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Editorial on the Research Topic

Plant parasitic nematode—host interactions: mechanisms and exploitative
management strategies

By 2060, the human population on Earth is expected to reach 10 billion people and food
production to sustain this population is of great concern. Food security is not only
pressurised by abiotic factors associated with a rapidly changing climate but also by biotic,
pathogenic threats. In many areas of the world, plant-parasitic nematodes (PPN) are the
greatest stress on sustainable crop production. However, PPN parasitise all aspects of plant
life and, where left unmanaged, could lead to major ecological collapse. Historically,
management of PPN relied on incorporation of harmful, non-specific chemicals into
infested soils. Generally, PPN control has moved towards integrated pest management
(IPM) approaches. This Research Topic addresses how a better understanding of
nematode-host interactions can help further develop management strategies.

Although reliance on nematicidal chemicals should be reduced under an IPM
approach, they remain an important part of pest management. Many manufactured
products are being removed from international markets due to harmful off-target effects.
Consequently, there is urgent need for new nematicidal products which are often being
developed with naturally occurring ingredients in agreement with green deals. Having plant
origin means that these products can be interpreted by the crop boosting defence pathways
for defence against any pathogen, not just PPN, in addition to direct nematicidal effects.
This is demonstrated by Degroote et al. in their use of the bio-based ‘Product X* which was
shown to considerably reduce Meloidogyne incognita gall formation in tomato plants.

The ongoing boon in availability of -omics data may help shift towards novel bio-based
nematode controls such as exogenous application of microRNAs. These technologies offer
the opportunity of incredibly targeted control identified through bioinformatics pipelines.
Leonetti et al. established the use of a pipeline for identification and creation of cross-
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kingdom miRNAs, in this case originating from tomatoes and
capable of reducing expression of two key M. incognita target
genes. The use of miRNAs for nematode control is still a
developing area and further research will be required on
construct delivery in an applied setting.

This Research Topic has shown that PPN-host interactions do
not have to be directly coupled and instead understanding host-
associated microorganisms could offer fresh management strategies.
The impact of plant growth-promoting bacteria (PGPB) on
pathogen suppression was reviewed by Habteweld et al.. This
review investigates the three-way interactions shared between
PPN-host-PGPB and how influencing PGPB communities can
assist root-knot nematode management. One demonstrated
example of the use of PGPB to promote pathogen resistance is
illustrated by Hu et al. who used Bacillus velezensis to promote host
resistance against Heterodera glycines. Here, bacterial stimulation of
the jasmonic acid (JA) biosynthesis pathway resulted in increased
JA in root tissues supplying a systemic resistance effect. Jia et al.
further develop the idea of both influencing plant-associated
microorganisms coupled with novel plant-originating product
development for nematode suppression. Aspergillus sp. promotes
coexistence of Bursaphelenchus xylophilus and their vector insect in
pine trees. However, inhibiting Aspergillus populations with
chiricanine A decreased nematode populations, increasing host
plant survival.

Plant-parasitic nematode population increases due to host
availability drive changes in soil microbial communities. Clavero-
Camacho et al. explored this further by observing soil and
rhizospheric microbiome changes in Meloidogyne spp. infected
almonds. Under high infection pressures, fungal saprotrophism is
altered and there is reduced impact of predatory nematodes and
biological control agents. A significant portion of plant-nematology
research focusses on the tight evolutionary relationship and
interactions between PPN and host, however, PPN have also
adapted for life before host invasion. Better understanding these
adaptations could help develop biological controls through use of
antagonistic microorganisms.

Natural host resistance is playing an increasing role in IPM of
plant-parasitic nematodes. Modern breeding of resistant varieties
relies on molecular markers for resistance allowing genotyping to
reduce populations before often time-consuming phenotyping.
Obata et al. utilised a genome-wide association study (GWAS)
and next-generation sequencing to develop markers for sweet
potato resistance against M. incognita. In complex polyploid crop
species, e.g., sweetpotato, tools like these rapidly enable the pre-
screening of breeding progeny. Understanding how host resistance
genes enable a physical response upon detection of PPN can assist
knowledge in further resistance gene discovery, pathogen virulence
and developing plant protection products. Histopathology
techniques used by Gabriel et al. demonstrate that the Mi-1.2 gene
induces both biochemical protection, reducing root invasion, and a
hypersensitive response, causing cell death following M. javanica
infection. However, virulent populations were unimpaired, avoiding
host detection in tomatoes bearing resistance gene.

Effector proteins help virulent populations of PPN infect their
hosts. Learning about effectors can help identify routes for control
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by targeting parts of the host-parasite essential for parasitism. Li
et al. characterised a novel effector expressed in the oesophageal
gland of Bursaphelenchus. xylophilus that induces plant cell death
and aids migration. Targeting this effector for reduced expression
through RNA interference reduced both disease severity and
seedling death.

PPN-host exchanges go beyond effector-mediated interactions
and as reviewed by Dominguez-Figueroa et al. there are often
infection-associated host transcriptomic changes. Although many
differentially expressed genes encoding transcription factors (TF)
have been identified, relatively few of these TFs have been
functionally characterised. However, these TFs can be segregated
into two main groups whether they are defence or development-
related. Understanding how these TFs are being abused during
pathogen attack could help develop innate TF regulatory controls at
the detriment of the nematode.
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The southern root-knot nematode (SRKN; Meloidogyne incognita) is a typical parasitic
nematode that affects sweetpotato [[pomoea batatas (L.) Lam.], causing a significant
decrease in crop yield and commercial value. In Japan, the SRKN is classified into
10 races: SP1-SP5, SP6-1, SP6-2, and SP7-SP9, with the dominant race differing
according to the cultivation area. Soil insecticides have previously been used to
reduce the soil density of SRKNs; however, this practice is both costly and labor
intensive. Therefore, the development of SRKN-resistant sweetpotato lines and cultivars
is necessary. However, due to the complexity of polyploid inheritance and the highly
heterogeneous genomic composition of sweetpotato, genetic information and research
for this species are significantly lacking compared to those for other major diploid crop
species. In this study, we utilized the recently developed genome-wide association
approach, which uses multiple-dose markers to assess autopolyploid species. We
performed an association analysis to investigate resistance toward SRKN-SP2, which
is the major race in areas with high sweetpotato production in Japan. The segregation
ratio of resistant and susceptible lines in the F1 mapping population derived from the
resistant “J-Red” and susceptible “Choshu” cultivars was fitted to 1: 3, suggesting that
resistance to SP2 may be regulated by two loci present in the simplex. By aligning
the double digest restriction-site associated DNA sequencing reads to the published
lpomoea trifida reference sequence, 46,982 single nucleotide polymorphisms (SNPs)
were identified (sequencing depth > 200). The association study yielded its highest
peak on chromosome 7 (ChrQ7) and second highest peak on chromosome 3 (Chr03),
presenting as a single-dose in both loci. Selective DNA markers were developed
to screen for resistant plants using the SNPs identified on ChrO3 and ChrQ7. Our
results showed that SRKN-SP2-resistant plants were selected with a probability of
approximately 70% when combining the two selective DNA markers. This study serves
as a model for the identification of genomic regions that control agricultural traits and the
elucidation of their effects, and is expected to greatly advance marker-assisted breeding
and association studies in polyploid crop species.

