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Nematode chemosensation is a vital component of their host-
seeking behavior. The globally important phytonematode
Meloidogyne incognita perceives and responds (via sensory
organs such as amphids and phasmids) differentially to var-
ious chemical cues emanating from the rhizosphere during
the course of host finding. However, compared with the free-
living worm Caenorhabditis elegans, the molecular intricacies
behind the plant nematode chemotaxis are a yet-unexploited
territory. In the present study, four putative chemosensory
genes of M. incognita, namely, Mi-odr-1, Mi-odr-3, Mi-tax-2,
and Mi-tax-4 were molecularly characterized. Mi-odr-1
mRNA was found to be expressed in the cell bodies of
amphidial neurons and phasmids of M. incognita. Mi-odr-1,
Mi-odr-3, Mi-tax-2, and Mi-tax-4 transcripts were highly
expressed in early life stages of M. incognita, consistent with a
role of these genes in host recognition. Functional charac-
terization of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 via
RNA interference revealed behavioral defects in M. incognita
and perturbed attraction to host roots in Pluronic gel me-
dium. Knockdown of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-
tax-4 resulted in defective chemotaxis of M. incognita to
various volatile compounds (alcohol, ketone, aromatic com-
pound, ester, thiazole, pyrazine), nonvolatiles of plant origin
(carbohydrate, phytohormone, organic acid, amino acid,
phenolic), and host root exudates in an agar-Pluronic gel-
based assay plate. In addition, ascaroside-mediated signaling
was impeded by downregulation of chemosensory genes. This
new information that behavioral response in M. incognita is
modulated by specific olfactory genes can be extended to
understand chemotaxis in other nematodes.
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Plant-parasitic nematodes (PPNs) cause an estimated annual
crop yield loss of $173 billion globally (Elling 2013). The root-
knot nematode (RKN) (Meloidogyne spp.), an obligate bio-
troph, has been ranked as number one in importance among
PPNs, due to the immensity of damage that this group inflicts
on a wide range of agri- and horticultural crops (Jones et al.
2013). Immediately after hatching, second stage juveniles (J2s)
of RKN must locate and invade a host root and establish a
complex host-parasite relationship via the formation of spe-
cialized feeding cells, referred to as giant cells, in host plants.
These giant cells serve as a constant source of nourishment for
the subsequent sedentary life stages of the developing parasite
(Palomares-Rius et al. 2017).

Chemosensation is an important sensory modality for PPNs
that enables them to respond to chemical cues of host origin
starting from their migration in soil to establishment of a
suitable feeding site in host tissue (Curtis 2008; Perry 2005;
Reynolds et al. 2011). The free-living nematode Caeno-
rhabditis elegans perceives environmental cues via its chemo-
sensory organs, including two bilaterally symmetrical amphids
in its head and two pore-like phasmids in its tail (Hilliard et al.
2002). PPNs share the conserved positional sensory neuro-
anatomy with C. elegans (Perry 1996; Rengarajan and Hallem
2016). The ability of parasitic nematodes to chemo-orientate
using a combination of head and tail chemosensory neu-
rons is vital for their survival and is essential for detecting host
root exudates, food stimulants, food deterrents, and sex
pheromones.

Understanding the molecular basis of PPN chemoreception
may reveal targets for genetic or chemical intervention. Per-
turbation of PPN chemotaxis by affecting their ability to detect
and discriminate the host stimulus presents a novel nematode
management strategy (Curtis 2008; Perry 1996). However, in
comparison with chemosensory gene repertoire of C. elegans,
PPN olfactory genes are yet to be functionally characterized.
Use of genetic transformation methods such as laser ablation
and microinjection has aided in identification of functional
neural circuits in C. elegans (Rengarajan and Hallem 2016).
However, due to their small size and obligate parasitic nature,
PPNs are not amenable to these tools. The use of reverse-
genetics tools such as RNA interference (RNA1i) has facilitated
the functional validation of a number of parasitic candidate
genes in PPNs (Dutta et al. 2015; Lilley et al. 2012).

Using loss-of-function mutants, a series of genes have been
identified to be vital for C. elegans chemosensation (Bargmann
and Mori 1997; Bargmann et al. 1993). The odr-1 gene of
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C. elegans encodes a membrane-bound guanylyl cyclase
(GCY), an effector enzyme that produces the secondary mes-
senger (cGMP) via heterotrimeric G proteins (Colbert and
Bargmann 1995; L’Etoile and Bargmann 2000). The odr-10
gene of C. elegans encodes a seven-transmembrane chemore-
ceptor protein (Sengupta et al. 1996). The odr-3 gene of
C. elegans is a Go protein that regulates cyclic nucleotide
production or degradation (Roayaie et al. 1998). The hetero-
meric TAX-2/TAX-4 cyclic nucleotide-gated cation channel is
necessary for downstream G protein-mediated signaling
(Coburn and Bargmann 1996). Mutations in these individual
genes led to the selective loss of C. elegans chemotaxis to both
water-soluble chemicals and volatiles.

Although in an earlier study, GCY genes HG-gcy-1, HG-gcy-
2, and HG-gcy-3 were cloned from a PPN, Heterodera glycines,
and expression patterns of HG-gcy-1 and HG-gcy-2 were lo-
calized in nerve ring, amphid, and tail neurons of nematodes,
they were not functionally characterized (Yan and Davis 2002).
In view of this, in the present study, homologs of known che-
mosensory genes (odr-1, odr-3, tax-2, and tax-4) were identi-
fied and cloned from M. incognita, and their pattern of
expression was studied by quantitative reverse transcription
polymerase chain reaction (QRT-PCR) in response to different
host plant or chemical cues. For Mi-odr-1, in situ hybridization
was used to localize expression in the nematode. Functional
characterization (via RNAi) of Mi-odr-1, Mi-odr-3, Mi-tax-2,
and Mi-tax-4 indicated that these genes are crucial for
M. incognita chemotaxis.

RESULTS

Annotation and characterization
of chemosensory-related genes from M. incognita.

Putative homologs of four Caenorhabditis elegans chemo-
sensory genes, namely, odr-1, odr-3, tax-2, and tax-4, were
identified in M. incognita by BLAST (Supplementary Table
S1). Based on the best match in the M. incognita genome
(Blanc-Mathieu et al. 2017), gene-specific primers were
designed and were used to PCR-amplify partial coding se-
quences from J2 complementary (c)DNA. PCR products of
these cDNA fragments were cloned into pGEM-T vector and
their sequence identity was confirmed via Sanger sequencing.
The cDNA fragments of Mi-odr-1 (2,953 bp), Mi-odr-3
(996 bp), Mi-tax-2 (402 bp), and Mi-tax-4 (926 bp) encode open
reading frames (ORFs) of 725, 212, 128, and 276 aa, re-
spectively. GenBank accession numbers obtained for these
cDNA fragments are MG780832, MG780833, MG780834, and
MG780835.

