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Abstract

Meloidogyne incognita is one of the most important plant-parasitic nematodes (PPNs) causing severe crop losses worldwide.
Plants have evolved complex defense mechanisms to respond to PPNs attacks. Conversely, PPNs have evolved infection
mechanisms that involve the secretion of effector proteins into host plants to suppress immune responses and facilitate para-
sitism. Therefore, effector genes are attractive targets for the genetic improvement of plant resistance to M. incognita. In this
study, we functionally characterized the Minc16803 (Minc3s00746g16803) putative effector gene to evaluate its role during
plant-nematode interactions. First, we found that the Minc16803 gene is expressed in all nematode life stages and encodes
a protein with an N-terminal signal peptide for secretion, a motif characteristic of effector proteins and with the absence
of transmembrane domain. In addition, our data demonstrated that transgenic Arabidopsis thaliana lines overexpressing a
Minc16803-dsRNA efficiently downregulated the Minc16803 transcripts in infecting nematodes. Furthermore, transgenic
lines were significantly less susceptible to M. incognita compared to wild-type control plants. The number of galls per plant
was reduced by up to 84%, while the number of egg masses per plant decreased by up to 93.3%. Moreover, galls and feed-
ing sites in the roots of transgenic lines were smaller than those in the control plants. Histological analysis revealed giant
cells without cytoplasm, disordered neighboring cells, and malformed maturing nematodes in transgenic galls. Curiously,
numerous hatching ppJ2 juveniles were often observed near the female body within the transgenic root tissues before egg
mass extrusion. All findings strongly suggest that Mincl16803 gene is a promising target to engineer agricultural crops for
M. incognita resistance through host-induced gene silencing.
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Introduction

The co-evolutionary interactions between pathogens and
their host plants have driven the development of complex
mechanisms of pathogen infection and plant immune defense
(Zhang et al. 2020). Plant-parasitic nematodes (PPNs) have
evolved a striking diversity of mechanisms to overcome
plant defenses. One of the mechanisms used by PPNs for
successful infection involves the secretion of several effector
proteins produced by esophageal glands into plant root cells
through their stylet (Jagdale et al. 2021). Nematode effectors
generally impair plant immune responses by interfering with
different host metabolic and physiological processes, such as
hormone-dependent defense pathways (Habash et al. 2017),
secondary metabolite pathways (Bauters et al. 2020), actin
filaments organization (Leelarasamee et al. 2018), cell cycle
onset and progression (Coke et al. 2021), protein ubiquitina-
tion, and gene expression regulation (Diaz-Granados et al.
2020).

The root-knot nematode (RKN) Meloidogyne incognita
attacks a wide range of agronomically important crops and
seriously threatens crop production worldwide (Bernard
et al. 2017). The M. incognita life cycle includes six stages,
egg, ppJ2 (pre-parasitic second-stage juveniles), pJ2 (para-
sitic second-stage juveniles), J3, J4 non-feeding juveniles,
and adult females (Triantaphyllou and Hirschmann 1960;
Castagnone-Sereno et al. 2013). The M. incognita pJ2s
secrete several effector proteins that trigger the differentia-
tion of root vascular parenchymal cells into 5—7 specialized,
multinucleate, and hypertrophied feeding cells, named giant
cells, which are formed by successive nuclear divisions with-
out cytokinesis (Kyndt et al. 2013). The galls formed in host
roots are the typical symptoms of M. incognita infection and
result from the proliferation of the tissue around the nema-
tode and giant cells. The feeding cells exhibit high metabolic
activity and provide all nutrients required for nematodes to
complete their life cycle (Siddique and Grundler 2018).
Studies have revealed that M. incognita secretes an arsenal
of effector proteins into host plant root cells that can interact
with different target proteins of parasitized plants. The inter-
action between nematode effectors and targeted plant pro-
teins triggers molecular, physiological, and morphological
changes that culminate in the formation of permanent feed-
ing sites (Jagdale et al. 2021). For instance, the M. incognita
MIF-like effector facilitates nematode parasitism by interact-
ing with plant Annexin 1 and Annexin 4, and subsequently
suppressing host signal transduction and immune responses
(Zhao et al. 2019). The M. incognita Mi-ISC-1 effector sup-
presses plant salicylic acid biosynthesis (Qin et al. 2021),
and Mj2G02 effector from Meloidogyne javanica impairs
cell death by disrupting jasmonic acid-mediated signaling
to promote parasitism (Song et al. 2021). Similarly, the M.
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incognita effector MiEFF1 targets A. thaliana cytosolic
glyceraldehyde-3-phosphate dehydrogenases and univer-
sal stress proteins, which are involved in the regulation of
salicylic acid and jasmonic defense-related genes expression
(Truong et al. 2021). Mendes et al. (2021a) showed that the
Minc00344 and Mj-NULG/1a effector proteins interact with
GmHub10 soybean protein to promote M. incognita and M.
Javanica parasitism, respectively. Mendes et al. 2021b also
reported that MiEFF1/Minc17998 effector protein interacts
with GmHub6 protein to promote M. incognita parasitism
in soybean plants.

Host-induced gene silencing (HIGS) provides a promis-
ing strategy toward increased plant resistance to nematodes
(Basso et al. 2020; Lisei-de-Sa et al. 2021). A number of
studies have demonstrated that transgenic plants expressing
engineered dsRNAs can efficiently trigger the silencing of
essential genes or parasitism genes of nematodes (Huang
et al. 2006; Sindhu et al. 2009; Souza Janior et al. 2013;
Lourengo-Tessutti et al. 2015). Since effectors can contribute
substantially to nematode pathogenicity, their silencing is
expected to impair nematode infection. Therefore, effector
genes are attractive targets for developing RNAi-based trans-
genic plants with reduced susceptibility to PPNs. Previous
functional studies using RNAi-plants have provided experi-
mental evidence that diverse nematode effectors, such as
Heterodera schachtii 30D08 and Hs25A01 (Pogorelko et al.
2016; Verma et al. 2018), Heterodera glycines Hg16B09 (Hu
et al. 2019), Meloidogyne graminicola Mg01965 (Zhuo et al.
2019) and MgMO237 (Chen et al. 2018), and Meloidogyne
enterolobii MeTCTP (Zhuo et al. 2017) contribute signifi-
cantly to nematodes parasitism. With respect to M. incognita
effectors, it was demonstrated that transgenic A. thaliana
plants that expressed a dsRNA targeting MiMsp40 were less
susceptible to M. incognita, as evidenced by decreased num-
ber of galls and eggs (Niu et al. 2016). Moreira et al. 2022
showed that downregulation of the Minc03328 effector gene
triggered by in planta RNAI strategy decreased the number
of galls (85%), egg masses (90%), and the ratio [number
of egg masses/number of galls] (87%) and consequently
reduced the plant susceptibility to M. incognita.