Keywords: polyploidy, nematode, sweetpotato, resistant cultivar, breeding, association study
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Nematode Resistance Marker in Sweetpotato

INTRODUCTION

Sweetpotato [Ipomoea batatas (L.) Lam.], belonging to the
Convolvulaceae family, is widely cultivated in both tropic and
temperate zones. With an annual worldwide production of 91.8
million tons (FAOSTAT, 2019), it is regarded as the seventh most
important crop species. Sweetpotato is rich in carbohydrates,
vitamins (A, C, B1, B2, B3, B6, and E), biotin, dietary fiber,
potassium, and other nutrients; thus, it plays an important role
in food security, especially in developing countries. China is the
world’s major producer of sweetpotato, followed by Sub-Saharan
Africa. Approximately 52.0 million tons of sweetpotato are
produced annually in China, accounting for approximately 56.6%
of the total global production. Japan produces approximately
748,700 tons of sweetpotato annually and is the 17th largest
producer in the world. In Japan, the Kagoshima and Miyazaki
prefectures in the Kyushu region, and Ibaraki and Chiba
prefectures in the Kanto region are the predominant production
areas (Ministry of Agriculture, Forestry and Fisheries, 2020).
In addition to being consumed as a raw food, sweetpotato is
widely used in animal feed, processed foods, and the preparation
of starch and alcohol. Thus, sweetpotato is a commercially
important crop, and the development of cultivars with disease,
pest, and nematode resistance is required to avoid commercial
yield losses and expand the cultivation area.

The southern root-knot nematode (SRKN) (Meloidogyne
incognita) is a typical nematode of sweetpotato, causing serious
damage to the appearance, quality, and yield of the crop
(Lawrence et al., 1986). Krusberg and Nielson (1958) reported
that the yield of sweetpotato on farms with soil containing
root-knot nematodes was 61% less than that on farms with
pesticide-treated soil. These nematodes live in warm regions and
have an optimum temperature of 25-30°C; furthermore, they
have been detected in most areas where sweetpotato is cultivated
(Yoshida, 1965; Iwahori et al., 2000; Iwahori and Sano, 2003).
The host range of the SRKN is very wide, including thousands
of agronomically important plants (Overstreet, 2009). When
infested with the SRKN, host roots form humps (galls) with
a diameter of 1-2 mm. This destroys and deforms the roots,
inhibiting the absorption of nutrients and water, and leads to
poor growth and death. In the roots of sweetpotato, dents occur
when they are infested with SRKN. As the symptoms progress,
constriction and dehiscence occur, resulting in a significant
decrease in yield quality, and commercial value. The SRKN
is classified into 10 races (SP1- SP5, SP6-1, SP6-2, SP7-SP9)
in Japan (Sano and Iwahori, 2005; Tabuchi et al., 2017). Each
race has a different geographical distribution. SP1 is mainly
distributed in Saga, Kumamoto, and Nagasaki prefectures, and
SP4 and SP6 races are predominantly distributed in Okinawa and
also detected in Ibaraki and Chiba prefectures (Sano et al., 2002;
Sano and Iwahori, 2005; Kuranouchi et al., 2018). SP2 is found
mainly in the Kagoshima and Miyazaki prefectures, which have
the highest levels of sweetpotato production in Japan. Treatment
with insecticides such as D-D agents, although effective in
controlling SRKN in the soil, is costly and labor-intensive
(Krusberg and Nielson, 1958). Therefore, the development of
sweetpotato cultivars with SRKN resistance is required.

Genetic studies in sweetpotato lag considerably behind those
in other major diploid crop species owing to its complex
mode of polyploid inheritance. Sweetpotato has a large genome
(2.2-3 Gb) and is a hexaploid species with 90 chromosomes
(2n = 6x = 90) (Isobe et al., 2017; Monden and Tahara, 2017).
Although a few cultivars can reproduce among themselves,
most show self-incompatibility or cross-incompatibility and
are, therefore, genetically heterogeneous (Gurmu et al., 2013;
Hirakawa et al, 2015). There is an ongoing debate as to
whether sweetpotato is an autohexaploid or allohexaploid (Gao
et al., 2020). Several early studies suggested that sweetpotato
is allohexaploid (Ting and Kehr, 1953; Jones, 1967; Magoon
et al., 1970; Sinha and Sharma, 1992). In contrast, more recent
genetic analyses using molecular markers have suggested that it
is autohexaploid, with some preferential pairing (Ukoskit and
Thompson, 1997; Kriegner et al., 2003; Cervantes-Flores et al.,
2008; Zhao et al,, 2013; Monden et al., 2015). A recent study
using ultra-dense multilocus genetic mapping also suggested
that sweetpotato inheritance is highly autohexaploid-like, with
random chromosome pairing enabling recombination between
all homologous chromosomes during meiosis (Mollinari et al.,
2020). Genetic studies have been successful in allopolyploid
species due to their similarity to diploids in terms of segregation
patterns and chromosomal pairing (Bourke et al., 2018; Mollinari
and Garcia, 2019; da Silva Pereira et al., 2020; Yamamoto et al,,
2020). However, these genetic approaches are unsuitable in
autopolyploids, as they exhibit multiple heterozygous genotypes
(Bourke et al., 2018; Yamamoto et al., 2020). Precise genetic
mapping in autopolyploids is performed using multiple-dose
markers wherein, the allele dosage for each marker needs to
be determined (Mollinari et al., 2020; Yamamoto et al., 2020).
However, the development of analytical tools for multiple-dose
markers requires elaborate analytical algorithms, and this process
has been challenging.

Genetic analyses using classical molecular markers such as
random amplified polymorphic DNA (RAPD) and amplified
fragment length polymorphism (AFLP) markers have identified
DNA markers linked to SRKN resistance in sweetpotato (Ukoskit
et al,, 1997; Mcharo et al., 2005; Cervantes-Flores et al., 2008;
Nakayama et al., 2012). Genetic analysis of SP1 and SP2 was
performed using 92 lines from an F; population derived from
a cross between the resistant cultivar “Hi-Starch” and the
susceptible cultivar “Koganesengan” (Nakayama et al., 2012).
Bulked segregant analysis was performed to screen AFLP markers
associated with SP1 and SP2 resistance, and interval mapping
was conducted using the selected AFLP markers. As a result
of interval mapping, a major quantitative trait locus (QTL)
[here, named gRmi (t)] associated with resistance to SP1 and
SP2 was detected. Furthermore, based on the AFLP markers
in the QTL, a sequence characterized amplified region (SCAR)
marker was developed to screen for resistant plants. Sasai et al.
(2019) analyzed single nucleotide polymorphisms (SNPs) and
retrotransposon insertion polymorphisms using next-generation
sequencing (NGS) to construct a high-density genetic linkage
map integrated with simple sequence repeat (SSR) markers. As a
result of the QTL and genome-wide association study (GWAS)
analyses, a major QTL common to SP1, SP4, and SP6-1 was
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identified, and a selective DNA marker that can easily and
efficiently select resistant plants was developed. Additionally,
Yamamoto et al. (2020) have developed a novel GWAS method
for polyploid species that utilizes multiple-dose markers. With
this method, the allele dosage of each marker can be determined
using allele dosage probabilities calculated from the read counts
of the NGS data. This technique has been shown as effective in
the genetic analysis of autohexaploid sweetpotato.