Mi-odr-1 showed high nucleotide sequence similarity with
Minc3s00015g01026 (98.25%) and Minc3s00056g02910
(95.28%), which belong to different genomic scaffolds (i.e.,
scaffolds 15 and 56), indicating that Mi-odr-1 may therefore be
present in two copies in M. incognita. Similarly, Mi-odr-3 may
also be present in two copies as it showed 99.68 and 97.90%
nucleotide sequence similarity with Minc3s00015g01050
and Minc3s000697g16223, respectively. Mi-tax-2 exhibited
99.50 and 96.86% sequence similarity to Minc3s00870g18287
and Minc3s00489g13190, respectively. Mi-tax-4 showed
99.79 and 99.75% homology to Minc3s00870g18287 and
Minc3s00870g18288 (these are adjacent genes on the same
contig), respectively (Meloidogyne Genomic Resource data-
base). We noted that Mi-tax-2 and Mi-tax-4 showed consider-
able homology to a same transcript, i.e., Minc3s00870g18287.
This similarity is based on partial sequences of Mi-tax-2 and
Mi-tax-4, which represent the CNMP_B domain only. This was
not surprising as the two channel proteins TAX-2 and TAX-4
share sequence similarity in C. elegans. The nucleotide

sequence (cloned in the present study) similarity between Mi-
tax-2 and Mi-tax-4 was 51.83%.

Genomic DNA from M. incognita J2 was digested either by
EcoRI or BamHI and was subjected to Southern hybridization
to investigate the copy number of Mi-odr-1 and Mi-odr-3 genes
in M. incognita. DIG (digoxigenin)-labeled cDNAs of Mi-odr-1
and Mi-odr-3 were used as probes on a DNA gel blot containing
EcoRI and BamHI-digested DNA of M. incognita. The cDNA
of Mi-odr-1 and Mi-odr-3 hybridized specifically to two frag-
ments of nematode DNA in each case. As neither of the target
genomic sequences contained EcoRI or BamHI sites, this result
suggested that two copies of Mi-odr-1 and Mi-odr-3 genes were
present in the M. incognita genome (Fig. 1A) and is consistent
with the above genomic analysis. No hybridization of Mi-odr-1
and Mi-odr-3 with genomic DNA of tomato (as negative
control) was detected (data not shown). DIG-labeled cDNA
probes of Mi-tax-2 and Mi-tax-4 failed to show recognizable
hybridization signal with EcoRI or BamHI-digested DNA
of M. incognita in our study.

To examine olfactory gene conservation within phylum
Nematoda, sequences of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-
tax-4 were used as search string query to mine the homologous
sequences in the nonredundant protein database of NCBI
GenBank and WormBase Parasite using the BLASTP algo-
rithm. All four genes had significant hits with the correspond-
ing genes of several nematode species, including free-living,
animal-parasitic, and plant-parasitic species (Supplementary
Fig. S1). Phylogenetic analyses revealed that odr-1, odr-3, tax-
2, and tax-4 genes encoded by PPNs are clustered in separate
branches compared with corresponding genes in other nema-
todes, with cluster nodes supported by more than 70% bootstrap
values in most cases (Supplementary Fig. S2). Interestingly, the
odr-1 gene of M. incognita was clustered with that of M. jav-
anica, M. arenaria, and M. floridensis, compared with separate
branching of odr-1 in cyst nematodes, i.e., H. glycines, Glo-
bodera rostochiensis and G. pallida, indicating odr-1 sequence
divergence between these two groups of PPNs. The high degree
of pan-phylum (spanning clades 8, 9, 10, 11, and 12) conser-
vation of M. incognita chemosensory genes is apparent from
our results showing that odr-1, odr-3, tax-2, and tax-4 are
represented in 22, 24, 19, and 23 species in phylum Nematoda,
respectively (based on the available sequences in the database).

The ORFs of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4
were aligned with their selective homologs in M. hapla,
M. floridensis, G. rostochiensis, G. pallida, H. glycines, Dity-
lenchus destructor, Bursaphelenchus xylophilus, and C. ele-
gans. Mi-odr-1 encodes transmembrane, kinase-like, and GCY
domains at positions similar to those in the C. elegans gene as
well as four conserved cysteine residues in positions consistent
with the membrane-bound extracellular domains of GCY gene
in C. elegans (Supplementary Fig. S3). Disulfide bonds formed
between the conserved cysteine residues may create a confor-
mation required for ligand-binding with receptor proteins (Yan
and Davis 2002; Yu et al. 1997). The 212 aa long Mi-odr-3 ORF
is highly similar to the C. elegans gene and includes a Ga
domain (85.66% identical in sequence to the corresponding
region in C. elegans) at position 16 to 202. The predicted 128
and 276 aa long Mi-tax-2 and Mi-tax-4 ORFs encode CNMP_B
(cyclic nucleotide monophosphate-cGMP/cAMP binding) do-
main at positions 1 to 80 and 243 to 276, respectively.

Tissue localization and stage-specific expression
of RKN chemosensory genes.

Based on in-situ hybridization (ISH) experiments, mRNAs
of Mi-odr-1 were detected in a cluster of cell bodies associated
with amphidial neurons (posterior to the stylet knob) in the an-
terior region of preparasitic M. incognita J2s in the dorso-ventral
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plane (Fig. 1B). The proposed neural map of PPN Heterodera
schachtii (Wang et al. 2011) was used as a guide to assign the
location of Mi-odr-1 to a specific neuron. As reference,
M. incognita J2s were exposed to 1 mM fluorescein iso-
thiocyanate (FITC) for 16 h for dye-filling of certain neurons
(Fig. 1B). In addition, Mi-odr-1 was expressed in sensory
neurons (presumably phasmids [Bellafiore et al. 2008]) in the
tail of preparasitic M. incognita J2s. No staining was observed
with sense probes as negative control (Fig. 1B). DIG-labeled
probes specific to Mi-odr-3, Mi-tax-2, and Mi-tax-4 genes
failed to result in a detectable signal in M. incognita J2s in the
present study, possibly because the expression level of these
genes was below our detection threshold.

To investigate the expression of Mi-odr-1, Mi-odr-3, Mi-tax-
2, and Mi-tax-4 in different life stages of RKN, qRT-PCR was
performed. Using the expression level in adult females (post
egg laying) as reference (value set at 1 and log;-transformed to
0), mRNA levels of Mi-odr-1 were significantly (P < 0.01)

upregulated in eggs and pre- and postparasitic J2s and were
downregulated in J3/J4 and young females. Conversely, Mi-
odr-3 was significantly (P < 0.01) upregulated in all other life
stages compared with adult females. Mi-tax-2 and Mi-tax-4
showed the highest expression in preparasitic J2s and lowest
levels in J3/J4 and young females (Fig. 1C). Taken together,
gRT-PCR data suggests that the highest level of expression of
RKN chemosensory genes occurs in early (egg and mobile) life
stages.

RNAIi of RKN chemosensory genes and analysis
of knockdown phenotypes.