The identification and characterization of the effec-
tors employed by M. incognita to counteract plant defense
responses and the mechanistic basis of effector activity
in plants provide important insights into the biology of
plant-nematode interactions (Vieira and Gleason 2019).
In addition, this knowledge can be helpful in developing
more effective control methods against M. incognita. An
increasing number of putative nematode effectors have been
described, but detailed information on the functional role of
effectors involved in M. incognita parasitism is still lacking
(Bellafiore et al. 2008; Gardner et al. 2018; Grynberg et al.
2020).



Journal of Pest Science (2024) 97:411-427

413

Here, we identified and functionally characterized a puta-
tive effector, named Minc16803. We found that Mincl6803
gene is transcriptionally expressed in all nematode stages,
including pJ2, J3, J3/J4, adult females, and eggs. This gene
encodes a protein with a predicted secretory N-terminal sig-
nal peptide and a motif characteristic of known effectors,
reinforcing its potential as an effector protein. Furthermore,
we demonstrated that transgenic A. thaliana lines over-
expressing a dsRNA targeting the Mincl16803 transcripts
significantly suppressed plant infection by M. incognita.
Morphological analyses of M. incognita-induced galls in
transgenic roots strongly suggest that the Minc16803 pro-
tein might contribute to the proper development of feed-
ing sites in the host plant. Curiously, these analyses also
revealed malformed maturing nematodes and ppJ2s near
the female body, which hatched from eggs prior egg mass
extrusion on root surface. Taken together, all data indicate
that the putative effector protein Minc16803 plays a key role
in M. incognita parasitism and may be a valuable target for
plant-mediated RNAi control of nematodes.

Material and methods
Minc16803 gene sequence

The putative Minc16803 effector gene was identified based
on comparative genomic and transcriptomic analysis.
Briefly, we searched for proteins having a predicted sig-
nal peptide for secretion, no transmembrane region, and
harboring protein motifs characteristic of effector at the
N-terminal region. In addition, we required the protein to
be encoded by a gene expressed at all developmental stages
of the M. incognita life cycles and being in maximum 3
copies, consistent with the triploid genome structure. The
Mincl16803 (Minc3s00746g16803) sequence and its two
paralogous Minc3s00070g03473 and Minc3s00200g07395
genes (Suppl. File S1) were retrieved from the BioProject ID
PRJEBS8714 (sample: ERS1696677) (Blanc-Mathieu et al.
2017) in the WormBase Parasite Database version WBPS16
(Lee et al. 2018). Subsequently, conserved domains in the
Minc16803 gene sequence were identified using CDD Data-
base from NCBI (Marchler-Bauer et al. 2015), PEFAM Data-
base from EMBL-EBI (EI-Gebali et al. 2019), and Inter-
Pro Scan (Blum et al. 2021), while the nuclear localization
signal was predicted with a cutoff value of 0.5 using the
NLStradamus online tool (Nguyen Ba et al. 2009). Secre-
tory signal peptides were predicted using the MatureP tool
(Orfanoudaki et al. 2017) and SignalP 5.0 program (Alma-
gro Armenteros et al. 2019), whereas putative transmem-
brane domains were predicted using the TMHMM program
(Moller et al. 2001). In addition, we used the MERCI soft-
ware (Vens et al. 2011) to check whether protein motifs

enriched at the N-terminal region of known effector proteins
could be identified in Mincl6803.

In silico expression level of the Minc16803 gene

The expression levels of the Mincl6803 gene and
its two paralogous genes Minc3s00200g07395 and
Minc3s00070g03473 at different M. incognita life stages
were retrieved from WormBase Parasite (Howe et al. 2017),
in the ‘Expression’ section, sub-section ‘Life Cycle’ of gene-
based displays. In short, in WormBase Parasite, RNA-seq
data of five M. incognita developmental life stages (egg,
J2, pJ2/J3, J4, and female), generated in triplicates (Choi
et al. 2017), were aligned on the M. incognita annotated
genome (Blanc-Mathieu et al. 2017) using TopHat2 (Kim
et al. 2013). Expression values in Transcripts Per Million
units (TPM) were determined from the aligned reads using
HTSeq (Anders et al. 2015).

Meloidogyne incognita race 3 inoculum

Meloidogyne incognita race 3 inoculum was maintained
on tomato plants (Solanum lycopersicum cv. Santa Cruz)
under greenhouse conditions. Infected roots were collected
at 90 days after infection (DAI), rinsed with water, and
then grounded for 30 s in a 0.5% sodium hypochlorite solu-
tion using a blender. The suspension was sieved through
a set of sieves (45, 100, and 500-mesh), while eggs were
collected on the 500-mesh sieve. The collected eggs were
submitted to the Baermann funnel technique, and hatched
ppJ2s were transferred to a Becker with sterile distilled
water and sequentially decanted at 4 °C for 7-14 days. For
gene expression assays, eggs were collected as previously
described, re-suspended in an inert suspension of kaolin sub-
strate, and centrifuged at 2,500 rpm for 5 min. The precipi-
tated material was re-suspended in a 30% (w/v) sucrose solu-
tion and centrifuged again at 2,500 rpm for 5 min. Finally,
the supernatant was passed through a 500-mesh sieve, and
the eggs retained on the sieve were rinsed in sterile water
and immediately frozen in liquid nitrogen.

Meloidogyne incognita development
in wild-type Nicotiana tabacum roots

The N. tabacum var. Petit Havana (SR1) plants were inocu-
lated with 1,000 ppJ2s of M. incognita and maintained under
greenhouse conditions. Infected roots were harvested dur-
ing nematode parasitism at 5, 10, 15, and 22 DAI, washed
with water, dried with paper towels, and stained with acid
fuchsin according to Bybd et al. 1983. Then, root samples
were immersed in 2.5% (v/v) sodium hypochlorite solution
for clarification and washed with water for 10 min. Finally,
the clarified roots were completely immersed in acid fuchsin
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solution (1.25 g acid fuchsin solubilized in 1:3 v/v glacial
acetic acid and distilled water). For better root staining, sam-
ples were slightly heated in a microwave for 1 min. After the
staining step, the acid fuchsin solution was discarded; roots
were rinsed and transferred to acidified glycerol solution
(24:1 v/v glycerol and hydrochloric acid). Nematode stages
were then visualized in galls under a stereomicroscope and
imaged using a Zeiss Axiocam MR.