In this study, we performed genetic mapping to identify
the genomic regions controlling SRKN-SP2 resistance in
sweetpotato. The aims of this study were as follows: (1) to
identify a large number of genome-wide SNPs using double-
digest restriction site-associated DNA sequencing (ddRAD-seq)
analysis; (2) to conduct genetic mapping using the novel GWAS
method and estimate the allele dosage probability for each SNP
marker calculated on the basis of read depth information from
the ddRAD-seq data; and (3) to develop highly selective DNA
markers for SRKN resistance based on the DNA sequence of
the identified genomic regions. This study presents an effective
method to identify genomic regions that control agronomically
important traits in sweetpotato and will help to guide future
genetic mapping in autohexaploid crop species.

MATERIALS AND METHODS

Plant Materials

The sweetpotato cultivars “J-Red” and “Choshu,” and an F;
mapping population consisting of 107 lines obtained by crossing
these two cultivars were used in this study. “J-Red” was developed
by crossing a high-starch, disease-resistant “Shiroyutaka” cultivar
as the female parent, and a high carotene “86J-6” cultivar
introduced from the United States, as the male parent. J-Red
is resistant to all SRKN races except SP8 (Sano and Iwahori,
2005; Tabuchi et al., 2017). “Choshu” is a domestic cultivar that
is susceptible to the SRKN races, SP1, SP2, SP3, SP4 SP6-1,
and SP6-2 (Tabuchi et al., 2017). Genomic DNA was extracted
from all plants using the DNeasy Plant Mini Kit according to
the manufacturer’s instructions (QIAGEN, Hilden, Germany).
The yield and quality of the extracted DNA was confirmed
using a NanoDrop 2000 instrument (Thermo Fisher Scientific,
Wilmington, DE, United States).

Resistance Evaluation

Southern root-knot nematode resistance was evaluated at
the National Agriculture and Food Research Organization,
Kyusyu Okinawa Agricultural Research Center (Miyakonojo
City, Miyazaki Prefecture). The resistance evaluation test was
performed using second-stage juveniles (J2) of M. incognita
according to the method developed by Tabuchi et al. (2017),
which is originally described by Sano and Iwahori (2005). The
juveniles of M. incognita were freshly prepared for each test as
follows: A 19-day-old seedling of a susceptible tomato cultivar
(Plitz) was inoculated in a 15 cm diameter pot containing
approximately 600 g of a seeding culture soil (Kenbyo, Yaenogei,
Japan) with approximately 6,000 J2 M. incognita, which remained
from the former resistance test. Plitz plants were cultivated in a

greenhouse at an average temperature of 25.5°C for 41-48 days.
The egg masses, formed by the nematodes on the tomato root
systems during cultivation, were picked up and placed on a cotton
filter partially submerged in water in a beaker at 24°C. In this
system, the J2 emerged from the egg masses, migrated through
the filter, and accumulated at the bottom of the beaker. The
cotton filter was transferred to a new beaker every 2-3 days,
and the previous beaker was kept at 13°C, which is close to the
developmental zero point for M. incognita (Gotoh et al., 1973). ]2
individuals were collected from three to five beakers and used for
a new resistance test.

Seedlings from each of the 107 lines of the F; sweetpotato
population and their parental cultivars were rooted in a
greenhouse at an average temperature of 25.5°C, and after 7-
10 days, a single node was collected by cutting approximately
1.5 cm of the vine. Two to six 9 cm pots containing approximately
200 g of mixed soil (Kenbyo:steam-sterilized andosol, 1:1) were
prepared for each line, and a single node cutting was planted.
After 3-4 days, 500 J2 (SP2) nematodes were inoculated into
each pot. Each pot was covered with a newspaper for the first
3 days after inoculation. After 35 days, the roots were washed,
egg masses were stained with a 0.02% erioglausin solution, and
the number of egg masses were counted. As described previously
(Sasai et al., 2019), we carried out resistance tests for at least
four plans in two replications (two plants per replication). When
the results of resistance or susceptibility were consistent among
plants, the resistance test of the F; line was considered complete.
When the results were different, we continued resistance tests to
obtain more accuracy. Finally, the resistance of F; progeny was
tested on 2-9 replications (4-18 plants for each line), and the
calculated average number of egg masses was used to determine
resistance. We used the number of egg masses per plant instead
of eggs masses per gram of root for the following reasons: (1)
In farmer’s fields, the number of egg masses per plant seems to
be more important than egg masses per gram of root. (2) The
number of egg masses per plant is more stable than that per
gram of root because the coefficient of variation of the former
is less than that of the latter in over 1,000 times resistance tests
(unpublished data). (3) Both values show high correlation (>0.92
unpublished data). Following previous studies (Nakayama et al.,
2012; Tabuchi et al., 2017; Sasai et al., 2019), we determined that
plants with fewer than 10 egg masses per plant were resistant,
and those with more than 10 egg masses were susceptible.
The number of resistant and susceptible plants were analyzed,
and a Chi-square goodness-of-fit test was performed with the
calculated and expected segregation ratios using Microsoft excel.

Genotyping With Double-Digest

Restriction Site-Associated DNA
Sequencing and Single Nucleotide
Polymorphisms Calling

Genotyping was performed using ddRAD-seq according to
previously described methods (Shirasawa et al., 2017; Sasai
et al, 2019). Genomic DNA was digested with Mspl and
PstI restriction enzymes (FastDigest Enzymes, Thermo Fisher
Scientific, Waltham, MA, United States), and adaptor ligation
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and purification were performed to prepare the ddRAD-seq
library (Shirasawa et al., 2017). The ddRAD-seq library was
sequenced using HiSeq4000 and NextSeq500 systems (Illumina,
San Diego, CA, United States) and DNBSEQ-G400 (MGI,
Shenzhen, China). The paired-end short reads with a read length
of 150 bp were analyzed using the following procedure: first,
they were trimmed based on the quality score (QV > 30) and
the adapter sequence (5-AGATCGGAAGAGC-3’) was removed
using Cutadapt (version 2.8) (Martin, 2011). During this process,
the minimum read length was set to 30 bases to obtain high-
quality reads. Due to the absence of a pseudomolecule-level
reference genome sequence for cultivated hexaploid sweetpotato
(I. batatas), reads were then aligned to the whole genome
sequence of L trifida (Wu et al., 2018) using Bowtie2 (version
2.3.0) software (Langmead and Salzberg, 2012). The parameters
were set to “-very-sensitive-local” mode for alignment. SNP
calling was performed using the “mpileup” option in SAMtools
v. 0.1.19 (Li et al., 2009) and the mpileup2snp option of VarScan
2 v.2.3 (Koboldt et al., 2012). The ddRAD-seq reads were under
the accession number DDBJ: DRA013144.