Double-stranded (ds)RNAs corresponding to Mi-odr-1 (766-
bp fragment spanning kinase-like and GCY domains), Mi-odr-3
(524 bp containing the Go. domain), Mi-tax-2 (402 bp con-
taining the CNMP_B domain), and Mi-tax-4 (926 bp contain-
ing the CNMP_B domain) were synthesized via in vitro
transcription. When sequences corresponding to targeted
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Fig. 1. Molecular characterization of candidate chemosensory genes in Meloidogyne incognita. A, Detection of Mi-odr-1 and Mi-odr-3 genes in M. incognita
via Southern hybridization. Blots containing genomic DNA of M. incognita digested with EcoRI or BamHI were hybridized with specific cDNA probes of Mi-
odr-1 and Mi-odr-3. Positive control (PC) lanes contained 766- or 524-bp polymerase chain reaction (PCR) products of Mi-odr-1 or Mi-odr-3, respectively. B,
In-situ hybridization of digoxigenin (DIG)-labeled Mi-odr-1 cDNA probes in M. incognita J2. Site of Mi-odr-1 expression is signified by dark coloration due to
the enzymatic cleavage of a chromogenic substrate (5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium) by alkaline phosphatase conjugated to anti-
DIG antibody. Mi-odr-1 expression was located to a cluster of cell bodies in amphidial neurons in anterior and phasmidial regions in the posterior of the
nematode body. No staining was observed with sense probes as negative control. The fluorescein isothiocyanate—labeled anterior region of M. incognita J2
indicates the position of amphids and amphidial neurons as reference. C, Relative transcript abundance of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 genes in
different developmental stages of M. incognita. Using the transcript level in adult females as reference, candidate genes (expression level was quantified by
augmented comparative cycle threshold method) were significantly upregulated, downregulated, or unaltered in different life stages. Each bar represents the
logo-transformed mean of quantitative reverse transcription-PCR runs in three biological and three technical replicates with standard errors. Letters indicate
significant differences using Tukey’s honestly significant difference test (P < 0.01). Gene expression was normalized with M. incognita 18S rRNA and actin
genes. Nematode life stages were stained by acid fuchsin. dpi = days postinoculation. Scale bar = 100 um.

878 / Molecular Plant-Microbe Interactions



dsRNAs were aligned to each other, no stretches of identical significant downregulation (P < 0.01) compared with soaking

sequences of >2 nucleotides between targeted dsRNAs were buffer—treated worms when treated with their corresponding
detected (Supplementary Fig. S4). Additionally, target dsSRNA dsRNAs, supporting the idea that target-specific silencing had
sequences were queried in dsCheck server (Naito et al. 2005). occurred (Fig. 2A). Additionally, the induced silencing of
No significant match for processed small interfering (si)RNAs candidate chemosensory genes likely also downregulated both
in the existing database of Drosophila melanogaster, Rattus copies of targeted genes. Transcript levels of Mi-odr-1 were
norvegicus, Oryza sativa, and Arabidopsis thaliana was found. unaltered in Mi-odr-3 dsRNA-treated worms and vice versa.
However, processed siRNAs of Mi-odr-1, Mi-odr-3, Mi-tax-2, However, in Mi-tax2— and Mi-tax-4—silenced worms, Mi-odr-3
and Mi-tax-4 exhibited homology to GCY-3, Ga, and cyclic transcripts were upregulated (Fig. 2A). On the contrary, ex-
nucleotide-gated channel domain of C. elegans, respectively. pression of Mi-tax-2 and Mi-tax-4 was significantly attenuated

After soaking the preparasitic J2s in target dsRNAs, qRT- after J2s were treated with Mi-odr-1 or Mi-odr-3 dsRNAs (Fig.
PCR was performed to measure the transcript levels of the 2A). This suggests that transcriptional repression of Mi-odr-1
targeted gene and other olfactory genes. Transcript levels or Mi-odr-3 resulted in the suppression of Mi-tax-2 and Mi-tax-4

of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 exhibited transcript levels in RKN J2s. Expression of Mi-odr-1, Mi-odr-3,
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Fig. 2. RNA interference of chemosensory genes perturbs attraction and infection behavior in Meloidogyne incognita. A, Effect of in vitro silencing (si) of Mi-
odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 genes on transcript abundance of corresponding or other olfactory genes in M. incognita preparasitic J2 after 24 h.
Gene expression (normalized with M. incognita 18S rRNA and actin genes) was quantified via the augmented comparative cycle threshold method. Each bar
represents the log;-transformed mean of quantitative reverse transcription polymerase chain reaction runs in three biological and three technical replicates
with standard errors. Asterisks indicate significant differential expression (P < 0.01, Tukey’s honestly significant difference [HSD] test) in comparison with the
worms treated with soaking buffer. Nematodes treated with gfp double-stranded (ds)RNA were used as nonnative control. B, Locomotion behavior of dsSRNA-
treated and control J2s toward tomato root (cv. Pusa Ruby) in PF-127 medium in a Petri dish. J2s were inoculated at a distance of 1.5 cm from tomato root.
Tracks inscribed due to J2 locomotion were documented. C and D, Attraction and E, penetration of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 dsRNA-treated
J2s toward tomato root tip in PF-127 medium at different timepoints. Scale bar = 500 um. Nematodes were stained with acid fuchsin for penetration assay. Each
bar (in D and E) represents the mean + standard error (n = 12), and bars with different letters denote a significant difference at P < 0.05, Tukey’s HSD test.
Worms treated with gfp dsSRNA were used as the control.
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Mi-tax-2, and Mi-tax-4 was unaltered in green fluorescent protein
gene (gfp) dsRNA—treated worms (Fig. 2A) suggesting that dsGFP
itself did not have any off-target effect on the sensory genes tested.

The resultant worm phenotypes due to RNAi were assessed
via several behavioral bioassays. In order to assess the pro-
prioception (locomotion regulation) in dsRNA-treated J2s,
tracking patterns of J2s inscribed on Pluronic gel medium PF-
127 (Wang et al. 2009; Dutta et al. 2011) toward the host root
was investigated. Worms treated with dSRNA corresponding to
Mi-odr-1 or Mi-odr-3 showed different tracking patterns than
controls treated with gfp dsRNA. Dwelling behavior predomi-
nated in silenced worms, whereas sinusoidal tracks (indicating
directed movement) were most predominant in the dsGFP
control worms (Fig. 2B). In addition, J2s treated with dsRNAs
of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 were attracted to
tomato root tips in significantly (P < 0.01) lower numbers than
the dsGFP-treated worms at 2, 4, 6, 8, and 10 h. The largest
differences between numbers of nematodes touching root tips
were observed at 8 and 10 h in control J2s compared with
silenced worms (Fig. 2C and D). One factor that could affect
the accumulation at later timepoints is host penetration, con-
sidering that the dsRNA itself may exert toxic effects on
nematodes (Dalzell et al. 2009). Therefore, we compared the
penetration of the host by the RNAi-treated worms to the gfp
dsRNA-treated J2s. Comparatively less penetration of host
roots by silenced worms for the chemosensory genes was found
at 16, 18, and 24 h (Fig. 2E), suggesting that the perturbed host
recognition due to knockdown of Mi-odr-1, Mi-odr-3, Mi-tax-2,
and Mi-tax-4 genes may ultimately lead to reduced infection
ability of M. incognita J2.

Host root exudates regulate chemosensory gene expression
in M. incognita.

We assessed transcript levels of M. incognita chemosensory
genes, following the exposure of J2s to root exudates of dif-
ferent host plants, by qRT-PCR. J2s treated with tomato (cv.
Pusa Ruby), tobacco (cv. Petite Havana), or eggplant (cv. Pusa
Purple Long) root exudates for 24 h showed significantly (P <
0.01) higher steady-state mRNA levels of Mi-odr-1, Mi-odr-3,
Mi-tax-2, and Mi-tax-4 genes compared with control worms.
By contrast, J2s treated with mustard (cv. Pusa Jai Kisan) or
marigold (cv. Arpit) root exudates exhibited lower levels of Mi-
odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 transcripts. Nematodes
treated with maize (cv. Buland) or wheat (cv. Sonalika) root
exudates were not significantly different from control worms in
transcript levels of chemosensory genes (Fig. 3A). Since to-
mato, tobacco, and eggplant are good hosts whereas mustard
and marigold are poor hosts of RKN (Moens et al. 2009), our
data suggest that the perception of specific root exudate com-
ponents may modulate RKN host-searching behavior by alter-
ing the expression of chemosensory genes.