Minc16803 expression level during M. incognita
parasitism in wild-type N. tabacum

Total RNA was extracted from M. incognita eggs, ppJ2,
and infected N. trabacum galls at 5, 10, 15, and 22 DAI,
using Quick-RNA™ Plant Mini-prep kit (Zymo Research,
Irvine, CA, USA). RNA concentration was determined
using a spectrophotometer (NanoDrop 2000, Thermo Sci-
entific, Massachusetts, USA), and integrity was assessed in
1% agarose gel electrophoresis. RNA samples were treated
with RNase-free RQ1 DNase I (Promega, Madison, Wis-
consin, USA) according to the manufacturer’s instructions.
DNase-treated RNA was used as a template for cDNA
synthesis using oligo-(dT),, primer (100 uM), random
hexamers (50 uM), and SuperScript III RT (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s
instructions. RT-qPCR assays were performed in an Applied
Biosystems 7500 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA) using 2 ul cDNA (diluted
1:20), 0.2 uM gene-specific primer (Suppl. Table S1), and
GoTaq® qPCR Master Mix (Promega, Madison, Wisconsin,
USA). Gene expression level was normalized using Mil8S
and MiGAPDH as endogenous reference genes. Three bio-
logical replicates were used for each treatment. All cDNA
samples were carried out in technical triplicate, while primer
efficiencies were previously determined, and target-specific
amplification was confirmed by a single and distinct peak in
the melting curve analysis. The relative expression level was
calculated using the 2722€T method (Pfaffl 2001). Data were
subjected to variance analysis (ANOVA) and, when signifi-
cant, means were compared by Tukey test (P <0.05) using
the SASM-Agri statistical package (Canteri et al. 2001).

Binary vector construction, plant transformation,
and selection of transgenic plants

The vector backbone used in this study was derived from the
pPZP-201BK-EGFP binary cloning vector (Chu et al. 2014),
in which the T-DNA sequence (pUceS8.3::Mincl16803-
dsRNA) was cloned. In this T-DNA, the interfering dSRNA
targeting Minc16803 gene transcripts was expressed under
the control of the constitutive soybean ubiquitin-conjugating
4 promoter (pUceS8.3) (patent: EP1953232B1). The nucleo-
tide sequence of the Minc16803 gene selected to target its
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transcripts by the RNAI strategy corresponded to the 200 bp
sequence at nucleotide positions + 445 to + 644 relative to
the start codon of the Minc16803 coding sequence. Multiple
sequence alignments were used to investigate whether this
200 bp sequence can also target the two paralogous genes
(Suppl. File S2). In addition, the Minc16803 nucleotide and
protein sequences were previously subjected to a similar-
ity search with the A. thaliana transcriptome to make sure
that no homology was present and thus avoid possible off-
target effects. The sense and antisense strands of the 200 bp
dsRNA cloned between Sall and Spel restriction sites were
separated by the pdk intron sequence of pyruvate orthophos-
phate dikinase (Smith et al. 2000). This full-length T-DNA
was synthesized and assembled into the pPZP-201BK-EGFP
backbone by the Epoch Life Science (Sugar Land, Texas,
EUA). Subsequently, this resulting binary vector (named
GS62658-4 virMinc16803) was transfected into Escheri-
chia coli and then, into Agrobacterium tumefaciens strain
GV3101.

Arabidopsis thaliana ecotype Columbia (Col-0) plants
were grown to the reproductive stage on a commercial sub-
strate in a growth room (22 °C, 70-75% relative humidity,
and photoperiod 16 h with ~200 pmol photons m~2.s~! of
light intensity). Transgenic plants were generated using the
floral dip method as described previously by Clough and
Bent (1998). Then, T, seeds from four independent trans-
genic lines (Line #1 to #4) and non-transgenic (wild-type or
WT) A. thaliana were harvested. For generation advance-
ment, seeds were surface-sterilized with 70% ethanol for
1 min and then, with 2% sodium hypochlorite solution sup-
plemented with 0.5% Tween-20 for 10 min. After washing
the seeds five times with sterile water, they were sowed on
Petri plates containing Murashige-Skoog (MS) medium
(Murashige and Skoog 1962) (2.2 g MS salts, 3 g phytagel,
10 g sucrose, pH 5.7) supplemented with 15 mg/L hygro-
mycin B (Invitrogen, Carlsbad, CA, USA), except for seeds
from wild-type control plants. Seed dormancy was broken
by incubating the plates for 2 days at 4 °C in the dark. Pos-
teriorly, these plates were transferred to a growth room, and
1-week-old seedlings were transplanted to pots containing
sterile commercial substrate and maintained under the same
conditions as described above.

Genomic DNA was isolated from young leaves collected
from A. thaliana plants following the CTAB/chloroform
extraction method (Allen et al. 2006). DNA concentration
and purity were analyzed in a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies) and 1% agarose gel
electrophoresis. The screening of T, lines and subsequent
generations (T, and T;) was carried out via PCR using spe-
cific primers for detection of the eGFP transgene (Suppl.
Table S1). PCR was performed using GoTaqg® DNA poly-
merase (Promega, Madison, WI, USA) with a final primer
concentration of 10 mM and 100 ng of genomic DNA as
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template in a PCR System 9700 (Life Technologies, Carls-
bad, CA, USA). The PCR conditions included an initial
denaturation step at 94 °C for 2 min; 35 cycles of denatura-
tion at 94 °C for 30 s, annealing at 60 °C for 30 s, and exten-
sion at 72 °C for 60 s, followed by a final extension at 72 °C
for 5 min using a PCR System 9700 (Life Technologies,
Carlsbad, CA, USA). PCR products were then analyzed in
1% agarose gel electrophoresis. Additionally, the expression
of the eGFP reporter gene was confirmed by visualization of
the eGFP fluorescence protein in seedlings under the Axio
Zoom macroscope Vv. 16, filter set 38 HE (Carl Zeiss, Jena,
Germany). Segregation analyses of A. thaliana lines were
performed based on inheritance patterns analyzed by germi-
nation of surface-sterilized seeds onto Petri plates containing
MS medium supplemented with 15 mg/L hygromycin B up
to the T; generation. Four independents transgenic T lines
were randomly selected to be used in nematode infection
bioassays.