Allele Dosage Estimation and

Association Analyses
The allele dosage estimation and association analyses were
performed in accordance with an analytical method detailed in
Yamamoto et al. (2020). Briefly, this method estimates allele
dosage of polyploids by calculating the allele dosage probability
using read count information in the NGS data. Here, allele dosage
refers to the dosage of the reference genome-type allele for each
SNP locus. For hexaploid species, the possible allele dosage states
were 0/6 (aaaaaa), 1/6 (Aaaaaa), 2/6 (AAaaaa), 3/6 (AAAaaa),
4/6 (AAAAaa), 5/6 (AAAAAa), and 6/6 (AAAAAA). For the
allele dosage estimation, the produced VCF file was loaded into
the R platform via “read.vcfR” in vcfR (version 1.12.0) (Knaus
and Griinwald, 2017). Information on the depths of the total
(DP) and reference type (RD) reads were extracted from the
VCEF file using “extract.gt” in vcfR. High read depth is required
for the accurate genotyping of polyploid species when compared
with diploids. For example, a DP of 60-80 was recommended to
distinguish between the genotypes for tetraploid species (AAAA,
AAAa, AAaa, Aaaa, aaaa) (Uitdewilligen et al., 2013; Endelman
et al., 2018). In this study, the minimum DP was set to 200
for accurate genotyping in the hexaploid sweetpotato; thus,
individual genotypes with DP < 200 and DP > 1,000 were filtered
out from further analyses. In addition, markers with missing
values > 0.5 and major genotype frequency (MGF) > 0.95
were filtered out.

For the allele dosage estimation, we used the naive method.
The probability (Pr) of dosage for a given DP and RD was
calculated using the binomial distribution function, as follows:

Pr (Dosage = d;) = ppCrp X P x (1 — ry)PP=RP

where r; is the theoretical value of the allele dosage d (i.e., 0/6-6/6)
in the individual i. The relative probability (RPr) of the reference
type allele dosage for each SNP marker was calculated using the

following formula:

RPr (Dosage = d,-) = Pr (Dosage = d;)/ Z Pr (Dosage = d;)

1

The calculation was performed using the R script
“alleleDosageEstimation.R.” In the actual data, the theoretical
probabilities r may deviate owing to errors caused in the
experimental procedure. Therefore, the probability of allele
dosage in the real data was calculated by including an unknown
error probability of 0.001 using the option “read.err.prob’ in
“alleleDosageEstimation.R.” A matrix was obtained for each SNP
marker, with individuals and the relative probabilities of the
reference allele dosage calculated by the above equation as row
and column elements, respectively.

The association study was performed in R (version 3.6.2)
using the R script “alleleDosageGLM.R.” The number of egg
masses was standardized by logarithmic transformation. After
adding 1 to the average number of egg masses in each line,
the resistance score was calculated by taking the common
logarithm and used for GWAS. The four F; lines JC5, JC22,
JC57, and JC119 were excluded from further analyses because
their resistance scores were not stable. In addition, JC2 was
also excluded from further analyses because its genomic DNA
was not available for genotyping with ddRAD-seq. Therefore,
the F; population used for the GWAS included 102 lines.
The association between marker genotypes and phenotypes was
investigated using a generalized linear model (GLM). GLM fitting
was performed using “glm” in R (R Core Team, 2020). The
augmented family functions “binomial” and “gaussian” were used
for binary and continuous traits, respectively. The likelihood-
ratio test for the SNP effect was performed using “pchisq” in
R (R Core Team, 2020) with deviance and degrees of freedom
from each GLM as arguments. The R package used in the
analysis in this study is available at https://github.com/yame-
repos/ngsAssocPoly. Statistical testing was performed using a
Wilcoxon rank sum test. The “Wilcox.exact” function was used
in the R package “exactRankTests.”

Development of Selective Markers

Selective markers were developed to distinguish between J-Red
and Choshu types based on the target SNPs identified by the
GWAS. We obtained the chromosomal positions of target SNPs
in the diploid reference genome of I trifida (Wu et al., 2018).
PCR primers were designed according to a previously described
method (Hayashi et al., 2004). In this method, the target SNP
was used as the base at the 3’ end of the primer, and an artificial
mismatch was inserted three bases upstream. When designing the
primers, the bam files obtained by aligning the short reads of the
parents with the reference sequence of I. trifida were visualized
using an Integrative Genomics Viewer (IGV) (Robinson et al,,
2011), and the sequence information around the target SNP
was extracted. If the sequence around the target SNP was not
sufficiently covered by the short reads of the ddRAD-seq, the
sequence around the SNP was determined by Sanger sequencing
after TA cloning of the amplicon with the TOPO TA cloning
kit according to the manufacturer’s instructions (Invitrogen,
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FIGURE 1 | Frequency distribution for the mean number of SP2 Meloidogyne
incognita egg masses in the F1 population derived from a cross between
resistant “J-Red” and susceptible “Choshu” sweetpotato cultivars. Black and
white arrows indicate the values of J-Red and Choshu, respectively.

Carlsbad, CA, United States). Genotyping was performed using
primers designed based on the target SNPs. The primers for the
positive control were designed based on the SSII gene. The PCR
solution contained 10 ng of DNA, 1.0 pL of 10 x PCR Buffer,
0.8 L of ANTPs (2.5 mM each), 0.25 units of TAKARA Taq Hot
Start Version, and 0.2 L each of the forward and reverse primers
(50 wM), adjusted to a total volume of 10 pwL. The reaction
conditions were as follows: initial denaturation at 94°C for 2 min,
followed by 30 cycles of denaturation at 94°C for 10 s, annealing
at 60°C for 10 s, and extension at 72°C for 30 s. Amplified
products were visualized using electrophoresis on a 1.5% agarose
gel (BioRAD, Hercules, CA, United States).

RESULTS

Phenotyping for Nematode Resistance

Resistance to SRKN was evaluated by measuring the number
of egg masses formed in the sweetpotato roots 35 days after
inoculation with 500 nematodes. The results for the SRKN
resistance tests in the F; population and their parents are shown
in Figure 1 and Supplementary Table 1. The average number of
egg masses was 1.3 and 192.0 in the resistant parent “J-Red” and
the susceptible parent “Choshu,” respectively, which indicated
that there was a large difference in the resistance between the
parental cultivars. The results of the frequency distribution of
resistance in the F; population showed a few lines with fewer
egg masses than “J-Red” and a few lines with more egg masses
than “Choshu,” and transgressive segregation was observed.
The threshold for the number of egg masses that distinguishes
resistance and susceptibility was set to 10 with previous studies
(Nakayama et al., 2012; Tabuchi et al., 2017; Sasai et al., 2019), and
the number of resistant and susceptible lines in the F; population
was determined to be 32 and 71, respectively. The ratio of
the number of resistant and susceptible F; lines corroborated
with the expected 1:3 segregation ratio (x> = 2.023, P = 0.155).
In hexaploid species, if one parent has a genotype with two

dominant loci of the simplex allele (AaaaaaBbbbbb) and the other
parent has a nullplex (aaaaaabbbbbb) genotype, “AaaaaaBbbbbb,”
“Aaaaaabbbbbb/aaaaaaBbbbbb” and “aaaaaabbbbbb” genotypes
were expected to segregate at a ratio of 1:2:1 in the
F; progeny. Therefore, the genotypes with both dominant
loci (AaaaaaBbbbbb) and other genotypes (Aaaaaabbbbbb or
aaaaaaBbbbbb or aaaaaabbbbbb) were expected to segregate at a
ratio of 1:3 in the F; progeny. Here, since the segregation ratios
of resistant and susceptible F; lines were fitted to 1:3, resistance
to SP2 should be regulated by two loci present in a simplex allele.

