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Abstract Sex determination is a key developmental
event in all organisms. The pathway that regulates sex-
ual fate has been well characterized at the molecular
level in the model free-living nematode Caenorhabditis
elegans. This study aims to gain a preliminary under-
standing of sex-determining pathways in a plant-
parasitic nematode Meloidogyne incognita, and the ex-
tent to which the roles of the sex determination genes are
conserved in a hermaphrodite species, C. elegans, and
plant-parasitic nematode species, M. incognita. In this
study, we targeted two sex-determining orthologues,
sdc-1 and tra-1 from M. incognita using RNA interfer-
ence (RNAI). RNAi was performed by soaking second-
stage juveniles of M. incognita in a solution containing
dsRNA of either Mi-tra-1or Mi-sdc-1 or both. To deter-
mine the effect of RNAI of the target genes, the juve-
niles treated with the dsRNA were inoculated onto a
susceptible cultivar of cowpea grown in a nutrient pouch
at 28 °C for 5 weeks. The development of the nematodes
was analyzed at different time points during the growth
period and compared to untreated controls. Our results
showed that neither Mi-sdc-1 nor Mi-tra-1 have a sig-
nificant role in regulating sexual fate in M. incognita.
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However, the silencing of Mi-sdc-1 significantly de-
layed maturity to adult females but did not affect egg
production in mature females. In contrast, the downreg-
ulation of Mi-tra-1 transcript resulted in a significant
reduction in egg production in both single and combi-
natorial RNAi-treated nematodes. Our results indicate
that M. incognita may have adopted a divergent function
for Mi-sdc-1 and Mi-tra-1distinct from Caenorhabditis
spp. However, Mi-tra-1 might have an essential role in
female fecundity in M. incognita and is a promising
dsRNA target for root-knot nematode (RKN) manage-
ment using host-delivered RNAI.
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Introduction

Sex determination is a fundamental part of repro-
duction across the entire animal kingdom. However,
comparative biology studies have shown that the
mechanism that controls sex determination differs
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considerably among different organisms (Herpin &
Schartl, 2008). Invertebrates including worms and
insects display a great variety of sex-determining
mechanisms (Haag & Doty, 2005). Caenorhabditis
elegans, one of the well-known nematode model
organisms, has been widely used to systematically
characterize sex determination using genetic analy-
sis. Parasitic nematodes, especially plant-parasitic
nematodes (PPN) have adopted very distinct life-
history from C. elegans, including reproductive
strategies. By identifying evolutionary conservation
and divergence in the molecular pathway that regu-
lates male and female development in the free-living
C. elegans and the plant-parasitic nematode species,
it should be possible to understand how complex
sex-determining pathways evolve.

PPN is recognized as one of the greatest threats to
crops throughout the world. They cause an estimated
$80-118 billion dollars per year in damage to crops
worldwide (Nicol et al., 2011). Among the different
groups of PPN, root-knot nematodes (RKN) are the
most economically important group as they can at-
tack and infest a wide range of crops (Elling, 2013;
Sasser, 1980). RKN exhibit variable modes of repro-
duction, meiotic and mitotic parthenogenesis and are
extremely difficult to control due to their high repro-
ductive rate, short generation time, and wide host
range (Trudgill & Blok, 2001). PPN management
using chemical nematicides is highly restricted due
to its detrimental effect on humans and the environ-
ment. Some of the cultural practices like crop rota-
tion are not always the preferred choice in nematode
management (Oka et al., 2000). Developing resistant
plants that can suppress nematode growth and devel-
opment is one of the cost-effective and sustainable
methods for managing PPN (Starr et al., 2002).
However, the resistance induced by single loci genes
can be overcome by some virulent nematode bio-
types (Castagnone-Sereno, 2002; Huang et al.,
2006). Therefore, developing a new alternative man-
agement system for the effective control of RKN
species is imperative. To develop nematode resis-
tance targeting nematode fecundity to reduce the
multiplication of RKN in host plants, an insight into
the sex determination pathway in nematodes might
be an advantage. Our knowledge of the sex determi-
nation mechanism in plant-parasitic nematodes is
very limited. This study aims to understand if some
of the known C. elegans sex-determination
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homologs have a similar functional role in determin-
ing sexual fate in the root-knot nematode,
M. incognita.

Comparative studies of sex determination based
on the Caenorhabditis elegans model have revealed
both rapidly evolving and well-conserved features
among different species of nematodes (Haag,
2005). Decades of research with C. elegans have
shown that sexual development in both the somatic
tissues and the germline is regulated by a signal
transduction pathway. The hermaphrodite females
and males of C. elegans have different sex chromo-
some numbers i.e. XX/XO respectively and the sex
is primarily determined by the ratio between the
number of X chromosomes and sets of autosomes
(Zanetti & Puoti, 2013). The remaining part of the
sex determination pathway is defined by a cascade of
negative regulatory interactions that alternately acti-
vate or repress male- or female-specific genes. More
specifically, SDC (Sex determination and Dosage
Compensation defect) proteins negatively regulate
the production of a hormone, HER-1 (human epider-
mal growth factor receptor-1), that causes cells
throughout the body to adopt male fates by
repressing tra-2. In XX animals, the absence of
HER-1 promotes the expression of tra-2, which in
turn negatively regulates the male promoting genes,
feminization-1 (fem-1), feminization-2 (fem-2),
feminization-3 (fem-3) (Zarkower, 2006). The re-
pression of FEM proteins results in the activation
of the terminal target of this pathway, tra-1, a tran-
scription factor, which promotes the female fate in
XX animals by regulating downstream targets re-
quired for male development, fog-1, and fog-3
(Ellis & Lin, 2014).