Meloidogyne incognita infection assay

For nematode infection bioassays of transgenic A. thaliana
lines (Line #1 to #4) and wild-type control plants, 20-day-
old plants were inoculated with 500 ppJ2s and maintained
in a growth room at 22 °C. The A. thaliana plants were har-
vested at 60 DAI; roots were washed with water and stained
with floxin B (Taylor and Sasser 1987). Then, galls and egg
masses were counted and dissected under a binocular micro-
scope, and the reproduction ratio [number of egg masses/
number of galls] was evaluated. The bioassay was carried
out with 10 plants per transgenic line or wild-type control
A. thaliana in two biological repetitions.

Minc16803-RNAi transgene expression
and Minc16803 gene downregulation in M. incognita
during parasitism in transgenic A. thaliana lines

Total RNA was extracted from transgenic and wild-type
seedlings or galls at 10 DAI using TRIzol (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s
recommendations. RNAI transgene expression in trans-
genic A. thaliana lines was confirmed by RT-qPCR analysis
using specific primers for the pdk intron sequence. Relative
expression of the RNAIi transgene was normalized using
AtActin 2, AtGAPDH, and AtEF] as reference genes (Suppl.
Table S1) and calibrated to the levels of the Line #1. On the
other hand, Minc16803 gene downregulation in M. incog-
nita during its parasitism in transgenic A. thaliana lines was
confirmed by RT-qPCR analysis using MiGAPDH, MiAc-
tin and Mif-tubulin as reference genes (Suppl. Table S1).
Primer efficiency was calculated using the Miner tool (http://

www.miner.ewindup.info), and relative gene expression was
analyzed using the 2724¢T method (Pfaffl 2001) through
qBase +v.3.1 software (Biogazelle, Zwijnaarde, Belgium).
The suitability of the A. thaliana and M. incognita reference
genes was evaluated by geNorm analysis (Vandesompele
et al. 2002), which showed M-values below 0.5. Each treat-
ment consisted of three biological replicates and each bio-
logical replicate included three to five plants. All samples
were evaluated in technical triplicates.

Gall morphology analysis of wild-type
and transgenic A. thaliana lines

Galls of transgenic lines and wild-type control plants were
collected at 7, 21 and 45 DAL, fixed in 2% glutaraldehyde in
50 mM PIPES buffer pH 6.9 for 15 days, dehydrated with an
ethanol gradient (15, 30, 50, 70, 80, and 100%), embedded
and polymerized in Technovit™ 7100 (Kulzer, Friedrichs-
dorf, Germany) as described by the manufacturer. Galls were
then sectioned (3 pm), stained in 0.05% (w/v) toluidine blue,
and mounted with Depex (Sigma-Aldrich, St. Louis, MO,
USA). For morphological analyses, stained sections were
observed under bright-field light microscopy, and the images
were obtained with a digital camera (AxiocamHRc, Carl
Zeiss, Oberkochen, Germany). At least 50 sections from 30
different galls of transgenic or wild-type control plants were
analyzed. The mean diameter of galls and mean area of feed-
ing sites were measured with ZEISS ZEN software. A total
of 30 galls from two different experiments were examined
per treatment.

Results
Bioinformatics analysis of Minc16803 gene

Using different bioinformatics filters detailed in the meth-
ods section, we identified a putative effector gene in the M.
incognita genome, referred here as Minc16803 gene, located
in the Minc3s00746g16803 locus. The Minc16803 gene is
approximately 1.66 kb in size, divided into 10 exons and 9
intron sequences, and flanked by 5°- and 3’-UTR sequences.
Its CDS sequence has 1,052 nucleotides encoding a protein
of 343 amino acids, a predicted isoelectric point of 9.2, and
a molecular weight of 40.25 kDa (Table 1; Suppl. File S1).
The Minc16803 protein sequence showed the presence of a
secretory signal peptide (from position 1 to 22 amino acid)
at the N-terminal portion, a predicted non-cytoplasmatic
domain, and the absence of transmembrane motifs, indicat-
ing that Minc16803 is likely a secreted protein (Table 1).
In a previous analysis, four degenerate protein motifs had
been identified enriched at the N-terminal region of known
M. incognita effectors (Vens et al. 2011). We found three of
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3 these four motifs at the N-terminal region of the encoded
= protein sequence of Minc16803 and Minc3s00070g03473,
%“ providing additional evidence that they might be putative
Eﬂ § 2 M. incognita effectors. However, Minc3s00200g07395 did
a not show any of the degenerate motifs (Fig. 1A, Suppl.
'g Table S2).
? ” . We also retrieved and analyzed the phylogenetic tree cor-
Z >~ z responding to gene entry ‘Minc3s00746g16803’ in Worm-
Base Parasite (https://parasite.wormbase.org/Multi/GeneT
- 4 é _ ree/Image?gt=WBGT00000000029539). All phylogenetic
5 E‘% ED% trees in WormBase Parasite have been generated using
<2t E Z_é .é’ '*é Ensembl Compara pipeline (Cunningham et al. 2022), which
B Z Esea 2 produces both nucleotide and amino acid-based phyloge-
= nies and then, compare to a reference species tree to infer
£ duplication and speciation branches and thus, orthology and
§ paralogy. The phylogenetic tree for Minc16803 confirmed
9 2 2 that Minc3s00070g03473 and Minc3s00200g07395 can be
consistently considered its paralogs (Fig. 1B). In addition,
R 2 orthologs were identified in several other species albeit all
=22 | & = being plant-parasitic nematodes, including other root-knot
% g E é '§ nematodes (Meloidogyne floridensis, Meloidogyne hapla,
=ES|> = M. graminicola, and M. javanica), cyst nematodes (Glo-
g bodera pallida, Globodera rostochiensis, H. glycines and
% Heterodera schachtii), stem and bulb nematode (Ditylenchus
& g g dipsaci), and the pine wilt nematodes (Bursaphelenchus
E § E xylophilus and Bursaphelenchus okinawaensis). Therefore,
S 5 5 Minc16803 is widely conserved in several plant-parasitic
=) nematodes, but specific to phytoparasites (Table 1, Fig. 1B).
§ The high sequence identity between Mincl6803 and its two
E 2 2 paralogous genes (95 to 99% amino acid identity) suggests
< ~ = that they may likely be the result of gene duplication, con-
3 sistent with the triploid structure of the M. incognita genome
i - - (Blanc-Mathieu et al. 2017).
g = S
z = ©
_ P P :330 Minc16803 expression level at different M. incognita
= < = = developmental stages
9 S Cm | <
5 2% 52| Z
3 g % g % % From transcriptome data mining, it was possible to identify
2 % § ﬂ; § E the Minc16803 gene expression profile, as well as its two
o © © Z paralogous Minc3s00070g03473 and Minc3s00200g07395
o S genes, at different M. incognita life stages (egg, ppJ2, pJ2/
§ g J3, J4, and female) during nematode parasitism in plants
N 5 § (Fig. .1C.)' Interestingly, the' express.ion of all three genes
N S " was similar across the five different life stages of M. incog-
:| § g, nita; however, the Minc3s00200g07395 gene had a higher
a §’i § : expression level than the other genes at all developmental
% 2 > % stages (Fig. 1C). Then, the in silico Minc16803 gene expres-
S © = = & sion data were confirmed by RT-qPCR analysis in different
é § Iéﬁ developmental stages of M. incognita during infection in V.
g 2. < RS < tabacum plants. The different stages of the nematodes col-
2 _ﬂ.; % % § :§ § lected for the RT-qPCR analysis were identified through acid
% g § < 3 § § fuchsin staining of tobacco roots infected with M. incog-
e 12 z s |8 nita. Under our experimental conditions, penetration of ppJ2
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Fig. 1 Sequence analysis and gene expression profiles. A Sche-
matic representation of MERCI motifs found at the N-terminal
region of Minc16803 and Minc3s00070g03473 proteins. B Final
merged phylogenetic tree (WBGT00000000029539), corresponding
to Minc16803 as well as its paralogs and orthologs retrieved from
WormBase Parasite. C Gene expression profiles of the Minc16803
and its paralogs Minc3s00200g07395 and Minc3s00070803473
genes at different M. incognita life stages: egg, pJ2, J3, J4, and
female, retrieved from WormBase Parasite and based on transcrip-
tome datasets under BioProject number PRINA390559 (Choi et al.
2017). Error bars represent confidence intervals corresponding to