Association Analyses

Genome-wide SNPs were identified using the ddRAD-seq
library, which generated a total of 1,887 million reads. After
preprocessing, 1,771 million high-quality reads were obtained.
The number of reads obtained from the parental cultivars and
F) lines is shown in Supplementary Table 2. The high-quality
reads were aligned to the whole genome sequence of I. trifida
using Bowtie 2 software and produced an average alignment
rate of 94.6% for all plants. The alignment rates in the parental
cultivars and F; lines are shown in Supplementary Table 3.
A total of 406,720 SNPs was detected using Varscan. The average
read depth at this point was 53.9. In the present study, the
minimum DP was set to 200 for the accurate genotyping of
hexaploid sweetpotato. The allele dosage probability for each
marker was calculated based on the read depth information from
the ddRAD-seq genotyping data. After filtering the SNPs with the
minimum DP set to 200, the average DP of the SNPs was 224.4.
GWAS was performed using the remaining 46,788 SNPs. As a
result, the highest peak was detected on chromosome 07 (Chr07),
and the second highest peak was detected on chromosome 03
(Chr03) (Figure 2).

Investigating the Effects of the Identified

Loci

The effects of the two identified loci (on Chr03 and Chr07)
on SRKN resistance were examined. The SNP marker for
Chr07_1778460 was most associated with resistance on
chromosome 7 (P = 4.671E-06). In the Chr07_1778460 marker,
the resistant parent “J-Red” and the susceptible parent “Choshu”
showed the genotypes of Aaaaaa (simplex) and aaaaaa (nullplex),
respectively (Figure 3). Here, “A” represents a nucleotide
that is identical with that of the reference sequence, while “a”
represents a nucleotide that is different from that of the reference
sequence. The total number of F; lines used to investigate the
effects of the identified loci was 102 since five lines were not
available (see section “Materials and Methods”). Among the F,
population, the genotypes of eight lines with DP values < 200
were not determined. As a result, the F; mapping population
was classified into 43 and 51 lines for the J-Red (Aaaaaa) and
Choshu (aaaaaa) types, respectively (Supplementary Table 4). In
the F; mapping population, the lines with the J-Red genotypes
were distributed on the resistance side (Figure 3), and 20 of
these 43 lines (46.5%) showed resistance (<10 egg masses in
the resistance test). The average number of egg masses was
30.8 and 69.3 in the J-Red and Choshu types, respectively,
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FIGURE 3 | Frequency distribution of the mean number of egg masses on F lines grouped by genotype, based on the Chr07_1778460 SNP. Histograms with black
and light gray indicate J-Red and Choshu genotype plants, respectively.
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FIGURE 4 | Frequency distribution of the mean number of egg masses on Fy lines grouped by genotype, based on the Chr03_18847788 SNP. Histograms with
black and light gray indicate J-Red and Choshu genotype plants, respectively.

showing a significant difference at the 0.1% level between Chr03_18847788 was strongly associated with resistance on
the two genotypes (P = 3.763E-05, Wilcoxon rank sum test; chromosome 3 (P = 1.209E-04). In the Chr03_18847788 marker,
Supplementary Figure 1). Subsequently, the SNP marker for J-Red and Choshu showed the genotypes of Bbbbbb (simplex)
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and bbbbbb (nullplex), respectively. Here, “B” represents a
nucleotide that is identical with that of the reference sequence,
while “b” represents a nucleotide that is different from that of
the reference sequence. In the F; population, the genotypes of
nine lines with DP values < 200 were not determined. As a
result, the F; mapping population was classified into 46 and
45 lines for the J-Red (Bbbbbb) and Choshu (bbbbbb) types,
respectively (Supplementary Table 5). Only two lines (JC159
and JC132) showed genotypes that were unlikely to emerge from
their parents. Similar to the marker on Chr07_1778460, the lines
with the J-Red genotypes (Bbbbbb) were unevenly distributed
on the resistance side (Figure 4). Among the 46 lines with the
J-Red genotype, 22 lines (47.8%) showed resistance. The average
number of egg masses was 33.5 and 64.3 for the J-Red and
Choshu genotypes, respectively, showing a significant difference
at the 0.1% level between the two genotypes (P = 1.530E-04,
Wilcoxon rank sum test; Supplementary Figure 1).

The combined effects of the two loci, Chr07_1778460
(Aaaaaa) and Chr03_18847788 (Bbbbbb) on resistance were then
investigated. The F; mapping population was divided into four
groups: 23 lines with the genotype combination of Aaaaaa (J-
Red type) and Bbbbbb (J-Red type), 18 lines with the genotype
combination of Aaaaaa (J-Red type) and bbbbbb (Choshu type),
20 lines with the genotype combination of aaaaaa (Choshu
type) and Bbbbbb (J-Red type), and 25 lines with the genotype
combination of aaaaaa (Choshu type) and bbbbbb (Choshu type)
(Figure 5 and Supplementary Table 6). The average number
of egg masses for the lines in each genotype combination was
8.7, 62.1, 63.6, and 70.4, respectively (Figure 5). The number
of egg masses on lines showing the J-Red type with both SNP
markers was significantly lower than that of lines showing other
genotype combinations (significant difference at the 0.1% level
on Bonferroni-corrected Wilcoxon rank sum test; Figure 5). In
addition, the average number of egg masses for Aaaaaa (J-Red
type) and Bbbbbb (J-Red type) was 8.7, which was below the
resistance threshold of 10. Among the 23 lines with the Aaaaaa
(J-Red type) and Bbbbbb (J-Red type) genotype, 16 (69.6%)
showed resistance. The rate of resistance was 46.5 and 47.8%
for the J-Red type of Chr07_1778460 and Chr03_18847788 SNP
markers, respectively. These results suggest that the lines with
resistance against SP2 could be selected with a higher probability
by combining two loci than by using a single locus.

Development of Selective Markers

J-Red derived (Chr07_1778460 and Chr03_18847788) SNPs were
used to design genotyping PCR primers to assess SRKN-SP2
resistance. For designing PCR primers, we extracted the sequence
information around the target SNPs based on the ddRAD-seq
reads aligned to the I trifida reference sequence. Since the
sequence around the Chr07_1778460 SNP was not sufficiently
covered by the short reads of the ddRAD-seq, the sequence
around the SNP was determined by Sanger sequencing. The
primer sequences are shown in Supplementary Table 7. A clear
single band was observed in J-Red, but not in Choshu, for both
Chr03 and Chr07 SNPs (Figure 6). Consequently, we used these
primers to genotype the parental cultivars and 103 F; lines
(Figure 6 and Supplementary Figure 2). The total number of

F; lines used for genotyping with SNP-derived PCR primers
was 103 because JC2 was available for this experiment. Using
a marker designed to target the Chr03-derived SNP, the PCR
product obtained was 749 bp. The presence or absence of the PCR
band was 100% consistent with the genotype information. Of the
55 lines identified as J-Red type on the Chr03 SNP, 25 exhibited
resistance (45.5%). Using a marker designed to target the Chr07-
derived SNP, the PCR product obtained was 311 bp. As for Chr03,
the presence or absence of the PCR band was 100% consistent
with the genotype information. Of the 48 cultivars identified as
J-Red type on the Chr07 SNP, 23 exhibited resistance (47.9%).
Of the 27 cultivars that showed the J-red type at both Chr03 and
Chr07 loci, 19 showed resistance (70.4%). Thus, it was shown that
resistant plants could be selected with a high probability using
two selective markers.