However, some groups of nematodes do not rely
only on genetic sex determination but also depend on
environmental sex determination (Christie, 1929;
Harlos et al., 1980). Previous studies have shown
that environmental factors can influence the sexual
fate in M. incognita (Triantaphyllou, 1973). Under
suitable environmental conditions and hosts, most
offspring become female at maturity. Sex reversal
of female to male and intersex phase also has been
reported (Papadopoulou & Traintaphyllou, 1982). M.
incognita typically reproduces by mitotic partheno-
genesis (Abad et al., 2008) and genetic contribution
to the offspring is fully dependent on the females.
Comparative genome analysis by Abad et al. (2008)
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identified M. incognita homologs of at least one
member of each step of the C. elegans sex determi-
nation cascade, including sdc-I from the dosage
compensation pathway, tra-1, tra-3, and fem-2 from
the sex determination pathway itself. The presence of
these homologs in a mitotic parthenogenetic nema-
tode which displays an environmental influence on
sex determination, attracted our attention to study
further.

Decades of studies in C. elegans have elucidated the
complex sex determination pathway with systematic char-
acterization and genetic analysis. The study on mutant
alleles of X-linked gene sdc-1 has shown that it is required
for the coordinate control of the sex determination and
dosage compensation processes in C. elegans (Villeneuve
& Meyer, 1987). In XX animals, these sdc-/ mutations
resulted in both masculinization and increased levels of X-
linked gene expression, causing a shift towards male fate
(Yonker & Meyer, 2003). Similarly, in C. elegans, tra-1
loss-of-function XX mutant animals are somatically trans-
formed into males (Hodgkin & Brenner, 1977). The cur-
rent study is an attempt to answer the following questions:
What is the functional role of sdc-/ in a parthenogenetic
nematode species? Is there any genetic contribution from
female promoting genes such as #a-/ in determining the
female fate in M. incognita? Do they have any divergent
functional roles in M. incognita adopted during the evolu-
tion of parasitic nematodes?

Secondly, we explore the possibility of using RNA for
the functional characterization of genes involved in the sex
determination of M. incognita. Considering the population
dynamics and crop damage caused by M. incognita, the
factors that determine the sex ratio is of fundamental
importance. Additionally, the extent of damage caused
by M. incognita is directly proportional to the female
population because females require more food for in-
creased reproduction. Therefore, it would be advantageous
if we could shift the sex ratio of M. incognita towards male
direction by any means. In this study, we tested the possi-
bility of reversing sex from female to male or reducing
female fecundity by knocking down the C. elegans homo-
logs of female promoting genes, Mi-tra-1 and Mi-sdc-1 in
M. incognita. Since the application of current advanced
gene-editing technology such as CRISPR/cas9 is currently
not possible in parthenogenetic sedentary species of PPN,
we chose RNAI to knock down the expression of the target
genes. If the manipulation of sexual fate is possible by
RNAI of Mi-tra-1 or Mi-sdc-1, they would be a potential

target to introduce M. incognita resistance in susceptible
crops via in planta RNA..

Materials and methods
Nematode cultures

A homogeneous population of M. incognita was obtain-
ed from the University of Florida Nematode Assay Lab
stock cultures that were maintained under greenhouse
conditions on tomato (Solanum lycopersicum L. cv.
Rutgers). The identity of the culture was confirmed by
PCR. Briefly, DNA was extracted from eggs using the
Proteinase K method (Blin & Stafford, 1976) and PCR
was done using M. incognita specific primers followed
by gel electrophoresis. Eggs were extracted from galled
tomato roots using 20 ml of 10% sodium hypochloride
(NaOCl) in 980 ml water and incubated at 28 °C for
3 days in a hatching disc. Freshly hatched juveniles were
collected by a modified Baermann dish technique. The
juvenile suspension was adjusted to 1000 J2/ml of water
and used as inoculum to inoculate in each pouch.

Selection of target gene and primer design

Sex determining genes of C. elegans were compared
with the whole genome sequence of M. incognita by
Abad et al., 2008. Based on the results of comparative
analysis, we selected orthologs of two female promoting
genes, downstream (fra-1) and upstream (sdc-1) genes
in C. elegans as our target genes for studying sex deter-
mination pathway in M. incognita. The protein se-
quences of tra-1 and sdc-1 of C. elegans retrieved from
WormBase (Howe et al., 2017) were used as queries to
perform blastP in addition to tblastn against the
M. incognita genome at WormBase Parasite database
(https://parasite.wormbase.org/Multi/Tools/Blast) to
retrieve homologs of #ra-1 and sdc-1 in M. incognita
(Mi-tra-1 and Mi-sdc-1). To check if the resulting top hit
was a true homolog of the C. elegans gene, the resulting
coding and protein sequence was compared with
(blastx, E < le-5) C. elegans proteins at the Wormbase
database. A different set of primers for each gene was
designed to amplify the target exon region of best-hit
nucleotide sequences (Table 1).
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RNA extraction and cloning of Mi-tra-1 and Mi-sdc-1.