infectious juveniles into the root tissue starts within 1 DAIL
Juvenile nematode migration toward the vascular cylinder
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three libraries per nematode life stage. D Histological images of M.
incognita pJ2, pJ2/J3/J4, and female during parasitism in N. tabacum
roots at 5, 10, 15, and 22 days after inoculation (DAI). E Minc16803
gene expression profile measured by RT-qPCR analysis in differ-
ent M. incognita life stages (egg, ppJ2, and pJ2 to female) during its
parasitism in N. tabacum. Relative expression levels were normalized
with Mil8S and MiGAPDH as endogenous reference genes. Data are
presented as means +SE of three biological replicates. Different let-
ters on the bars indicate significant differences based on Tukey’s test
(P<0.05)

is mainly visible around 5 DAI (Fig. 1D), and nematodes
are characterized by a vermiform and slender body shape.
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At 10 and 15 DAI, we verified that most tobacco roots were
infected by M. incognita, presenting a more swollen body
shape, and numerous nematodes were observed nearby the
vascular tissue during the induction and establishment of
feeding sites (Fig. 1D). The infected region shows clear
changes in morphology, forming swellings and the typical
fully developed galls around 15 DAI. However, it was not
possible to precisely characterize the development stage of
nematodes at 10 and 15 DAI based on their morphology due
to the presence of pJ2 and non-feeding J3 and J4 nematodes.
At 22 DAL, several adult females displaying a pear-shaped
body were clearly observed in developed galls within the
roots (Fig. 1D). We observed a significant decrease in the
transcript levels of Minc16803 in ppJ2 and at 22 DAI, while
at 10 and 15 DAI, the Minc16803 expression was similar
to that observed in the eggs stage. The highest Minc16803
expression was observed in pJ2 at 5 DAI, with an increase
of 2.65-fold compared to the eggs, suggesting that the
Minc16803 plays a role at the early stages of parasitism
(Fig. 1E).

Transgenic A. thaliana lines harboring
Minc16803-dsRNA

To investigate the effect of in planta expression of dsSRNA
targeting Minc16803 on M. incognita parasitism, several
transgenic A. thaliana lines were generated. Then, we ran-
domly selected only four lines (Line #1 to #4) for further
analysis. The 200 bp sequence of the Minc16803 transcript
was cloned in sense and antisense separated by the pdk intron
sequence in an expression cassette controlled by the strong
and constitutive pUceS8.3 promoter (Fig. 2A). In silico anal-
ysis using si-Fi software (Liick et al. 2019) revealed that the
Minc16803-dsRNA designed based on 200 bp Minc16803
sequence was predicted to generate 84 and 32 perfect
matching 21 nucleotides small-interfering RNA (siRNA)
molecules against its paralogous Minc3s00070g03473 and
Minc3s00200g07395 genes, respectively. This data indicated
that Minc16803 and its two paralogous could be downregu-
lated by the RNAi sequence used here, possibly resulting in
the disruption of their biological function. After floral dip
transformation, A. thaliana plants resistant to hygromycin
were characterized by PCR to confirm the insertion of the
T-DNA into the plant nuclear genome in T, to T; genera-
tions. Transgenic plants were also selected in MS medium
supplemented with 15 mg/L hygromycin B up to T; genera-
tion, and an uniform population of resistant seedlings in the
progenies was observed (Fig. S1A). Amplification by PCR
of the eGFP fragment (423 bp) over the three generations
demonstrated stable inheritance of the T-DNA (Fig. 2B).
Additionally, the transgenic events were also confirmed by
confocal analyses of eGFP fluorescence protein accumula-
tion in the plant leaves (Fig. 2C). Phenotypic differences

between the transgenic lines and wild-type control plants
were not identified, indicating that the expression of
Minc16803-dsRNA did not result in pleiotropic effects on
plant architecture and development (Suppl. Fig. S1B).