RNAI targeting of Mi-odr-1, Mi-odr-3, Mi-tax-2, and
Mi-tax-4 perturbs stylet thrusting and
esophageal gland secretion in M. incognita.

DsRNA-treated worms were evaluated for head and stylet
movement and stylet secretion by adapting the methodology
described by Dutta et al. (2012). Compared with control worms,
Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 dsRNA-treated
worms showed significantly (P < 0.01) fewer stylet thrusts and
head movements per minute after incubation in tomato root ex-
udates or resorcinol, a neurotransmitter, for 4 h. Moreover, greatly
reduced amounts of salivary secretion around the stylet tip were
observed in Mi-odr-1and Mi-odr-3 dsRNA-treated J2s compared
with control worms (similar results were obtained with Mi-tax-2
and Mi-tax-4 dsRNA-treated worms [data not shown]). However,
in distilled water nematode head and stylet movements did not
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differ significantly among dsRNA-treated and control worms
(Fig. 3B). Together these observations suggest that signaling
mediated by Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 may
play a key role in behavioral responses of RKN, either following
host perception, in preparation for host invasion, or both.

RNAI targeting of Mi-odr-1, Mi-odr-3, Mi-tax-2, and
Mi-tax-4 inhibits M. incognita chemotaxis.

To assess whether knockdown of Mi-odr-1, Mi-odr-3, Mi-
tax-2, and Mi-tax-4 genes causes chemotaxis defects in RKN,
an in vitro chemotaxis bioassay to a range of chemicals was
carried out in Petri plates containing both agar and PF-127
medium (Shivakumara et al. 2018) (Fig. 3C; described below).
First, the response of wild-type M. incognita J2s to 20 different
volatile compounds (encompassing alcohols, ketones, aromatic
compounds, ester, thiazole, and pyrazine at a range of dilutions
in water) was measured relative to deionized water. Isoamyl
alcohol, 1-butanol, isobutanol, acetone, 2-butanone, diacetyl,
ethyl acetate, and thiazole were attractive through a broad range
of concentrations. Conversely, 1-octanol and 2-nonanone re-
pelled worms across the concentrations. Benzaldehyde, nitro-
benzene, aniline, pyrazine, and 1-nonanol were repulsive at
neat and higher concentrations but were attractive at lower
concentrations. The opposite was observed with 1-heptanol.
Ethanol, isopropanol, chlorobenzene, and toluene did not in-
duce a response in worms (Supplementary Fig. S5). For most
compounds, a significant change in behavior was observed
when nematodes were exposed to a 1% concentration of the test
compound. Therefore, in subsequent studies, this concentration
was used for assessing response to volatile compounds.

In C. elegans, adaptation or reduced response to chemicals
after prolonged exposure to a chemical has been widely ob-
served (Bargmann et al. 1993). The adaptation of wild-type
M. incognita J2 with isoamyl alcohol, 2-butanone, and nitro-
benzene displayed interesting phenotypes. We recorded the loss
of naive response of adapted nematodes because 1 h of pre-
exposure to the tested volatile led to nonsignificant chemotactic
response of J2s in the assay plate while exposed to the same
chemical (Supplementary Fig. S6). Since 24 h of recovery
failed to restore the attraction to tested volatiles by unexposed
or naive J2s, it can be speculated that pre-exposure to volatiles
may saturate RKN chemoreceptors, which affects further pro-
cessing of the olfactory signal. In addition, wild-type RKN J2s
also showed selective discrimination response while exposed to
two different volatiles at a time on the assay plate.

In contrast to nematodes exposed to water or gfp dsRNA-—
treated J2s, Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4
dsRNA-treated worms did not show any significant (P <
0.01) attraction response toward isoamyl alcohol, 1-buta-
nol, acetone, 2-butanone, diacetyl, nitrobenzene, aniline,
ethyl acetate pyrazine, and thiazole. Similarly, when ex-
posed to selective repellents (1-heptanol, 1-octanol, 1-
nonanol, and 2-nonanone), in contrast to control worms,
Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 dsRNA-
treated worms did not show any significant repulsion re-
sponse (Fig. 3C). These findings indicate that silencing Mi-
odr-1, Mi-odr-3, Mi-tax-2, or Mi-tax-4 results in defective
chemotaxis of RKN toward volatile compounds.

While control worms showed attraction toward root exu-
dates of tomato, tobacco, and eggplant (good hosts of RKN)
and were repelled by exudates of mustard and marigold (poor
hosts of RKN), Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4
dsRNA-treated J2s did not show any significant (P < 0.01)
attraction or repulsion response to any of these root exudates.
Chemotaxis behavior did not differ significantly in control or
silenced worms while exposed to maize or wheat exudates
(Fig. 4A).



In order to assess the effect of silencing chemosensory genes toward attractants including ascorbic, citric, and lactic acids,