Total RNA was extracted from eggs and second-stage
juveniles of M. incognita using the Trizol method ac-
cording to the manufacture’s protocol (Invitrogen, Ther-
mo Fisher Scientific, CA). The first-strand cDNA was
synthesized using 1000 ng of RNA, 20 mM dNTP,
100 uM oligo dT primers, 400 units of Reverse Tran-
scriptase (SuperScript® IV RT, Invitrogen Thermo
Fisher Scientific, CA), 80 units of Ribonuclease inhib-
itor, and 0.2 M of DTT. After RNA extraction, it was
treated with DNAse to avoid contamination. A 228 bp
and 462 bp was amplified using Mi-tralF1 and Mi-
tralR1/R2 respectively targeting Mi-tra-1 whereas a
240-bp and 298 bp of Mi-sdc-1 were amplified using
primers Mi-sdc1F1 and Mi-sdc1R1/R2 respectively
targeting Mi-sdc-1 from the cDNA of M. incognita
(Table 1). The PCR conditions for Mi-tra-1 and Mi-
sdc-1 were: 95 C for 15 min followed by 40 cycles of
95 C for 1 min, 50 C for 45 s and 72 C for 1 min,
followed by incubation at 72 C for 7 min. Amplified

Table 1 Primer list designating the targeted exon region of the
best hit nucleotide sequence of Meloidogyne incognita and the
primers with promoter region attached for dsSRNA synthesis

Primer Sequence

Mi-tralF1 5'- GCACCACATTTCTTCTGTCG-3’
Mi-tralR1 5’-GCAATGAGCACACTGATAAGG-3’
Mi-tralR2 5’-TCCATCTGGCCTTATTCCAA-3’
Mi-tralT7F1  5’-TAATACGACTCACTATAGGGAGAGCA

CCACATTTCTTCTGTCG-3’

Mi-tralT7R1  5’-TAATACGACTCACTATAGGGAGAGCA
ATGAGCACACTGATAAGG -3’

Mi-sdc1F1 5'- TAGTCAGTACAACCCCAACAA-3

Mi-sdc1R1 5’-CTCTACAAGTTCTTCTCCAATG-3’

Mi-sdc-1R2  5’-CGGAGAGCGTTAATCTCGATA-3’

Mi-sdc1T7F1 5’-TAATACGACTCACTATAGGGAGATAG
TCAGTACAACCCCAACAA-3’

Mi-sdc1T7R1 5’-TAATACGACTCACTATAGGGAGACTC
TACAAGTTCTTCTCCAATG-3’

Mi-actin F 5'- GATGGCTACAGCTGCTTCGT-3’

Mi-actin R 5’-GGACAGTGTTGGCGTAAAGG-3’

GFP F 5’-AGGTGATGCTACATACGGAAAG-3’

GFP R 5’-ACAGGTAATGGTTGTCTGGTAAA-3’

GFPT7F 5’-TAATACGACTCACTATAGGGAGAGGT
GATGCTACATACGGAAAG-3’

GFPFT7R 5’-TAATACGACTCACTATAGGGAGACAG

GTAATGGTTGTCTGGTAAA-3’
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fragments were gel purified using Qiagen QIAquick Gel
Extraction Kit (Qiagen Inc., CA) following the manu-
facture’s protocol and were sent to the University of
Florida’s campus-wide Interdisciplinary Center for Bio-
technology Research (ICBR) DNA Sequencing Facility
(Gainesville, FL) for Sanger sequencing.

Confirmed amplified fragments were ligated to a
pDrive cloning vector and introduced into a Qiagen EZ
competent cell followed by transformation of the compe-
tent cell using the manufacturer’s protocol (QIAGEN®
PCR Cloning Handbook, CA). Recombinant plasmids
were then purified using Zyppy™ Plasmid Miniprep Kit
(Zymo Research, CA) following the manufacturer’s pro-
tocols. Expression of Mi-#ra-1 and Mi-sdc-1 were assessed
for all life stages of the nematode (egg, J2, J3, J4, early
adult, and mature female). For the expression study, total
RNA was extracted from all life stages. Briefly, about 25
nematodes were picked manually from the nematode in-
fected tomato roots 8, 12, 16, 23, and 30 days after
inoculation of J2 onto the plant roots. RNA extraction
was done by using the Trizol method (Invitrogen, Thermo
Fisher Scientific Carlsbad, CA, USA) according to the
manufacture’s protocol followed by cDNA synthesis and
PCR for 35 cycles as described previously. The house-
keeping gene, Mi-actin was used as a control and amplified
using Mi-actin F and Mi-actin R primer (Table 1) (Duarte
et al., 2016).