Meloidogyne incognita infection assay on transgenic
A. thaliana lines

To evaluate the efficacy of in planta Mincl16803-dsRNA
overexpression in reducing plant susceptibility to M. incog-
nita, bioassays using M. incognita race 3 inoculum were
performed with four transgenic lines and wild-type plants.
Then, these plants were evaluated for galls/plant and egg
masses/plant. Consistently, we observed a significant reduc-
tion of 66.3-84% in the number of galls and 79.3-93.3%
in egg masses in transgenic A. thaliana lines compared
with wild-type plants (Fig. 2D, E). Further, a significant
decrease in the ratio [number of egg masses/number of
galls] ranging from 54.7 to 64.1% was verified in the trans-
genic lines (Fig. 2F). Subsequently, RT-qPCR analyses were
performed to confirm that the transgenic lines successfully
overexpressed Mincl6803-dsRNA and to examine whether
the observed effects on nematode parasitism were due to
Mincl16803 gene downregulation. Transgene expression
analyses targeting the pdk intron showed that Mincl6803-
dsRNA was overexpressed in all four transgenic lines,
whereas in the wild-type plants, gene expression was not
detected (Fig. 2G). In addition, a significant decrease in
Mincl6803 gene expression of 90-95% was observed in
nematodes during parasitism in transgenic lines compared
to those in wild-type control plants (Fig. 2H). However, our
attempts to determine the silencing of Minc3s00070g03473
and Minc3500200g07395 were unsuccessful. Due to the
high identity among Mincl16803, Minc3s00070g03473,
and Minc3s00200g07395, it was not possible to design spe-
cific and efficient primers to detect Minc3s00070g03473
and Minc3s00200g07395 expression. We designed four
pairs of primers for each gene (Minc3s00070g03473 and
Minc3500200g07395), but all of them had poor perfor-
mance. Primers that did not amplify the target sequence or
primers that amplified the target sequence with efficiencies
outside the acceptable range to be considered suitable for
RT-gPCR analyses (90-110%) and/or showed more than one
PCR amplification peak according to melting curve analysis
were considered primers with poor performance.

Histological analysis of the galls in the transgenic A.
thaliana lines

To further characterize the effects of Minc16803 gene down-
regulation on nematode during plant parasitism, transgenic
A. thaliana plants from Line #1 and wild-type control plants
were infected with M. incognita ppJ2, and the roots were
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«Fig. 2 Agrobacterium-mediated genetic transformation of A. thaliana,
susceptibility level of transgenic A. thaliana lines to M. incognita
race 3, and Mincl16803 gene expression in M. incognita during its
parasitism in transgenic lines and wild-type control plants. A Over-
view of the T-DNA used into binary vector for genetic transforma-
tion of A. thaliana plants, targeting downregulation of Minc16803
gene transcripts by the in planta RNAIi strategy. B PCR detection
of the eGFP transgene in A. thaliana lines, indicating the expected
amplicon size of 400 bp. Marker: 1.0-kb DNA ladder (Invitrogen);
positive control: binary vector; WT: wild-type control plant used as
a negative control for PCR analysis and plant-nematode bioassays. C
Fluorescence detection of eGFP protein in transgenic lines under a
Zeiss inverted LSM510 META laser scanning microscope using 488-
nm excitation line and the 500-530-nm band pass filter (Carl Zeiss).
Scale bars: 10 mm. Plant susceptibility analysis based on D number
of galls per plant, E number of egg masses per plant, and F ratio
[number of egg masses/number of galls] in T; transgenic A. thaliana
lines (n=10 plants) at 60 DAI. Data are presented as means+ SE of
10 plants per transgenic line or wild-type control. Different letters on
bars indicate statistically significant differences according to Tukey’s
test (P <0.05). G Transgene expression level measured by RT-qPCR
analysis in transgenic lines and wild-type control plants using the pdk
intron fragment as the target. Relative expression levels were normal-
ized using AtActin 2, AtGAPDH, and AtEFIA as endogenous refer-
ence genes. Transgene expression was undetected in WT plants, and
transgene expression levels were relative to the expression of Line
#1. H Minc16803 gene expression measured by RT-qPCR analysis in
M. incognita during parasitism in transgenic lines and wild-type con-
trol plants. Relative expression levels were normalized with MiActin,
MiTubulin and MiGAPDH as endogenous reference genes. Data are
presented as means + SE of three biological replicates. Different let-
ters on the bars indicate significant differences based on Tukey’s test
(P<0.05)

collected at 7, 21, and 45 DALI for histological analysis. This
analysis was focused only on Line #1 because it showed sim-
ilar susceptibility levels to Mincl6803-dsRNA Lines #2, #3,
and #4 (Fig. 2D, F). We observed that the galls collected at 7
and 21 DAI in the wild-type plants showed maturing nema-
todes and multiple well-developed feeding sites with giant
cells containing a dense cytoplasm, while upon Minc16803
downregulation, giant cells were devoid of cytoplasm and
nematodes showed morphological alterations (Fig. 3A, B).

The wild-type control roots at 45 DAI showed a large
number of galls containing giant cells filled with cyto-
plasm and mature nematodes that developed normally. In
addition, egg-laying females were often visible at 45 DAI
(Fig. 4A). Minc16803-dsRNA (Line #1) infected roots
showed fewer and smaller galls compared to wild-type
roots. In Minc16803-dsRNA galls, we observed malformed
nematodes without well-defined shapes, which stained more
intensely than nematode sections in the wild-type plants
(Fig. 4B). This suggests that induced downregulation of
Minc16803 within nematodes strongly affected their devel-
opment and likely their maturation. However, some nema-
todes were capable of laying eggs that often hatched before
egg mass extrusion (Fig. 4B). In addition, the gall diameters
at 7 and 45 DAL, as well as the feeding site areas at 45 DAI
from Minc16803-dsRNA (Line #1) roots, were significantly

smaller compared to those from wild-type roots (Fig. 4C,
D, E).

Discussion

Meloidogyne incognita is among the most devastating
PPNs and has caused severe yield losses to several crops
worldwide (Bernard et al. 2017). Currently, the control of
M. incognita is mainly based on the use of chemical nemati-
cides and resistant cultivars developed through conventional
breeding (Koenning et al. 2001; Wheeler et al. 2014). How-
ever, M. incognita continues to overcome the limited num-
ber of resistant cultivars available, and several nematicides
have been banned from use or are being phased out due to
their negative impact on the environment and human health
(Zhou et al. 2000; Silva et al. 2014; Oka 2020). Therefore,
the development of innovative and environmentally friendly
strategies for managing M. incognita is crucial to promote
more sustainable agricultural systems.

