for the more ancient position of Ditylenchus spp.
during the evolutionary history.

We focused on the biocontrol of plant nematodes to
facilitate future studies related to plant protection. Most of
our previous studies have used C. elegans as a model, but
C. elegans is neither a plant nematode nor a true parasite
[52,53]. Therefore, we focused on the biology and genetics
of D. destructor to enable its use as a model organism to
study the interactions between plant nematodes and plants.
Ditylenchus destructor shared many genomic features with
both the root-knot and cyst nematodes and the model organ-
ism C. elegans. Based on the genomics study, we suggest that
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some basic features, especially those associated with signal
transduction of plant nematodes, can be well studied using
C. elegans as a model because they are conserved in all nema-
todes. However, to study other features, such as those
involved in specific organism development and the inter-
actions between nematodes and plants, D. destructor is a
superior model because most of these features are plant
nematode-specific. Ditylenchus destructor can be manipulated
by RNAI [54]. We suggest that D. destructor can be used as a
model nematode to study the interactions between plant
nematodes and their hosts and the biocontrol of economically

important agricultural nematodes.
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