on M. incognita chemotaxis to nonvolatile compounds of plant IAA, IBA, gibberellin, SA, MeJA, arginine, alanine, mannitol,
origin, we first evaluated the attraction/repulsion response of arabinose, glucose, sucrose, fructose, galactose, lactose, xylose,
wild-type J2s to a range of concentrations (50 to 250 uM) of and sorbitol. Similarly, when exposed to repellents (oxalic acid,
nonvolatiles, including organic acids, amino acids, phytohor- quercetin, coumaric acid, glutamic acid, aspartic acid), unlike
mones, and carbohydrates (Supplementary Fig. S7). Ascorbic, dsGFP worms, Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4
citric, and lactic acids were attractive at concentrations of 200 dsRNA-treated worms did not show any significant repulsion
and 250 uM, whereas oxalic acid repelled worms at a con- response (Fig. 4B). Taken together, our data suggest that dis-
centration of 200 uM. Phenolic compounds were repellent at ruption of Mi-odr-1, Mi-odr-3, Mi-tax-2, or Mi-tax-4 causes
concentrations of 200 and 250 pM. Indole-3-acetic acid (IAA), severe chemotaxis defects in RKN to nonvolatile compounds of
indole-3-butyric acid (IBA), gibberellin, salicylic acid (SA), plant origin, including carbohydrates, phytohormones, amino
and methyl jasmonate (MeJA) were attractive at concentrations acids, organic acids and phenolic compounds.
of 150 to 250 uM. The amino acids arginine and alanine were
attractive at concentrations of 4 and 5 mM, while glutamic and RNAI targeting of Mi-odr-1, Mi-odr-3, Mi-tax-2, and
aspartic acids were repellent at a concentration of 5 mM. Al- Mi-tax-4 disrupts ascaroside-mediated signaling
most all the carbohydrates were attractive at higher concen- in M. incognita.
trations, i.e., 4 and 5 mM, except mannitol and lactose, which Ascarosides (dideoxy sugar ascarylose linked to fatty acid-
were attractive at 1 mM. The remaining compounds did not like side chains) are nematode pheromones that regulate di-
lead to detectable attraction or repulsion at any of the con- verse behaviors including aggregation, sex-specific attraction/
centrations tested. repulsion, and olfactory plasticity in C. elegans. Ascarosides
In contrast to gfp dsRNA-treated J2s, Mi-odr-1, Mi-odr-3, target chemoreceptors of amphid neurons, specifically G-
Mi-tax-2, and Mi-tax-4 dsRNA-treated worms did not, for the protein coupled receptors (Choe et al. 2012). The ascaroside
most part, show any significant (P < 0.01) attraction response molecule ascr#18 was the most abundant species detected in the
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Fig. 3. RNA interference of chemosensory genes affects Meloidogyne incognita exploratory behavior to host root exudates as well as chemotaxis to volatile
compounds. A, Expression pattern of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 transcripts in M. incognita preparasitic J2s post exposure to root exudates of
tomato, tobacco, eggplant, maize, wheat, mustard, and marigold. Gene expression (normalized with M. incognita 18S rRNA and actin genes) was quantified via
the augmented comparative cycle threshold method. Each bar represents the log;,-transformed mean of quantitative reverse transcription polymerase chain
reaction runs in three biological and three technical replicates with standard errors. Asterisks indicate significant differential expression (P < 0.01, Tukey’s
honestly significant difference [HSD] test) in comparison with the freshly hatched worms. B, Head movement and stylet movement of Mi-odr-1, Mi-odr-3, Mi-
tax-2, and Mi-tax-4 double-stranded (ds)RNA-treated J2s induced tomato root exudates and neurotransmitter resorcinol at 4 h. Each bar represents the mean +
standard error (n = 6), and bars with different letters denote a significant difference at P < 0.01, Tukey’s HSD test. Nematodes treated with gfp dsRNA were used
as control. Photomicrographs show the negligible amount of secreted proteins (due to reaction with Commassie Brilliant Blue R250) around the stylet tip in Mi-
odr-1 and Mi-odr-3 dsRNA-treated J2s compared with the greater amount of secreted proteins in control J2, while incubated with 0.1% resorcinol for 4 h. C,
Schematic of an in vitro chemotaxis assay plate. Nematode inoculation point is 1.5 cm equidistant from the agar-PF-127 junction; diluents (in which test
chemicals were dissolved) were applied in another well as control. Chemotactic response of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 dsRNA-fed M.
incognita J2s to selective volatile compounds compared with gfp dsRNA—fed J2s. Values show attraction (positive index) or repulsion (negative index).
Asterisks indicate significantly different (P < 0.01, Tukey’s HSD test) chemotactic response of J2 to test compounds while compared with water as negative
control. Five microliters of test compounds (1072 concentration) were screened against approximately 100 J2s. Error bars represent standard error of three
biological and three technical replicates.
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exometabolome of RKN J2 and has also been detected in other
PPNs, including Pratylenchus brachyurus (Manosalva et al.
2015). In C. elegans, odr-1 mutants showed reduced sensitivity to
ascarosides, indicating a role of odr-1 in ascaroside perception
(Ludewig and Schroeder 2013). Since ascaroside signaling is
conserved throughout the phylum Nematoda, we evaluated the
response of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 dsRNA-
treated J2s to synthetic ascarosides ascr#9, which was not de-
tected in the exometabolome of RKN, and ascr#18 in PF-127
medium in a Petri plate. In contrast to ascr#9, ascr#18 elicited a
significant (P < 0.01) attractive response in wild-type J2s to 0.5,
1, 5, and 25 fmol, relative to water as negative control (Fig. 5A).
However, upon exposure to 5 fmol ascr#18, J2s treated to silence
chemosensory genes did not show any significant attractive re-
sponse, whereas gfp dsRNA—treated worms responded the same
as wild type (Fig. 5B). This suggests that knockdown of RKN
chemosensory genes results in perturbed nematode response to-
ward ascaroside molecules.

DISCUSSION

The current study presents the molecular and functional
characterization of hitherto unexplored chemosensory genes in

A 15 o

1 *

OMrodr-1  BMiedr3 BMitax2  BMitaxcd

=4
]

Chemotaxis index
o
e 0
=
$
|

'
-
*

in

Tomato Tobacco Eggplant  Maize Wheat Mustard Marigold

bt
n

the most economically important PPN, M. incognita. First, four
putative genes (Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4)
were identified, via in silico mining based on characterized
C. elegans genes, and were cloned from the cDNA of
M. incognita. Comparative bioinformatics analyses revealed
that these four chemosensory genes in M. incognita are phy-
logenetically more distant than their homologs in animal-
parasitic or free-living worms (a probable odr-I sequence
divergence was observed among cysts and RKNs). This finding
is not surprising, considering that PPNs have evolved in-
dependently on at least four separate occasions (Kikuchi et al.
2017). In addition, the putative evolution of the function of
these chemosensory gene homologs may be related to the dif-
ferential host range of cysts and RKNs. Identification of RKN-
specific chemosensory genes would provide a valuable
repository of targets for drug or nematicide candidates that may
elicit broad-spectrum activities against RKNs but not off-target
worms.

Our Southern hybridization analysis suggests the presence of
two copies each of Mi-odr-1 and Mi-odr-3 in the M. incognita
genome. Genomic analysis also supports the presence of two
highly homologous copies of the chemosensory genes. This
was not unexpected, as M. incognita is an asexual hybrid and
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Fig. 4. RNA interference of chemosensory genes causes chemotaxis defects in Meloidogyne incognita toward host root exudates and nonvolatile compounds.
A, Chemotactic response of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 double-stranded (ds)RNA—fed M. incognita J2s to root exudates of tomato, tobacco,
eggplant, maize, wheat, mustard, and marigold compared with gfp dsRNA—fed J2s. Values show attraction (positive index) or repulsion (negative index).
Asterisks indicate significantly different (P < 0.01, Tukey’s honestly significant difference [HSD] test) chemotactic response of J2 to root exudates while
compared with water as negative control. Ten microliters of exudates were screened against approximately 100 J2s. Error bars represent standard error of three
biological and three technical replicates. A close-up view of the assay plate shows that, compared with dsSRNA-treated J2s, a greater number of control J2s were
accumulated near the attractant source (agar-PF-127 junction) while exposed to root exudates of tomato. B, Chemotactic response of Mi-odr-1, Mi-odr-3, Mi-
tax-2, and Mi-tax-4 dsSRNA—fed M. incognita J2s to selective nonvolatile compounds compared with gfp dsRNA—fed J2s. Values show attraction (positive
index) or repulsion (negative index). Asterisks indicate significantly different (P < 0.01, Tukey’s HSD test) chemotactic response of J2 to test compounds while
compared with water as negative control. Ten microliters of test compounds (organic acids, phenolic compounds, and phytohormones at 200 uM concentration,
amino acids and carbohydrates at 5 mM, except mannitol and lactose at 1 mM concentration) were screened against approximately 100 J2s. Error bars represent
standard error of three biological and three technical replicates.
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many of its genes are present in two diverged copies (Abad
et al. 2008; Szitenberg et al. 2017). According to ISH analysis,
mRNAs of Mi-odr-1 appear to be localized to a cluster of cell
bodies associated with amphidial neurons and phasmids. Our
result is similar to a study by Yan and Davis (2002), in which
HG-gcy-2 transcripts were found to be localized to amphid and
tail neurons of preparasitic H. glycines J2. In C. elegans, odr-1
GCY functions in odorant discrimination and is involved in
downstream signaling of olfactory receptors. The localization
of expression of odr-1 to specific sensory neurons (i.e., AWC
and AWB) in C. elegans also indicated that odr-1 is directly
involved in chemoreception (L’Etoile and Bargmann 2000).
Considering that neural connectivity is conserved within phy-
lum Nematoda, the localization of Mi-odr-1 transcripts that we
observed by ISH is consistent with a key role in chemorecep-
tion in M. incognita J2s.

qRT-PCR data revealed that Mi-odr-1, Mi-tax-2, and Mi-tax-
4 transcript levels were highest in the eggs and mobile, early
parasitic stages, i.e., pre- and postparasitic J2 stages. This
timing is consistent with a role of these genes in nematode host
seeking and locating a suitable feeding site inside the host.
However, Mi-odr-3 was expressed in all the life stages of RKN.
Thus, Mi-odr-3 may have some regulatory role other than
chemosensation in RKN. It is to be noted that odr-3 exhibited
the ability to regulate morphogenesis of the olfactory cilia in
C. elegans (Roayaie et al. 1998).