Synthesis of double-stranded RNA

The desired template of cDNA containing Mi-tra-1
(228 bp) and Mi-sdc-1 (240 bp) genes from J2 was
amplified by PCR to generate dsSRNA of the respective
genes. The Mi-tra-1 templet of length 228 bp and Mi-
sdc-1 of 240 bp were selected to assure uniformity
during dsRNA synthesis. The standard condition for
PCR was 95 C for 10 min followed by 35 cycles of
95 C for 1 min, 50 Cfor45 sand 72 C for 1 min, which
was followed by incubation at 72 C for 7 min. The
respective primers with the T7 promoter sequence in-
corporated at the 5’ end of either the sense or antisense
strand were used for PCR amplification (Table 1). PCR
products were transcribed and purified using Ambion
MEGAscript® RNAi Kit (Ambion, UK) according to
the manufacturer’s protocol. The double-stranded RNA
was made by incubating equimolar amounts of sense
and antisense strands in boiling water for 5 min, follow-
ed by 1 h at room temperature and subsequent treatment
with DNAse to remove the template. The dsSRNA was
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quantified spectrophotometrically and was checked on
1.5% agarose gel. To check dsRNA toxicity due to
exogenous dsRNA supply, the dSRNA of Green Fluo-
rescent Protein (GFP) was used as a control as it does
not have a direct impact on sex determination in
M. incognita. The use of dsSRNA of gfp helped to assess
the non-specific effect of dsSRNA on nematode sex
determination. The sense and antisense strand of gfp
with its promoter region was amplified as described
previously using the primers with the T7 promoter se-
quence incorporated at the 5’end of either sense or
antisense strand (Table 1). The dsRNA of gfp was
synthesized as described for Mi-tra-1 and Mi-sdc-1.

In vitro RNAIi of M. incognita and analysis of mRNA
levels by semi-quantitative RT-PCR

For the soaking assay, approximately 7000 J2 of freshly
collected M. incognita were incubated for 24 h in 200 pl
of a solution containing 100 pl of dsRNA (2 pg/ul),
50 mM octopamine (Sigma- Aldrich, MO), 3 mM
spermidine (Sigma- Aldrich, MO), 2 ul of 5% gelatin
(Sigma- Aldrich, MO) and 80 pl of distilled water with
nematodes for each of the three treatments, i.e., Mi-tra-
1, Mi-sdc-1 and gfp dsRNA keeping the final concen-
tration of dsRNA as 1 pg/ul. For negative control, the
same solution without dSRNA was used. For a second
experiment, all the treatments were the same as the first
with additional combinatorial dsSRNA treatments
consisting of dsRNAs of Mi-tra-1 and Mi-sdc-1. For
the preparation of combinatorial dsRNA, the final con-
centration of dsRNA was kept as 1 pg/uL which was
similar to the individual dsRNA treatments. The addi-
tion of octapamine, gelatin, and spermidine into dsRNA
solution improves the efficacy of RNAi uptake by nem-
atode as described by Sukno et al., 2007. The nematodes
were incubated at 28 C for 24 h in 1.5 ml micro-
centrifuge Eppendorf tubes. After incubation, the nem-
atodes were washed thoroughly with distilled water by
centrifugation at 4000 rpm for 1 min. The washing was
repeated three times. After washing approximately 400
nematodes from each treatment were used for total RNA
extraction using Trizol reagent (Invitrogen, Thermo
Fisher Scientific, CA) according to the manufacturer’s
instructions. Equal amounts of RNA from each treat-
ment were used in cDNA synthesis as described in the
above section. Prepared RNA was treated with DNAse
to remove genomic DNA. A similar process was repeat-
ed 48, 72, and 96 h after recovery.

Qualitative and quantitative characterization
of knock-down phenotypes

Double-stranded RNA-treated nematodes were washed
with sterile water and monitored using a microscope to
check for effects on mortality due to dsRNA toxicity.
500 pl of sterile water containing approximately 500
nematodes from each dsRNA treatment were inoculated
onto the cowpea seedlings. Nematodes were distributed
throughout the roots of the plant using a pipet. Treated
plants were arranged in Random Complete Block De-
sign (RCBD) with 12 replicates from each treatment.
Fifteen days after inoculation, six pouches from each
treatment were harvested and the roots were stained
using the sodium-hypochlorite-acid-fuschin method
(Byrd et al., 1983). The number of nematodes in each
root with each developmental stage was recorded. Each
developmental stage was determined based on the mor-
phological characteristics of Abad et al., 2008. Thirty
days after inoculation, the remaining six plants per
treatment were harvested and stained as described pre-
viously. The number of females with eggs and without
eggs was counted from each plant’s roots. Pink stained
root galls were counted as the females with egg masses
and the unstained galls were dissected to check the
presence of females within the gall. The females without
egg masses from the unstained galls were dissected to
examine the gonads. Data analysis was done using one-
way ANOVA with multiple mean comparisons between
treatments using Tukey’s test (P = 0.05). All experiment
was repeated once.

Preparation of plant for inoculation

Cowpea (Vigna unguiculata. cv. Whippoorwill) was
used for inoculation assay. Cowpea seeds were steril-
ized with 70% ethanol and 0.1% bleach followed by
incubation inside the incubator for 24 h at 28 C to
enhance germination. After germination, seeds were
transferred to CYG seed growth pouches (Mega Inter-
national, Minneapolis, MN, USA) and kept inside a
growth chamber at 28 C for 15 days to allow for root
development. For the quantification of knock-down
phenotype, dsRNA treated J2 were inoculated in the
cowpea plants. After inoculation, the cowpea plants
were laid on the bench for 24 h in dark to ensure
nematode penetration and transferred to an upright po-
sition inside the incubator (Fig. 1).
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Results

A high degree of sequence conservation of tra-1/
and sdc-1 orthologs among different root-knot
nematodes