Meloidogyne incognita has developed sophisticated
mechanisms of parasitism to manipulate plant physiology
and immunity signaling pathways that ultimately result in
the establishment of permanent feeding structures, whereby
nematodes take up nutrients needed for their development
and reproduction (Kyndt et al. 2013; Ali et al. 2017). Among
these, effector-dependent parasitism mechanisms are pivotal
for successful infection during compatible plant-nematode
interactions (Mejias et al. 2019). Identifying novel M. incog-
nita target genes that encode effector proteins is an important
step toward developing innovative biotechnological strate-
gies that can be applied to the management of this devastat-
ing plant-parasite (Rutter et al. 2014). Herein, we described
the identification of the Minc16803 putative effector gene
and demonstrated its contribution to the enhancement of A.
thaliana resistance to M. incognita through the host-induced
gene silencing system.

With rapid advances in sequencing technologies, genomic
and transcriptomic information from an increasing number
of nematodes is becoming available, which has facilitated
the prediction and characterization of numerous effectors
(Danchin et al. 2013; Pogorelko et al. 2020; Grynberg et al.
2020; Rocha et al. 2021). Prior to functional analyses, the
prediction of putative effectors relies primarily on in sil-
ico analysis of genes encoding proteinaceous secretions
that have a signal peptide for secretion and the absence of
transmembrane domains (Xie et al. 2016; Chen et al. 2017).
Taking advantage of published genomes for M. incognita,
we identified the Minc16803 gene. At a first step, an assess-
ment of protein sequence using bioinformatic analyses was
performed. As expected, we found that the predicted pro-
tein encoded by the Mincl16803 gene retrieved from the
M. incognita genome contains a signal peptide and lacks
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Fig.3 Histological analysis of galls in wild-type and transgenic
plants infected with M. incognita. Gall sections were stained with
toluidine blue and imaged by bright-field microscopy. A Galls sec-
tions in the wild-type control roots showed well-developed feed-
ing sites and nematodes. B Minc16803-dsRNA (Line #1) transgenic
galls showed giant cells with low cytoplasmic content and apparent
unstructured nematodes. Note that nematodes cuticle seems affected,
and nematodes stained more strongly, suggesting morphological
changes during their development (black arrows). *, giant cell; n,
nematode; G1, gall 1 and G2, gall 2. Scale bars: 50 um

transmembrane domains, which is structurally consistent
with the potential secretory nature of the protein. The N-ter-
minal signal peptide is important for directing the effector
proteins from the cytoplasm to the endoplasmic reticulum
of the nematode secretory esophageal gland cells, and then,
the mature effector proteins are secreted into the root cells
via the nematode stylet (Wang et al. 2010). Accordingly,
the Minc16803 protein is presumably secreted. In addition,
three motifs typical of known effectors (Vens et al. 2011;
Grynberg et al. 2020; Rocha et al. 2021) were identified in
the predicted Minc16803 protein sequence, suggesting that
Minc16803 might be an effector protein secreted in plant
tissue during parasitism. However, future in situ hybridiza-
tion and/or antibody localization studies will be required
to assess whether Minc16803 is expressed in the nematode
esophageal gland cells and secreted in plant tissues in order
to confirm that it is indeed an effector protein. Furthermore,
putative orthologs of Mincl6803 gene were found in other
Meloidogyne spp., as well as in other nematode genera, all
being plant-parasitic species, suggesting that this gene may
have a conserved role not only in the parasitism of Meloido-
gyne spp. but also in other phytoparasitic nematodes.
Subsequently, we analyzed the expression level of
Minc16803 gene throughout the life cycle of M. incognita
during the compatible M. incognita-tobacco interaction.
The peak of Minc16803 gene expression at 5 DAI suggests
that this putative effector acts at the early stages of infec-
tion by interfering with the initiation and/or establishment
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Fig. 4 Histological analysis of M. incognita-induced galls and measurement
of the galls and feeding sites. Gall sections were stained with toluidine blue
and imaged by bright-field microscopy. A Wild-type control roots illustrated
a large number of galls at 45 DAI containing giant cells filled with cytoplasm.
Nematodes had a rounded form and cuticles less stained (yellow arrows). Egg-
laying females and egg masses (green arrows) were often visible at 45 DAL
B Minc16803-dsRNA (Line #1) infected roots showed fewer and smaller galls
compared to wild-type roots. In Minc16803-dsRNA galls, the nematodes illus-
trated irregular forms and the cuticle seemed altered (black arrows), with no
well-defined morphology and nematodes stained more strongly, suggesting
structural body changes. Strikingly, the eggs in Mincl6803-dsRNA (Line #1)
apparently hatched prematurely (red arrows) compared to what was seen in
wild-type plants (green arrows), and the gelatinous matrix containing the eggs
colored more strongly. C-D Gall diameter measurements revealed significantly
smaller galls in Minc16803-dsRNA (Line #1) compared to wild-type galls at
7 DAI and 45 DAL E Feeding site area measurements revealed significantly
smaller feeding sites in Mincl16803-dsRNA (Line #1) compared to those in
wild-type galls at 45 DAI This analysis demonstrated that Minc16803 down-
regulation had a direct effect on gall and nematode development. Data are pre-
sented as means+SD from two experiments with n=30 galls examined per
treatment. Statistical differences between treatments are based on Student’s t
test (¥***P <0.0001). *, giant cell; n, nematode; F, female. Scale bars: 50 pm
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of feeding sites. However, Minc16803 and its two paralogous
genes were found to have considerable expression levels in
all stages of nematode development. Suppression of plant
defense at the early stages of nematode infection is extremely
important to establish a successful infection. Thus, nema-
todes are expected to use some effectors at the early stages
of parasitism, which is supported by the upregulation of
the Minc16803 gene at 5 DAL Similar to our results, the
MjJTTLS, MgGPP, and Mi-msp2 effector genes have been
shown to be upregulated at early stages of M. javanica, M.
graminicola, and M. incognita parasitism, respectively (Lin
et al. 2016; Chen et al. 2017; Joshi et al. 2019).