DISCUSSION

In this study, we assessed SRKN-SP2 resistance in sweetpotato
using a novel GWAS method for polyploids based on allele
dosage probability. Because the SRKN causes serious damage
to the appearance, quality, and yield of sweetpotato, the
development of SRKN-resistant cultivars/lines has been required.
However, owing to the complexity of polyploid inheritance and
the highly heterogeneous genomic composition of sweetpotato,
genetic studies of this crop lag far behind those of major
diploid crop species. The segregation ratio of resistant and
susceptible lines in the F; population suggested that resistance
to SP2 is regulated by two loci in a single dose. GWAS analysis
identified the two loci on Chr07 and Chr03, and selective
DNA markers were developed based on the identified SNPs.
Our results demonstrated that when two selective SNP-derived
markers were used, resistant plants could be selected with a high
probability (~70%).

Since J-red shows resistance to the SRKN races SP1-9 (except
SP8), it can be used as a resistant parental cultivar to identify
the genetic regions associated with resistance for most SRKN
races. In our previous study, we performed genetic analysis on
SP1, SP4, and SP6-1 to identify the genetic regions controlling
resistance and develop selective DNA markers (Sasai et al., 2019).
For these three races, resistant and susceptible lines in the F;
population segregated in a 1:1 ratio. Therefore, it was suggested
that one major QTL in simplex determined the resistance. As
expected, one major QTL common to the three races present
in the simplex was detected (Sasai et al, 2019). In contrast,
for the SP2 race targeted in this study, the segregation ratio of
resistance and susceptible lines in the F; population was 1:3.
This suggests that resistance to this race is regulated by two
loci present in simplex. However, because the segregation ratio
is close to 1:4, there is a possibility of regulation by one locus
present in a duplex manner. Since the population size used in
this study is relatively small for hexaploids (~ 100 lines), it was
difficult to clearly predict whether resistance to SP2 is controlled
by two loci present in simplex or one locus present in duplex
based on the segregation ratio. The association analysis showed
that resistance to the SP2 race was controlled by two loci in
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simplex. For further confirmation, GWAS was performed using
only simplex SNPs showing a simplex segregation ratio according
to a previous method (Sasai et al., 2019). The segregation ratio
of the SNPs in the F; population was calculated, and SNPs
fitted to the expected segregation ratio of the single dose were
extracted based on a Chi-square goodness-of-fit test (P > 0.01).
Simplex markers that are present in one parent and are absent
in the other parent segregate at a 1:1 ratio, and double simplex
markers that are present in both parents segregate at a 1:3
ratio (Supplementary Table 8). GWAS was performed using the
selected simplex SNPs with Tassel version 5.0 (Bradbury et al,
2007). The total number of SNPs selected to be present in simplex
for both parents (double simplex) or simplex for one parent

was 33,886 (Supplementary Table 8). GWAS using these SNPs
generated peaks in Chr07 and Chr03 (Supplementary Figure 3).
Because GWAS peaks were detected at the same loci using two
completely independent analytical methods, the results of this
study were considered reliable.

Several studies have presented genetic analyses on nematode
resistance in sweetpotato. Nakayama et al. (2012) conducted
genetic analysis of SP2 race using AFLP markers and developed
SCAR markers associated with resistance. A major QTL [gRmi(1)]
associated with resistance to SP1 and SP2 was detected. At
that time, the reference genome for I trifida had not been
deciphered, and the chromosomal position of this QTL was
unknown. However, we have determined that it is unlikely to
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be one of the QTLs identified in our study. The reasons for this
are as follows: First, in the 2012 study, resistant and susceptible
lines segregated in a 1:1 ratio in the F; population of “Hi-starch”
and "Koganesengan,” and one locus was identified. In contrast,
in the present study, resistant and susceptible lines segregated
in a 1:3 ratio, and two loci were identified. Second, according
to Nakayama et al. (2012), the resistance to SP1 and SP2 in F;
was highly correlated (r = 0.8199), and a QTL common to SP1
and SP2 was detected, as expected. In contrast, the F; population
used in our study had a low correlation of resistance to SP1 and
SP2 (r = 0.5681), and a single QTL was detected for SP1, whereas
two QTLs were detected for SP2. When the primer sequences
designed based on the QTL identified by Nakayama et al. (2012)
were BLASTed to the reference sequence (I. trifida) used in our
study, most of them showed no hits or hits on chromosome
12 (E-value < le-2). Hence, the genomic regions controlling
resistance to SP2 race in the “Hi-Starch” and “J-Red” varieties are
probably different.

The analytical method used in our study has the advantage of
being relatively easy to use (Yamamoto et al., 2020). Currently,
various analytical tools such as MAPpoly and QTLpoly have
been developed for polyploid species, which use Mendelian
inheritance simplex markers as well as multiplex markers
(Mollinari and Garcia, 2019; da Silva Pereira et al., 2020;
Mollinari et al., 2020). Recently, Oloka et al. (2021) performed
QTL mapping for nematode resistance by constructing a high-
density linkage map with single- and multiple-dose SNPs and
indels. The authors utilized new bioinformatic tools developed
for sweetpotato improvement, such as GBSpoly, a genotyping
platform that modifies GBS to polyploid species; MAPpoly,
an R package for building linkage maps; and QTLpoly, an R
package for QTL mapping. A high-density integrated linkage
map was developed using a mapping population derived from
a cross between “Tanzania,” an African landrace cultivar, and
“Beauregard,” a major United States cultivar. A major QTL for
SRKN race 3 resistance was identified on linkage group 7 (LG7),
and the genotypes of the most significant markers associated
with resistance were duplex (A Aaaaa) for the resistant “Tanzania”
cultivar, and nulliplex (aaaaaa) for “Beauregard.” Oloka et al.
(2021) used the same reference sequence of . trifida (Wu et al.,
2018) used in our study, and interestingly, one major peak was
commonly detected on chromosome 7 (LG7) in both studies.
However, it is unclear whether SRKN race 3 from Oloka et al.
(2021) and SP3 used in this study are the same. In addition,
the genetic distance between resistance cultivars “Tanzania”
and “J-Red” is unknown. From these reasons, it cannot be
determined whether the QTLs identified in these studies are
consistent and/or derived from the same resistance gene. On
the other hand, the analytical methods used in their study were
useful for the identification of QTLs and investigation of their
effects in hexaploid sweetpotato. However, the analytical tool
used in our study is easy to use and can detect target regions
without constructing linkage maps, and the obtained results
are highly reliable. In general, linkage map construction for
polyploid species requires considerable time and computational
resources. In addition, when the size of the mapping population
is relatively small, it is extremely difficult to accurately calculate

the recombination values and marker distances. In contrast, the
GWAS method used in this study can identify the genomic
regions controlling agronomical traits in a short time (several
minutes), even with limited computer resources. Although the
loci identified in this study were in a single dose, this technique
can also be used to identify loci in multiplexes. Therefore,
it was determined that the method used in our analysis can
effectively detect QTLs and be used to develop DNA markers in
polyploid crop species.