The sequence obtained from amplification of cDNA of
M. incognita using primer Mi-tra-1F1 and Mi-tralR2
and subsequent cloning followed by Sanger sequencing
was used as a query (228 bp) to perform blastx against
the genomic database from WormBase Parasite. The
blast result was100% similar to the Zinc Finger
protein-like sequences (Minc3s00848218057) from
M. incognita (PRJEB8714). Similarly, amplicon obtain-
ed from PCR using Mi-sdc-1F1 and Mi-sdc1R1 was
used as a query (240 bp) to perform blastx against
M. incognita genome database. The blast result indicat-
ed 100% similarity with the protein sequence
(Minc3s00642g15517) from M. incognita
(PRJEB8714). The reverse BLAST (blasx, E < 1e-5)
against the C. elegans genome database confirmed that
the identified gene from M. incognita are true orthologs
of C. elegans genes, tra-1 and sdc-1. The amplified
fragment (228 bp) from Mi-tra-1 was 100% similar to
the ortholog sequences from M. javanica, M. arenaria,
and M. floridensis over the entire sequence. A BLAST
search for conserved domain from the retrieved protein
sequences of (Mi-tra-1 and Mi-sdc-1) from M. incognita

Fig. 1 Fifteen-day-old cowpea plants grown in CYG seed growth
pouches in a growth chamber at 28 °C
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and other RKN species showed the presence of a
Cys2His2 (C2H2)-type zinc finger site as in #ra-/ ho-
molog in C. elegans. Similarly, the selected amplicon
(240 bp) from Mi-sdc-1, which was used for dsSRNA
synthesis showed 100% similarity with the orthologs of
sdc-1 from M. arenaria and M. javanica while it was
97.1% and 96.7% similar for M. enterolobii and
M. floridensis respectively. However, M. hapla, an
amphimictic root-knot nematode, showed only 87.9%
similarity with the selected sequence of Mi-sdc-1. Thus,
the selected nucleotide sequences used in this study for
dsRNA synthesis targeting Mi-tra-1 and Mi-sdc-1 is
highly conserved among different root-knot nematode
species and also the protein alignment of both #ra-1 and
sdc-1 orthologs from M. incognita and other RKN spe-
cies confirmed that these two genes are highly con-
served among different RKN species (Fig. 2 A and B).

Mi-tra-1 and mi-sdc-1 can be efficiently silenced
by RNAi

Semi-quantitative RT-PCR on cDNA was done on dif-
ferent life stages of M. incognita to check the expression
level of Mi-tra-1, Mi-sdc-1, and the housekeeping gene
actin. The transcripts of both Mi-tra-1 and Mi-sdc-1
were detected in all developmental stages including
eggs, J2, J3, J4, early adult (EA) or young adult, and
matured female (MF). However, the expression of Mi-
tra-1 was relatively low in all stages as compared to Mi-
sdc-1 and the transcription level of Mi-tra-1 was higher
in matured females than in other stages (Fig. 3).

Based on the results from the semi-quantitative
RT-PCR, a significant and specific reduction in
transcript level of target genes was observed in the
nematodes that were incubated in the corresponding
dsRNA solution for 24 h as compared to the con-
trols, gfp RNAIi, and control (Fig. 4). Freshly
hatched juveniles soaked in the dsRNA solutions
were also subjected to further investigation to check
the durability of gene knock-down. Analysis of RT-
PCR revealed that the transcript level of Mi-tra-1
and Mi-sdc-1 were significantly reduced after 24 h,
48 h, 72 h, and 96 h (Fig. 4). However, in the case
of Mi-sdc-1 RNAI, a gradual recovery of transcript
level was observed after 24 h while a strong reduc-
tion in expression was persistent in Mi-tra-IRNAi
even 96 h after recovery (Fig. 4). The recovered J2s
monitored under a microscope showed that most of
the nematodes that were soaked for 24 h in dsRNA
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C. elegans (PRJNA13758) 194
M. incognita (PRJEB8714) 191
M.arenaria (PRJEB8714) 209
M.javanica (PRJEB8714) 208

M. floridensis (PRJEB6016) 1
M. hapla (PRJNA29083 - VW9) 211

HORSHIGDRPY
HORSHTEDRPYCC,

C. elegans (PRJNA13758) 299
M.incognita (PRJEB8714) 297
M.arenaria (PRJEB8714) 315

M.javanica (PRJEB8714) 314
M. floridensis (PRJEB6016) 84
M. hapla (PRINA29083 - VW9) 317

C. elegans (PRJNA13758) 398
M. incognita (PRJEB8714) 406

M.arenaria (PRJEB8714) 424 EEIIECSNES
M.javanica (PRJEB8714) 423 DLIEEIIECS

M. floridensis (PRJEB6016) 193
M. hapla (PRJNA29083 - VW9) 427

)
EHEHGETVWTE , PYG
FREHGETVATE L MPYG

MPYG
MPYE
MPYG

INGGGgGNSLNNSP
NNGGGIGNSLNNSE'
NNGGGIGNSLNNSE

R I CSPSSSICNPSNTSCLCRCPS
B cspssTEoNE s scLorofs

C. elegans (PRINA13758 - N2) 361
M.incognita (PRJEB8714) 111
M.javanica (PRJEB8714) 111

M.enterolobii (PRJNA340324 - L3 125

M.floridensis (PRJNA340324 -SJ 170

M.hapla (PRJNA29083 - VW9) 118

C. elegans (PRINA13758 - N2) 481
M.incognita (PRJEB8714) 176
M.javanica (PRJEB8714) 176
M.enterolobii (PRONA340324 - L3 190
M.floridensis (PRUNA340324 -SJ 235
M.hapla (PRJNA29083 - VW9) 179