In addition, an infection bioassay was performed to
test whether the transgenic A. thaliana lines expressing
Mincl16803-dsRNA affect the infection and reproduc-
tion process of M. incognita. Indeed, the expression of
Minc16803-dsRNA in transgenic A. thaliana lines down-
regulated Mincl6803 transcripts in the nematode, lead-
ing to reduced susceptibility of plants to M. incognita. We
observed that the T; progeny of four independent transgenic
lines showed a significant decrease of up to 84% and 93.3%
in the number of galls and number of egg masses, respec-
tively, indicating that Minc16803 gene downregulation not
only affected the ability of the nematode to infect the host
plant but also compromised nematode reproduction. Further-
more, it was found that the ratio of number of egg masses/
number of galls was significantly lower in the transgenic
lines compared with the wild-type control plants. These
data strongly suggest that the significant downregulation
of Mincl16803 transcripts compromised the development of
later-stage juveniles into female adults, as well as egg pro-
duction that could ensure novel galls establishment. Thus,
the reduced plant susceptibility to M. incognita among the
four transgenic lines was most likely associated with the
Minc16803 gene expression downregulation in nematodes
and potentially of its two paralogous genes.

In agreement with our findings that Minc16803 protein
is critical for M. incognita infection and reproduction, a
recent study showed that the number of galls in transgenic
A. thaliana plants overexpressing dSRNA molecules against
the effector genes Mi-msp3, Mi-msp5, Mi-msp18, and Mi-
msp24 of M. incognita was reduced by 89%, 78%, 86%, and
89%, respectively. In addition, the reproduction factor was
significantly reduced in all dsRNA-overexpressing lines
compared to the wild-type control plants (Joshi et al. 2020).
Likewise, downregulation of the Mi-msp2 effector gene by
RNAIi was shown to reduce A. thaliana susceptibility to M.
incognita, as observed by the significant reduction in the
number of galls, females, and egg masses by up to 54%,
66%, and 95%, respectively (Joshi et al. 2019). Furthermore,
dsRNA molecules that target the MiPDII effector gene were
found to confer reduced susceptibility to M. incognita when
overexpressed in A. thaliana (Zhao et al. 2020).

Unlike insects, nematodes are able to amplify the siRNA
signal by RNA-dependent RNA polymerases (Pak and Fire
2007), and therefore, even a small amount of dsRNA pro-
duced by the plant may induce strong and prolonged gene
downregulation in nematode cells. In addition, the siR-
NAs generated by the processing of dsRNA by the plant
RNAIi machinery can be efficiently taken up by nematode
midgut cells and trigger an RNAI response (Steeves et al.
2006). Thus, the development of RNAi-based transgenic
crops against highly effective target genes offers a valuable
approach for conferring resistance to phytonematodes. Sev-
eral studies have shown the efficacy of host-delivered RNAi
silencing of effector and essential genes to control different
nematode species, including M. incognita (Dinh et al. 2014;
Dutta et al. 2015; Chaudhary et al. 2019; Zhao et al. 2019,
2020). Interestingly, Tian et al. 2019 reported that over-
expression of dSRNA molecules targeting the H. glycines
HgY25 and HgPrpl7 genes in transgenic soybean plants
resulted in a significant reduction in cyst and egg numbers.
Similarly, it was recently shown that simultaneous down-
regulation of cysteine protease, isocitrate lyase, and splicing
factor genes significantly impaired plant parasitism by M.
incognita in transgenic cotton lines (Lisei-de-Sa et al. 2021).

To better understand how Mincl6803 gene downregula-
tion might affect plant-nematode interactions, histological
analyses of M. incognita-induced galls in the transgenic A.
thaliana line and wild-type control plants were compared.
Our results demonstrated that Mincl16803 plays a role in the
induction and establishment of feeding sites as the trans-
genic galls exhibited giant cells lacking cytoplasm and sur-
rounded by even more asymmetrically dividing neighbor-
ing cells. Interestingly, nematodes in the transgenic lines
displayed irregular body shapes, suggesting cuticle damage
and cytoplasmic degeneration. The morphological altera-
tions in the nematode body might be attributed to the fact
that giant cells did not support the full development of the
nematodes. Intriguingly, numerous hatching M. incognita
ppJ2s were frequently observed in the amorphous egg mass
secreted by female nematodes that remained inside the root.
These alterations indicate that some females, even with an
aberrant phenotype, were able to lay the eggs that apparently
hatched prematurely, perhaps in an effort to accelerate their
infection cycle. Therefore, it is possible that the significant
reduction in the number of egg masses found on the root
surface of the transgenic lines is due to the unhealthy state
of the maturing nematodes.

The molecular mechanisms by which nematode effector
proteins overcome plant defense systems and facilitate plant
parasitism are diverse. For instance, M. javanica MjTTLS
effector alters the plant’s oxidative response through aug-
mentation of the host’s ROS-scavenging system by inter-
acting with A. thaliana ferredoxin:thioredoxin reductase
catalytic subunit (Lin et al. 2016). M. incognita MiMIF-2
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interacts with A. thaliana annexins to suppress host immune
responses and promote parasitism (Zhao et al. 2019). On
the other hand, M. incognita MiEFF18 has been shown to
target the plant core spliceosomal protein SmD1 to modu-
late the expression of critical genes required for giant cell
ontogenesis (Mejias et al. 2021). However, the molecular
mechanisms underlying the process by which the putative
Minc16803 effector suppresses plant defenses to establish
parasitism remain to be investigated. In addition, detailed
studies will allow the precise identification of the tissues
or cells in which the putative Minc16803 effector specifi-
cally acts, and the host target proteins that interact with
Minc16803.

In summary, our findings indicate that transgenic A.
thaliana lines overexpressing a Mincl6803-dsRNA target-
ing Minc16803 transcripts have reduced susceptibility to M.
incognita, as observed by the remarkable reduction in the
number of galls and egg masses. These results suggest that
the putative Minc16803 effector gene is an amenable tar-
get for improving the resistance of economically important
crops to M. incognita using in planta RNAI technology. The
Minc16803 dsRNA can be pyramided with dsRNAs target-
ing other nematode genes or even with plant resistance genes
to develop genetically engineered crops with improved and
durable resistance to M. incognita. Furthermore, a major
advantage of using RNAIi technologies is that the dsSRNA
molecules can be rationally designed based on the gene
sequence of interest to specifically target M. incognita or a
wider range of closely related nematode species. Given that
putative Minc16803 orthologous have been found in other
Meloidogyne spp. and the relative flexibility in selecting
Minc16803-dsRNA target sites based on the gene sequence,
the RNAI cassette could be adapted to downregulate not
only Minc16803 but also its orthologous genes. Therefore,
it would be interesting to develop RNAi-based transgenic
crops to suppress Mincl6803 gene expression in M. incog-
nita and even its orthologous genes in other RKNs.
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