The purpose of plant breeding is to produce excellent cultivars,
which requires continuous discovery of desirable genes and
pyramiding into breeding lines. Molecular markers linked to
a gene or loci of target traits have been effectively utilized in
breeding programs for cultivar development. In particular, the
importance of molecular markers associated with pest and disease
resistance is widely recognized, and such markers facilitate
the development of resistant cultivars/lines by marker-assisted
selection, which contributes to expanded cultivation areas and
increased yields. In this study, the selective DNA markers were
developed using the SNPs derived from J-Red resistant cultivar.
Using the two selective markers, we could screen resistant lines to
SRKN SP2 race with high efficiency (~70%). However, the utility
and effectiveness of these selective markers in other mapping
populations and cross combinations have not been validated.
In the near future, we aim to perform marker genotyping
and resistance evaluation using other mapping populations and
various sweetpotato cultivars/lines to validate the effectiveness
and utility of these selective markers. In addition, we plan
to perform comparative analysis with other tools, such as
MAPpoly and QTLpoly, and identify candidate genes using
RNA-sequencing analysis and transgenic experiments. Overall,
this study provides a model for identifying genomic regions
controlling agronomical traits and their effects in polyploid crop
species. Our study also serves as a resource describing useful
molecular tools for marker-assisted selection in sweetpotato
breeding programs.
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The novel nematicide chiricanine
A suppresses Bursaphelenchus
xylophilus pathogenicity in Pinus
massoniana by inhibiting
Aspergillus and its secondary
metabolite, sterigmatocystin

Jiayu Jia", Long Chen™, Wenjing Yu™, Shouping Cai?,

Shunde Su?, Xiangxi Xiao?, Xinghao Tang?, Xiangging Jiang?,
Daoshun Chen?®, Yu Fang?, Jinjin Wang®, Xiaohua Luo?®, Jian Li*,
Yunpeng Huang® and Jun Su™

!Basic Forestry and Proteomics Research Center, College of Forestry, Fujian Provincial Key Laboratory
of Haixia Applied Plant Systems Biology, Fujian Agriculture and Forestry University, Fuzhou, China,
2Fujian Academy of Forestry, Key Laboratory of National Forestry and Grassland Administration on
Timber Forest Breeding and Cultivation for Mountainous Areas in Southern China, Fuzhou, China,
SSilviculture Department, Shaxian Guanzhuang State-Owned Forest Farm, Sanming, China, “Institute
of Soil Fertilizer, Fujian Academy of Agricultural Sciences, Fuzhou, China, Forest Fire Prevention
Office, Forestry Bureau of Yuoxi County, Sanming, China

Introduction: Pine wilt disease (PWD) is responsible for extensive economic and
ecological damage to Pinus spp. forests and plantations worldwide. PWD is
caused by the pine wood nematode (PWN, Bursaphelenchus xylophilus) and
transmitted into pine trees by a vector insect, the Japanese pine sawyer (JPS,
Monochamus alternatus). Host infection by PWN will attract JPS to spawn, which
leads to the co-existence of PWN and JPS within the host tree, an essential
precondition for PWD outbreaks. Through the action of their metabolites,
microbes can manipulate the co-existence of PWN and JPS, but our
understanding on how key microorganisms engage in this process remains
limited, which severely hinders the exploration and utilization of promising
microbial resources in the prevention and control of PWD.

Methods: In this study we investigated how the PWN-associated fungus
Aspergillus promotes the co-existence of PWN and JPS in the host trees
(Pinus massoniana) via its secondary metabolite, sterigmatocystin (ST), by
taking a multi-omics approach (phenomics, transcriptomics, microbiome,
and metabolomics).

Results: We found that Aspergillus was able to promote PWN invasion and
pathogenicity by increasing ST biosynthesis in the host plant, mainly by
suppressing the accumulation of ROS (reactive oxygen species) in plant tissues
that could counter PWN. Further, ST accumulation triggered the biosynthesis of
VOC (volatile organic compounds) that attracts JPS and drives the coexistence of
PWN and JPS in the host plant, thereby encouraging the local transmission of PWD.
Meanwhile, we show that application of an Aspergillus inhibitor (chiricanine A
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treatment) results in the absence of Aspergillus and decreases the in vivo ST amount,
thereby sharply restricting the PWN development in host. This further proved that
Aspergillus is vital and sufficient for promoting PWD transmission.

Discussion: Altogether, these results document, for the first time, how the function
of Aspergillus and its metabolite ST is involved in the entire PWD transmission
chain, in addition to providing a novel and long-term effective nematicide for
better PWD control in the field.

KEYWORDS

aspergillus, host performance, Monochamus alternatus, nematicide, pine wilt disease,
pinewood nematode (Bursaphelenchus xylophilus), sterigmatocystin

1 Introduction

Pine wilt disease (PWD) has brought great economic and
ecological damage to Pinus spp. forests and plantations worldwide
(Zhao et al, 2014). PWD is caused by the pine wood nematode
(PWN) Bursaphelenchus xylophilus, which itself is transmitted by
vector insects, namely the Japanese pine sawyer (JPS) Monochamus
alternatus (Hu et al., 2013; Hirata et al., 2017; Carnegie et al., 2018;
Wu et al,, 2021). Infection with PWN will turn the host into a lure
that attracts JPS to spawn, this leading to the PWN and JPS co-
existing within the host pine tree, an essential precondition for
PWD transmission (Li et al., 2022). In the last decade, tremendous
effort has been expended towards developing effective strategies to
impair the co-existence of PWN and JPS and thereby suppress the
transmission PWD and potential outbreaks in stand. Microbes have
proven substantial advantages for long-term pest control (Wang
et al., 2017; Ponpandian et al., 2019; Cai et al., 2022; Pires et al.,
2022; Tian et al., 2022); however, their efficacy is strongly affected by
local environments and a highly structured microbial community,
as well as microbe-specific biochemical metabolites. Accordingly,
the high-efficiency use of microbes varies with different conditions,
being context-dependent (Chaudhary et al., 2023; Poppeliers et al.,
2023). Thus, exploring the biochemical basis enabling microbes to
interfere with PWN and JPS co-existence is crucial for their use in
effective long-term control of PWD.

Microbes are associated with PWN and play a crucial role in its
invasion and pathogenicity (Zhao et al., 2014; Feng et al.,, 2022). The
biological function of these PWN-associated microbes (PAM:s) has
been widely explored. Research has shown these PWN-PAM
interactions can be beneficial (a mutualistic relationship), harmful
(a parasitic/pathogenic relationship), or neutral (Zhao et al., 2014;
Proenca et al., 2017a; Proenca et al., 2017b; Feng et al., 2022). These
PAMs can also inactivate the PWN-induced resistance (mainly
through the accumulation of reactive oxygen species [ROS]) in host
pine trees, thus promoting the invasion and pathogenicity of PWN
through adjustments to the microbial community or its members’
metabolites, including pathogenic factors, exoenzymes, and toxic
secondary metabolites (Zhao et al., 2014; Li, 2018; Liu et al,, 2019;
Xue et al,, 2019; Zhang, 2021; Feng et al., 2022; Li et al., 2022). Yet,
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because of the complex structure and function of microbial
communities, our understanding of the key microorganisms and
their functions that affect the invasion and pathogenicity of PWN is
still limited. This greatly restricts the exploration and utilization of
potent microbial resources in the prevention and control of PWD.