By silencing nematodes using in-vitro RNAi soaking proto-
cols, we demonstrated that expression of the four putative RKN
chemosensory genes were readily downregulated. Transcript
quantitation indicated that this downregulation was target-
specific. Transcript levels of Mi-odr-1 were unaltered in Mi-
odr-3-silenced worms and vice versa. Intriguingly, Mi-odr-3
transcripts were upregulated in Mi-tax2- or Mi-tax-4-silenced
worms, possibly because nematodes have compensated for the
downregulation of target transcripts in favor of the G protein
signaling during chemotaxis. Several other examples of ex-
pression interactions among PPN genes have been reported
(Bakhetia et al. 2008; Shivakumara et al. 2016, 2017). Con-
versely, Mi-tax-2 and Mi-tax-4 transcripts were downregulated
in Mi-odr-1- or Mi-odr-3-silenced worms. Notably, fax-2 and
tax-4 nucleotide-gated channels are transduced downstream of
the G protein signaling in neurons of C. elegans; GCYs are the
main ¢cGMP source for TAX-2/TAX-4 function (Coburn and
Bargmann 1996; Komatsu et al. 1996; L’Etoile and Bargmann
2000). As RNAi-induced transcriptional repression of Mi-odr-1
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or Mi-odr-3 caused suppression of Mi-tax-2 or Mi-tax-4 tran-
scripts in RKN J2s in the current study, it can be speculated that
Mi-tax-2 and Mi-tax-4 function downstream of Mi-odr-1 and
Mi-odr-3 in the chemotaxis pathway of M. incognita as it does
in C. elegans (Supplementary Fig. S8).

Loss of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 activity
via RNAI also resulted in pronounced abnormalities in worm
behavior in the presence of host root tips, as compared with
control worms. Based on their tracking pattern on the surface of
the PF-127 medium, worms silenced for candidate chemo-
sensory genes exhibited aberrant locomotory behavior toward
tomato roots compared with control worms. Consequently, ol-
factory gene—silenced worms were attracted to tomato root in
comparatively lesser number than control worms at different
timepoints up to 10 h postinoculation. From 12 h onwards, no
contrasting phenotypes of silenced and control worms were
documented, which could be attributed to the transient effect of
RNAIi (Rosso et al. 2009) or a majority of the attracted nema-
todes had already invaded the host root. The results of a pen-
etration study at 16, 18, and 24 h corroborated the outcome of
the attraction experiment, suggesting that RNAi-mediated
knockdown of olfactory genes in RKN negatively alters both
host location and infection behaviors.

Discrete bioactive compounds present in plant root exudates
have been hypothesized to regulate PPN chemotaxis toward
selective hosts (Curtis 2008; Dutta et al. 2012; Hooks et al.
2010). This prompted us to investigate whether root exudates of
different hosts regulate transcription of RKN genes that have a
role in RKN chemotaxis. In our study, transcripts of Mi-odr-1,
Mi-odr-3, Mi-tax-2, and Mi-tax-4 were upregulated when RKN
J2s were exposed to exudates of tomato, tobacco, and eggplant.
By contrast, olfactory gene transcripts were either down-
regulated or unaltered while J2s were exposed to mustard and
marigold or maize and wheat exudates. Earlier, Arabidopsis
thaliana root exudates were shown to regulate M. incognita
gene expression prior to penetration, suggesting that PPNs can
perceive root signals and respond by modulating their gene
expression and behavior (Teillet et al. 2013).

While being attracted to growing root tips, RKN J2s display a
characteristic exploratory behavior including increased motil-
ity, stylet thrusting, and release of stylet secretions that may aid
in root penetration (Dutta et al. 2012; von Mende 1997; Zhao
et al. 2000). Similar observations were recorded for cyst
nematodes as well (Grundler et al. 1991; Smant et al. 1997).
In the present study, substantially reduced head and stylet
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Fig. 5. RNA interference of chemosensory genes alters ascaroside-mediated behavioral modulation in Meloidogyne incognita. A, Behavioral response of wild-
type M. incognita J2 to ascr#9 and ascr#18 at 0.5 to 500 fmol, and B, Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 dsSRNA—fed M. incognita J2s (compared with
gfp double-stranded [ds]RNA—fed worms) to ascr#18 at 5 fmol. Ethanol was used as diluent for ascarosides (ethanol stock was diluted in water). Chemotaxis
bioassays show attraction (positive index) or repulsion (negative index) values. Asterisks indicate significantly different (P < 0.01, Tukey’s honestly significant
difference test) chemotactic response of J2 to ascarosides while compared with water as negative control. Ascarosides were pipetted at a distance of 1 cm from
the center of the assay plate; 100 J2s were inoculated at the center. Error bars represent standard error of three biological and three technical replicates.
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movement and esophageal gland secretion were observed in
worms silenced for candidate chemosensory genes Mi-odr-1,
Mi-odr-3, Mi-tax-2, and Mi-tax-4 suggesting that their ex-
pression is important for initial exploratory behavior in RKN
host recognition and infection.

Using an adaptation assay, we have provided evidence for
long-term habituation in wild-type M. incognita worms to
volatile compounds such as isoamyl alcohol, 2-butanone, and
nitrobenzene. Additionally, wild-type M. incognita worms can
also selectively discriminate these compounds. This behavior
parallels the aversive olfactory learning in C. elegans toward
pathogens (Zhang et al. 2005). Olfactory gene—silenced RKN
J2s did not show attraction to isoamyl alcohol, 1-butanol, ac-
etone, 2-butanone, diacetyl, nitrobenzene, aniline, ethyl acetate
pyrazine, and thiazole which was found to be attractant to
control J2s. Accordingly, unlike control J2s, silenced J2s did
not show repulsion to 1-heptanol, 1-octanol, 1-nonanol, and 2-
nonanone. This suggests that Mi-odr-1, Mi-odr-3, Mi-tax-2, and
Mi-tax-4 play a critical role in determining M. incognita at-
traction or repulsion toward volatile compounds. In C. elegans,
AWA, AWB, and AWC neurons that house odr genes aid in
odor discrimination and nociception to volatile compounds
(Bargmann et al. 1993; L’Etoile and Bargmann 2000; Roayaie
et al. 1998).