C. elegans (PRINA13758 - N2) 600
M.incognita (PRJEB8714) 280
M.javanica (PRJEB8714) 280
M.enterolobii (PRONA340324 - L3 294
M.floridensis (PRJNA340324 -SJ 339
M.hapla (PRJNA29083 - VW9) 285

Fig. 2 Protein alignment of Mi-tra-1 and Mi-sdc-1 with its
orthologs from closely related root-knot nematode (RKN) species
and C. elegans. (A) Protein alignment of Mi-tra-1 showing high
sequence conservation among the RKN species and C. elegans.

of Mi-tra-1, Mi-sdc-1 as well as gfp showed normal
sinusoidal movement as observed in the control
solution (Fig. 5). This suggests that there was no
significant non-specific RNAi effect on nematode
movement due to soaking in dsRNA and changes
in nematode phenotypes during the later stage of
nematode is gene-specific and the result of targeted
silencing.

Fig. 3 Amplification of Mi-tra-1
and Mi-sdc-1 mRNA from
different life stages of

M. incognita. Different Mi-actin
M. incognita life stages i.e. egg,
second stage juvenile, third stage
juvenile, fourth stage juvenile, Mi-sdc-1
early adult stage, and mature
female

Mi-tra-1

Eggs J2 J3

(B). Protein alignment of Mi-sdc-1 showing high sequence con-
servation among the RKN species C. elegans. The highlighted
region shows the sequence region used for constructing dsRNA
for the study

RNAI of mi-sdc-1 delayed development of young
female from J3 and J4 stage while RNAi of mi-tra-1
caused reduced fecundity in mature females

On the 15th day after inoculation, 91% of the nematode
population was at the third and fourth juvenile stage and
9% of the population at the early female stage in the
treatment with the dsRNA of Mi-sdc-1, which was

J4 EA MF
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dsRNA  dsRNA dsRNA  dsRNA dsRNA
Mi-tra-1 Mi-sdc-1  9fp
24h 24h 24h 48h 48h

Mi-actin

Mi-sdc-1

Mi-tra-1

Fig. 4 Semi-quantitative RT-PCR on Meloidogyne incognita ju-
veniles soaked with dsRNA of Mi-tra-1 Mi-sdc-1and gfp. The
mRNA level of Mi-tra-1 (220 bp), Mi-sdc-1 (248 bp), and Mi-

significantly different from all other treatments (P <
0.05). In the case of Mi-tra-1 RNAI treatment, 72% of
nematodes were at the third and fourth juvenile devel-
opment stages and 28% of nematodes at the early female
stage. This result was not significantly different from
control (68% third and fourth stage juveniles and 32%
early female stage), and gfp dsRNA treatments (70%
third and fourth stage juveniles and 30% of early fe-
male) (Fig. 6).

On the 35th day after inoculation, roots were stained
and females with egg masses and without egg masses
were counted (Fig. 7). The results showed that among
the nematodes treated with Mi-fra-1 dsRNA, 65% of

Fig. 5 Meloidogyne incognita J2
RNAI phenotype was monitored
under a microscope after treating
for 24 h with dsRNA of Mi-tra-1,
Mi-sdc-1, GFP, and control in the
first experiment and additional
dsRNA treatment of Mi-tra-1
combined with Mi-sdc-1 in the
second experiment. (A) Nema-
todes treated with control treat-
ment. (B) Nematodes treated with
GFP dsRNA. (C) Nematodes
treated with Mi-sdc-1 dsRNA. (D)
Nematodes treated with Mi-tra-1
dsRNA, and (E) Nematode treat-
ed with combinatorial dsSRNA of
Mi-tra-1 and Mi-sdc-1. All the
observation is taken in 10x mag-
nification (AxioCam MRc 5,
Zeiss)

@ Springer
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dsRNA dsRNA  dsRNA dsRNA dsRNA  4srNA
Mi-tra-1 Mi-sdc-1 Mi-tra-1 Mi-sdc-1  gfp afp

Mi-tra-1 ppj-sdc-1

72h 72h 72h 96h 96h 96h

actin (203 bp) were compared from the treated nematodes 24, 48,
72 and 96 h after the dsSRNA soaking

females were without eggs and 35% were females with
eggs, which was significantly different from other treat-
ments (P <0.05). Nematodes treated with Mi-sdc-1
dsRNA had 12% females without eggs and 88% of
females with eggs, which was not significantly different
from gfp RNAI (87% females with eggs and 13% fe-
males without eggs) or control (96% females with eggs
and 4.0% of females without eggs) (Fig. 8A). Combi-
natorial dSRNA treatment (with both Mi-tra-1 and Mi-
sdc-1) resulted in 84% females without eggs and 16%
females with eggs, which is significantly different from
single dsRNA treatment of Mi-sdc-1 or Mi-tra-1 and gfp
(P<0.05). Similarly, Mi-tra-1 resulted in 72% females

(
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Fig. 6 Effects of Mi-tra-1 and Mi-sdc-1 RNAI treatment on
Meloidogyne incognita after 15 days. A significantly high percent-
age (91%) of the nematode population was found at the third and
fourth juvenile stage (J3 + J4) following treatment with the dSRNA

without eggs and 28% females with eggs which were
significantly different from the control treatment. How-
ever, Mi-sdc-1 resulted in 80% of females with eggs,
which was not significantly different from gfp dsSRNA
treatment (Fig. 8B).