RNAIi of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 resulted
in the defective chemotaxis in RKN toward various host root
exudates. Low molecular—weight carbohydrates, amino acids,
and organic acids present in the host root exudates influence
bacterial chemotaxis to host roots (Bacilio-Jiménez et al. 2003;
Kravchenko et al. 2003). Likewise, the adaptive chemosensory
response of M. incognita and G. pallida toward various phy-
tochemicals, including hormones, organic acids, amino acids,
and carbohydrates, has been demonstrated (Fleming et al.
2017). Phytohormones, particularly IAA, which has been re-
ported to bind to RKN chemosensory organs, have been im-
plicated in the host recognition process of PPNs (Curtis 2008),
whereas phenolic compounds elicited strong repellent response
in PPNs (Fleming et al. 2017; Wuyts et al. 2006). PPN che-
motactic affinity to ethylene and SA has also been described in
several reports (Wubben et al. 2001; Wuyts et al. 2007). The
nematode (including PPNs) cuticle surface may harbor carbo-
hydrate moieties that recognize reducing sugars, such as glu-
cose, mannose, galactose, and others, that diffuse to the
nematode sensory receptor by competitive displacement of
coupled molecules (Zuckerman and Jansson 1984). The pres-
ence of glycan-binding carbohydrate moieties has been dem-
onstrated in the animal-parasitic worm Haemonchus contortus
(Lu et al. 2017). In the present study, we demonstrated that
RNAi of Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4 pro-
foundly affected the chemotaxis of RKN J2 to nonvolatile
compounds of plant origin, including carbohydrates, phyto-
hormones, amino acids, organic acids, and phenolic com-
pounds. Additionally, response to the nematode pheromone
ascaroside #18 was impeded in RKN with RNAi- silenced
chemosensory gene candidates.

Together, our results indicate that the expression of the four
chemosensory gene candidates of M. incognita, namely, Mi-
odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-4, are crucial for the
M. incognita host finding and chemotaxis to various volatile
and nonvolatile compounds. We have provided the evidence for
long-term habituation in wild-type worms to specific chem-
icals. Using qRT-PCR analysis, we speculate that Mi-fax-2 and
Mi-tax-4 may function downstream of Mi-odr-1 and Mi-odr-3
in the chemotaxis pathway of M. incognita. In our ISH assay,
expression of Mi-odr-1 was localized to the M. incognita sen-
sory organs, i.e., amphidial neuron and phasmids. Intriguingly,
upon exposure to root exudates of various host plants, the
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expression of RKN chemosensory genes was selectively al-
tered. It can be speculated that M. incognita perceives chemical
gradients, via one or more core chemosensory genes such as
Mi-odr-1 and Mi-odr-3 followed by Mi-tax-2 and Mi-tax-4-
mediated signaling in the sensory organs, and selectively
chemo-orients to specific cues.

This newly reported behavioral response in a PPN due to the
function of specific olfactory genes will aid in understanding
the early stage of plant-nematode interactions. In order to de-
velop novel management strategies, the vulnerable points in
that interaction can be targeted to disrupt the nematode host-
finding process.

MATERIALS AND METHODS

Bioinformatics.

Protein sequences of C. elegans chemosensory genes odr-1
(L’Etoile and Bargmann 2000), odr-3 (Lans et al. 2004), tax-2,
and tax-4 (Coburn et al. 1998) were used as search strings
against the Meloidogyne Genomic Resource database for
translated nucleotide sequences in M. incognita. Those se-
quences were interrogated against C. elegans genome in the
Wormbase Parasite database. The top scoring reciprocal
BLAST hits (sequences with smallest expect value and largest
bit score) were designated as the M. incognita candidate genes.
Return sequences were translated into all six reading frames
(ExPASy SIB Bioinformatics Resource portal) and were ex-
amined for conserved domains (GCY for ODR-1, Ga protein
for ODR-3, cAMP/cGMP binding motif for TAX-2 and TAX-
4), using InterProScan, SMART, and the Motif database algo-
rithm. Gene-specific primers were designed (Integrated Data
Technologies) against the putatively assigned different
M. incognita chemosensory genes. Primer details are docu-
mented in Supplementary Table S2.

Nematodes.

A pure culture of M. incognita race 1 was maintained on
eggplant (Solanum melongena cv. Pusa Purple Long) in a
greenhouse. Egg masses were collected from the galled roots of
a two-month-old infected plant, using sterilized forceps, and
were kept for hatching in a modified Baermann assembly
(Whitehead and Hemming 1965). Freshly hatched J2s were
used for subsequent experiments. For stage-specific expression
analysis of chemosensory genes, different life stages of RKN
were carefully dissected out of the infected root, using steril-
ized forceps under the microscope.

Molecular characterization of RKN chemosensory genes.
Total RNA was isolated from preparasitic J2s of M. incognita
and was reverse-transcribed to cDNA, using random primers
(SuperScript VILO, Invitrogen), as described previously
(Shivakumara et al. 2016). The target sequences of each of the
candidate genes, i.e., Mi-odr-1, Mi-odr-3, Mi-tax-2, and Mi-tax-
4, were PCR-amplified from the cDNA using Platinum 7ag DNA
polymerase (Thermo Fisher Scientific), following the manufac-
turer instructions. Amplified fragments were cloned into pGEM-
T vector (Promega) and the identity of the insert was confirmed
via Sanger sequencing. Predicted proteins of the candidate genes
with conserved motifs were aligned with their homologs in other
nematode species, using BoxShade (Expasy Bioinformatics Re-
source portal) and MultAlin multiple sequence alignment tools,
using default settings. A phylogenetic tree was constructed using
the MEGAG6 bioinformatics tool, following the maximum like-
lihood method based on the Le and Gascuel model, with selec-
tion of the appropriate model using MODELTEST (Posada and
Crandall 1998). The bootstrap consensus tree was inferred from
1,000 replicates, to represent the evolutionary history, and



branches corresponding to partitions reproduced in less than 50%
bootstrap replicates were collapsed. Sequence alignments were
manually corrected by eliminating the gaps and missing data. For
ODR-1 and ODR-3, the tree was rooted using Drosophila mel-
anogaster as the outgroup. For TAX-2 and TAX-4, the tree was
rooted differently, as no tax-2 and tax-4 ortholog was found in
D. melanogaster.

The differential expression of candidate transcripts at six
developmental stages (eggs, preparasitic J2, postparasitic J2,
J3/J4, young, and adult females) of RKN was analyzed by qRT-
PCR. RNA was isolated from different life stages and was
converted to cDNA, as described above. the qRT-PCR reaction
was performed with three biological and three technical repli-
cates of each nematode sample in a Realplex2 thermal cycler
(Eppendorf) by following the protocol described earlier
(Shivakumara et al. 2017). Gene expression was normalized
using /8S rRNA (GenBank: HE667742) as reference. Fold
change in expression was quantified via an augmented com-
parative cycle threshold method (Livak and Schmittgen 2001)
and was log;o-transformed.

For Southern hybridization, genomic DNA (6 pg) was
extracted from M. incognita J2 using Purelink genomic DNA
mini kit (Invitrogen), following the manufacturer instructions,
and was digested with either EcoRI or BamHI (New England
Biolabs). Probe synthesis, hybridization, and blot development
was carried out as described previously (Kumari et al. 2017).

Mi-odr-1 ISH probe template (207 bp; Supplementary Fig.
S9) was generated by PCR from cDNA cloned in pGEM-T.
PCR products were visualized on 1.2% (wt/vol) agarose gel and
were sequence verified as described above. DIG-labeled single-
stranded sense and antisense DNA probes were generated from
cDNA template by asymmetric PCR in the following reaction:
5 pl of 10x PCR buffer, 3 ul of MgCl,, 2 ul of DIG dNTP mix
(Roche), 1 pl of sense or antisense primer (20 pM), 2 ul of
probe template, 0.25 pl of Platinum 7ag DNA polymerase, and
double-distilled H,O to 50 pl. Hybridized probes were detected
with substrates 5-bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium. Nematode fixation, permeabilization, probe
hybridization, and detection were performed as described by
Kimber et al. (2002). Specimens mounted on glass slides were
examined in Zeiss Imager M2m compound microscope.

Functional characterization
of RKN chemosensory genes by RNAi soaking.
Oligonucleotides were designed to amplify the distinct regions
(i.e., conserved domains) of selected M. incognita chemosensory
genes. dsSRNAs were synthesized for Mi-odr-1 (766 bp), Mi-odr-
3 (524 bp), Mi-tax-2 (402 bp), and Mi-tax-4 (926 bp) from the
cDNAs of M. incognita J2, using the T7 MEGAscript kit
(Ambion), following the experimental technique described pre-
viously (Shivakumara et al. 2016). dsRNA of an unrelated gene
(gfp; GenBank: HF675000) was used as nonnative negative
control. Approximately 500 preparasitic J2s were soaked (in
triplicate) in a 0.1 mg/ml solution of target dsSRNA in 50 pl of
soaking buffer (Urwin et al. 2002), for 24 h, in the dark, on a
slowly moving rotator. FITC at 0.1 mg/ml was added separately
in the soaking solution in some of the replicates to trace the
efficacy of dsRNA uptake by nematodes (Dutta et al. 2016). J2s
incubated in dsGFP and in soaking buffer (without dsRNA)
served as the control. After incubation and washing with sterile
water, RNA was extracted from J2s and was reverse-transcribed
to cDNA. In order to assess the transcript knockdown of target
genes, qRT-PCR was performed.

Infectivity assay.
Post-RNAIi phenotype analysis was done via infectivity and
chemotaxis assay. The infectivity assay was carried out in

PF-127 medium (Dash et al. 2017) in which differential at-
traction to and penetration of host root (tomato cv. Pusa Ruby)
by dsRNA-treated J2s (in comparison with control) were in-
vestigated. Approximately 100 J2s were inoculated at 1.5 cm
posterior from the root tip of host plant in 23% PF-127 medium
(Sigma) in a 50 x 10 mm Petri dish. J2s touching the root tip
were counted under a microscope at 2, 4, 6, 8, 10, 12, 16, and
18 h postinoculation. Roots were stained with acid fuchsin
(Byrd et al. 1983) at 8, 10, 12, 14, 16, and 18 h postinoculation,
and the number of J2s that had invaded the host root were
counted. In addition, the locomotion behavior of juveniles (in
terms of crawling pattern and tracks inscribed by them on PF-
127 medium) was also assessed under the microscope.

Chemotaxis assay.

Chemotaxis assay was conducted in a 50 x 10 mm Petri plate
containing both agar and PF-127 (Shivakumara et al. 2018). Six
milliliters of 0.8% agarose was poured onto the plate, and two
parallel lines, each equidistant 1.5 cm from the center of the
plate, were drawn on the outside of the plate. After solidifica-
tion, the agar was cut along the marked lines and the area
between the lines was scooped out, using sterilized forceps, and
was replaced with 3 ml of 23% PF-127 (liquid at 4°C) and was
allowed to set at room temperature. A well of 1.5 mm diameter
was made in the agar, on each side of the agar, adjacent to the
agar-PF-127 junction for application of test compounds (Fig.
3C). Test chemicals (5 pl) were individually applied in one of
the wells and diluent was placed in the other. After 40 min, for
establishment of chemical gradient, approximately 100 J2s in
approximately 2 ul of water were injected at the center of the
plate in PF-127 medium. After 20 min at room temperature, J2s
accumulating near the agar-PF-127 boundary at either the
odorant or diluent side were pipetted out from the region be-
tween the agarose and PF-127 gel and were counted under the
microscope. This was possible because the boundary between
the PF-127 gel and the agarose had liquefied, trapping the
nematodes and allowing easy removal. The chemotaxis index
was calculated as the number of J2s at the test chemical side
minus the number of J2s at the diluent side divided by the total
number of J2s applied, in which the index ranges from 1.0
(perfect attraction) to —1.0 (perfect repulsion) (Bargmann et al.
1993). Both volatile and nonvolatile chemicals as well as host
root exudates were tested. All the chemicals were obtained
from Sigma-Aldrich. The volatile compounds were dissolved in
sterile ethanol (0.05% vol/vol) and were screened at six dif-
ferent dilutions (10°, 107", 107, 107, 107*, and 10™) in water.
Concentrations of nonvolatile compounds are stated in figure
legends. Root exudates of different host plants were collected
from seedlings hydroponically grown in Hoagland solution and
concentrated to 5 ml of suspension (from 50 ml of initial vol-
ume for each host) via vacuum evaporation, using a standard
method (éepulyté et al. 2018). All the experiments were carried
out with at least three technical and three biological replicates.

Chemotactic response of dsRNA-treated J2s (compared with
control worms) against synthetic ascarosides was performed in
PF-127 medium in a 30 x 10 mm Petri plate. Ascarosides
ascr#9 (Srinivasan et al. 2012) and ascr#18 (Manosalva et al.
2015) were synthesized as previously described. Different
amounts of ascr#9 and ascr#18 were pipetted at a distance of
1 cm from the center of the assay plate (sterile water was put at
the opposite end, 1 cm distant from center). After allowing
20 min for gradient establishment, 100 J2s (in 2 pl of water)
were injected into the PF-127 gel at the center. After another
20 min at room temperature, the number of nematodes that
moved toward test compounds or water was counted under the
microscope. The chemotaxis index was calculated as described
above.
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The bioassay for monitoring nematode head and stylet
movement in dsRNA-treated J2s was adapted from methodol-
ogy described earlier (Dutta et al. 2012). Approximately 50 J2s
in 2 pl of water were incubated with 10 ul of tomato root
exudate, sterile water (as control), and 0.1% resorcinol neuro-
transmitter (as positive control), separately in microcentrifuge
tubes, in triplicate. Additionally, 10 pl of 0.2% (wt/vol) Coo-
massie Brilliant Blue R250 was added to selected tubes to
evaluate the nematode stylet secretion. Observations on the
frequency of head and stylet movement per minute and for-
mation of blue stains around the stylet were made under the
microscope at indicated timepoints.

In order to assess the transcript abundance of Mi-odr-1, Mi-
odr-3, Mi-tax-2, and Mi-tax-4 in RKN while exposed to host
root exudates, 1,000 freshly hatched J2s were incubated for
24 h in 1 ml of exudates of indicated host roots. After washing
with sterile water, RNA was extracted from J2s, was reverse-
transcribed to cDNA, and qRT-PCR was performed (as de-
scribed above) for three biological and three technical
replicates.

Statistical analysis.

Data were initially checked for normality and compared
using one-way analysis of variance with Tukey’s honestly
significant difference tests in SAS statistical package. Statisti-
cal comparisons were made between different treatments or
compared individually to controls, as stated in the figure
legends.
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AUTHOR-RECOMMENDED INTERNET RESOURCES

ExPASy SIB Bioinformatics Resource portal: https://www.expasy.org

InterProScan: https://www.ebi.ac.uk/interpro

Meloidogyne Genomic Resource database:
https://wwwé.inra.fr/meloidogyne_incognita

Motif database: http://molbiol-tools.ca/Motifs.htm

MultAlin: http://multalin.toulouse.inra.fr/multalin

SMART database: http://smart.embl-heidelberg.de

Wormbase Parasite BLAST search page:
https://parasite.wormbase.org/Tools/Blast
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