Discussion

In most animal species, sex determination is the funda-
mental step that it takes to become male or female.
However, the mechanism that determines sexual deter-
mination is highly diverse. This study is to gain an initial
understanding of the role of C. elegans sex determina-
tion homologs, Mi-tra-1, and Mi-sdc-1, in defining the
sexual fate in M. incognita. In C. elegans, the studies
have shown that the mutations in the gene, sdc-1 disrupt
both sex determination and dosage compensation in XX
animals and lack of sdc-1 function causes an incomplete
transformation of XX animals to males. In contrast, the
reduced expression of Mi-sdc-1 in M. incognita did not
result in somatic change towards the male phenotype.
However, in our study, we observed that 91% of nem-
atodes were at the third or fourth juvenile stage, which
was significantly different from the control treatments at
15 days post-inoculation of nematodes with dsSRNA of
Mi-sdc-1. However, 35 days post-inoculation, there was

of Mi-sdc-1 compared to that of early females (EF), which was
different (P <0.05) from all other treatments. Error bars indicate
standard error

no significant difference in the number of mature fe-
males with eggs as compared to the control treatment.
This data indicates that reduced expression of Mi- sdc-1
resulted in a significant delay in the development from
the J3/J4 stage to the female stage but did not arrest
further development to fully matured females.

The studies in C. elegans have shown that sdc-1 acts
during the first half of embryogenesis, especially at one
or two-celled embryos, in determining somatic sexual
phenotype, long before sexual differentiation takes
place and expressed in all life stages (Villeneuve &
Meyer, 1987). Although Mi-sdc-1 is expressed from
embryo to the adult female stage in M. incognita, its
role in an early step in the regulatory hierarchy control-
ling the choice of sexual fate remains unclear from our
data since we did not find a significant shift toward male
fate. However, the silencing effect of Mi-sdc-1 did not
persist after recovering the nematodes from dsRNA
treatment. A slow recovery in the gene expression of
Mi- sdc-1 was observed 96 h after the withdrawal of
dsRNA (Fig. 4). Additionally, we did not quantify the
expression level of Mi-sdc-1 in the treated nematodes
during its development within the plant. The mi-sdc-1
expression might be recovered completely after 35 days
of infection, and thus did not observe a significant
phenotypic effect in the nematodes. Additionally, the
homology search against updated M. incognita whole-
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Fig. 7 Acid-fuschin stained cowpea roots after 35 days post-
inoculation with Meloidogyne incognita J2 treated with dsRNAs.
(A). Treatment with dsRNA of Mi-sdc-1. Fully mature females
with egg masses were observed. The egg masses are stained pink.
(B) Control was treated with a soaking solution without dsRNA.
(C). Treatment with dsSRNA of Mi-tra-1, which shows a reduced

genome did not find true homologs of other genes in
SDC assembly, sdc-2 and sdc-3 as well as her-1, which
is negatively regulated by the SDC proteins to promote
the sexual fate toward females in C. elegans. This gives
the notion that the initiation of sex determination cas-
cade mediated by SDC proteins in the X chromosome
dosage compensation pathway might not be functional-
ly conserved in M. incognita as in C. elegans.
Similarly, the RNAi phenotype of Mi-tra-1 was very
different from the mutant phenotype of #ra-1 in
C. elegans. A complete loss of function of tra-/in
C. elegans transforms XX animals to pseudo males with
male soma but the germline produces both sperm and
oocytes (Schedl et al., 1989). Thus tra-1 is essential for
somatic female development in C. elegans. In contrast,
we did not find a significant increase in male nematodes
after treating the nematodes with dSRNA of Mi-tra-1 but
a significantly high number of females were without
eggs (Fig. 8) in the treated nematodes as compared to
control treatments. Though RNAi of Mi-tra-1-RNAi did
not induce any somatic change in the female, it might be

@ Springer

number of females without egg masses (lack of pink stained egg
masses). The unstained galls were dissected to check the presence
of the females inside the galls and the females without egg masses
also lacked eggs within the female body. The galls are enlarged
and indicated by the red arrow

possible that the development of the female germline
could get affected and resulted in low egg production.
However, we could not confirm if there was an abnor-
mality in gonads or germline development in the treated
nematodes due to poor visibility of germ cells under
DIC microscopy. Although #ra-1 is mostly known as a
master regulator of sex determination in Caenorhabditis
species to promote female fate, it is a fly and vertebrate
homologs that regulate embryonic patterning and cell
proliferation (Ingham & McMahon, 2001). Additional-
ly, well-documented studies have shown that TRA-1 is
also a key regulator in the formation of somatic gonadal
precursor cells (SGPs) (Mathies et al., 2004), and go-
nadal cell proliferation (Chang et al., 2004) in both XX
and XO animals in C. elegans. Therefore, tra-1 might
have a prominent role in female gonadogenesis in
M. incognita. Based on the BLAST analysis using the
updated whole genome database, M. incognita lacks
true homologs of upstream regulators of #ra-/ in
C. elegans such as tra-2, fem-1, and fem-3. The FEM
genes, fem-1, fem2, and fem-3 are the key male-
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promoting genes by negatively regulating tra-1 to pro-
mote spermatogenesis in C. elegans. However,
M. incognita has a homolog for fem-2 alone and its
functional role yet to be determined in this apomictic
nematode, which can reproduce asexually without
sperm. In C. elegans, the binding of tra-2 with FEM
genes is necessary to activate fra-/ to promote female
fate (Wang & Kimble, 2001). The absence of #ra-2 and
other FEM homologs in M. incognita, and our results
showing that knocking down #ra-1 alone is not enough
to generate masculinization of females suggests that Mi-
tra-1 might not have a significant role in regulating
somatic sex determination in M. incognita. However,
the most recent M. incognita assembly shows a hybrid
origin with two divergent genomic copies, and several
copies of one gene may present within the genome
(Szitenberg et al., 2017). Based on our blast search
against the updated M. incognita genome database
showed that Mi-sdc-1 shares significantly high homol-
ogy with the other 3 paralogs whereas Mi-tra-1 showed
less homology with its paralogous genes. This implies
that there might be a functional overlap among these
genes and further characterization of these genes is

A

120 D Female without eggs . Female with eggs

Percentage of female
S S

Y
o

20

Control afe Mi-tra-1 Mi-sdc-1

dsRNA treatment

Fig. 8 (A). Effects of Mi-tra-1 and Mi-sdc-1 RNAI treatment on
Meloidogyne incognita after 35 days. Grey bars indicate the per-
centage of females without eggs and black bars indicate females
with eggs. Error bars indicate standard error. (B). Comparison of

required to understand the regulation of sex determina-
tion in M. incognita.

In this study, we tested the impact of RNAI of single
soaking with dsRNA of either Mi-tra-1 or Mi-sdc-1
alone as well as the soaking with the combination of
the two. In the case of a single soaking experiment, we
observed two different RNAi phenotypes, delayed de-
velopment after 15 days in Mi-sdc-1 RNAA, and reduced
fecundity after 35 days in Mi-tra-1 RNAI. In the case of
combinatorial RNAi, we did not observe delayed phe-
notype after 15 days (data not shown), but a significant
reduction in fecundity after 35 days was observed as in
the case of single RNAi of Mi-tra-1. This can be ex-
plained based on factors that influence the dsSRNA dose
required for efficient RNAi in M. incognita. In both
single and combinatorial RNAi, we used total dsSRNA
at a maximum concentration of 1 pg/ul in the soaking
solution because a non-specific RNAI effect was ob-
served in nematodes soaked with dsRNA of gfp at a
higher dosage beyond 1 pg/pl. Hence, in the combina-
torial soaking, the concentration of dsRNA of each Mi-
tra-1 and Mi-sdc-1 in the total solution was 500 ng/ ul
which was 50% of dsRNA dose used in a single

D Female without eggs

-
1+

. Female with eggs

70 4
60
50

40

Percentage of female

30

20

afp Mi-tra-1 Mi-sdc-1 Combinatorial

dsRNA treatment

single RNAi with single dsRNA of Mi-tra-1 and Mi-sdc-1and the
combinatorial RNAi with the dSRNA of both target genes together
on the phenotype of M. incognita after 35 days. Error bars indicate
standard error
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soaking. Although dsRNA at 500 ng/ ul was good
enough to induce a stronger Mi-tra-1 RNAi phenotype
in the combinatorial soaking, it did not show RNAi
phenotype of Mi-sdc-1. This discrepancy in knockdown
effect at lower dose can be due to several factors includ-
ing differing spatial expression patterns level, and turn-
over rate of the transcript. In our observation, the ex-
pression of Mi-sdc-1 transcript was higher than Mi-tra-1
in every development stage and might require a higher
dose of dsRNA to induce an efficient knockdown effect
in the nematode. Current advances in genetic modifica-
tion of plant-parasitic nematodes by delivering macro-
molecules to male germline (Kranse et al., 2021) gives a
promising approach to functionally characterize
C. elegans homologs of sex determination pathway in
RKN species. In contrast, RNAi-mediated knockdown
is less efficient to access an accurate scorable
phenotype.

In addition to gaining preliminary insight on the sex
determination pathway in M. incognita, our in vitro
RNAI results shows that Mi-tra-1 could be a promising
target for further study to develop host-delivered
RNAi (HD-RNAi)-mediated resistance against
M. incognita. The efficiency of HD RNAI relies on
the knowledge of appropriate nematode genetic targets
for RNAI. Although many studies have identified var-
ious nematode genes required for parasitism and
housekeeping genes involved in nematode develop-
ment by in vitro RNAi (Jaouannet et al., 2013;
Sindhu et al., 2009; Yadav et al., 2006). To our best
knowledge, this is the first report on characterizing
C. elegans sex determination homologs in a plant-
parasitic nematode. One of the basic principles of
nematode management is to adopt a strategy that re-
duces the rate of nematode population increase. In
root-knot nematodes, the females directly determine
the extent of damage it causes to the crops. In this
study, we aimed to alter the sex ratio toward males by
knocking down female-promoting genes. However,
the downregulation of Mi-tra-1 did not increase the
percentage of males, but it did affect the rate of female
reproduction. Therefore, the rate of nematode increase
in subsequent generations can be reduced if transgenic
plants were developed that continuously generate
dsRNA or siRNA of Mi-tra-1. Due to high conserva-
tion among different RKN species, Mi-tra-1 mightbe a
suitable target for HD-RNAI for broader management
of different RKNs including virulent species such as
M. floridensis.
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