After infection by PWN, the biosynthesis of volatile organic
compounds (VOCs) is strongly augmented in host pine trees, which
lures JPS for feeding and spawning (Cheng et al., 2005). Several such
VOC have been identified that are clearly capable of attracting JPS,
including o-pinene, B-pinene, B-phellandrene, myrcene, and other
terpene and sterols; some of them were successfully used to bait and
trap JPS in the field (Teale et al., 2011). Previous studies have shown
that PAM and host plant-associated microbes are directly or
indirectly involved in the biosynthesis of the above VOCs via
exoenzymes or metabolites (Alicandri et al., 2020). Hence, this
hints that these PWN- and host-associated microbes might also
affect the host preference of JPS, but this prospect warrants
further exploration.

Based on above-mentioned lines of evidence, we hypothesized
that a microbe can manipulate the co-existence of PWN and JPS
through its metabolites, to influence PWD transmission. In our
previous studies(Cai et al., 2022), by using metagenomic
sequencing, we identified the key microorganism in host pine trees
to be Aspergillus, whose abundance and activity are highly enriched
during a PWN invasion and positively correlated with the amount
and pathogenicity of PWN. Further, from correlations with metabolic
data, it is evident that the pivotal metabolite of Aspergillus species,
sterigmatocystin (ST), is highly induced by a PWN invasion, which
might be the biochemical basis enabling Aspergillus to facilitate PWN
invasion and pathogenicity. Given the above findings, the present
study employed phenotypic, genetic, metabolic, and microbiological
techniques to comprehensively clarify whether and how ST in the
host plant Pinus massoniana enhances PWN invasion and
pathogenicity; that is, by promoting host synthesis of VOC to
attract JPS adults and ultimately sustaining the coexistence of PWN
and JPS in their host, thus bolstering the transmission of PWD.
Meanwhile, we speculated and tested whether the application of
Aspergillus inhibitor (chiricanine A) could reduce the ST level in the
host, to thus suppress PWN invasion and pathogenicity (Cai et al,
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2022). The successful implementation of this project convincingly
demonstrates the intrinsic biochemical mechanism of how key
microorganisms, such as Aspergillus spp., are able to promote the
transmission of PWD, which should encourage exploration of its
application prospects in field settings.

2 Materials and methods
2.1 Plants and growth conditions

For the laboratory experiments, 2-year-old seedlings of P.
massoniana were harvested from a nursery garden in a Shaxian
Guanzhuang state-owned forest farm in Sanming, Fujian, China
(26.5603°N, 117.7455°E). They were placed in growth chambers
(light: dark = 16 h: 8 h, 70% humidity, 28°C in light and 24°C in
dark) for 2 months before the experimental treatments began.

The field experiments were carried out in the same state-owned
farm. This study area consisted of a 76-ha, 16-year-old pure P.
massoniana plantation, where the annual average temperature and
precipitation is 19.9°C and 1375.2 mm, respectively.

2.2 Inoculation of pine wood nematode

Adults of PWN were cultured as previously described (Cai et al.,
2022). 1 mL of a PWN inoculation solution (5000 individuals/mL)
was inoculated into P. massoniana seedlings as previously
described, with 15 replicates (individual plants) used in each
treatment. Double-distilled water served as the negative control.

2.3 Seedling injection with
sterigmatocystin, A. arachidicola, A.
sclerotioniger, and chiricanine A

Sterigmatocystin (cat no. 10048-13-2, Shanghai Yuanye Bio-
Technology Co., Ltd, Shanghai, China) was first dissolved in
methanol, to prepare a stock solution (1Img/mL), then diluted to
1/10, 1/100, and 1/1000 with methanol as the working solution.
These working solutions were separately injected into P.
massoniana seedlings (1 mL per individual), as previously
described (Xiang et al,, 2015). There was n = 15 per treatment,
and a methanol solution served as the negative control.

Aspergillus arachidicola (CBS117610) and A. sclerotioniger
(CBS115572) were ordered from the Westerdijk Fungal
Biodiversity Institute (https://wiknaw.nl/). Each was inoculated
separately into P. massoniana seedlings (1 mL per individual),
with n = 15 for each treatment and double-distilled water used as
the negative control.

Under laboratory conditions, 2-year-old P. massoniana seedling
were inoculated with PWN, then injected with a solution of 4 ppm
chiricanine A (cat no. B35217-5mg, Shanghai Yuanye Bio-
Technology Co., Ltd, Shanghai, China) and emamectin benzoate
(cat no. 155569-91-8, Merck, Shanghai, China). These solutions
were injected into P. massoniana seedlings (1 mL per individual) as

Frontiers in Plant Science

21

10.3389/fpls.2023.1257744

previously described (Xiang et al., 2015); n = 10 for each treatment,
for which a 4 ppm methanol solution served as the negative control.
Plant samples were harvested at 14 dpi, then stored at -80°C for
subsequent experiments. In the field testing chiricanine A and 2%
emamectin benzoate (EB) solution (PD20110688, Syngenta,
Shanghai, China) were used for the trunk injections. The
injection dose was based on the DBH of each tree (1 mL/cm).
High-pressure trunk drilling and injection equipment (cat no.
ZYJ15B, Greenman, Beijing, China) was used to apply the
injections, by following a standard protocol (dose injected into
stem at 1 m above the ground at a 45° angle).

2.4 Quantification of ROS accumulation in
the host plant P. massoniana

The ST-infected and negative control P. massoniana seedling
samples in the laboratory experiments were harvested at 14 dpi.
Their collected pine needles were immediately placed in liquid
nitrogen and stored in a -80°C refrigerator. Then the amounts of
ROS (cat no. ROS-1-Y, Comin Biology, Suzhou, China) and H,0,
(cat no. G0112W, Gris Biology, Suzhou, China) in these samples
were measured by following the standard protocols of the above two
kits. To ascertain differences among the means of the treatment
groups, a one-way analysis of variance (ANOVA) along with
Tukey’s test was employed.

2.5 Quantification of the relative PWN level

The amount of PWN in live plants was quantified by RT-qPCR
(real-time quantitative polymerase chain reaction). Whole 2-year-old
seedlings in the laboratory were used for the PWN quantification.
The total genomic DNA of each plant sample was extracted using the
MoBio PowerSoil DNA isolation kit (cat no.12855-50, MoBio, USA),
according to the manufacturer’s protocol. The quantity and quality of
DNA were measured on a NanoDrop 2000 photometer (Thermo
Fisher Scientific, USA), with DNA integrity determined by 1%
agarose gel electrophoresis. The extracted DNA was then stored at
-80°C until further use. Quantitative PCR were conducted using
PWN-specific primers and a host-specific primer (one transcript
from P. massoniana as the internal control) (Table 532), by using the
Hieff ™ qPCR SYBR Green Master Mix (Low Rox Plus, cat no.
11202ES08, Yeasen, Shanghai, China) on a QuantStudio 6 Flex PCR
(ABI). The qPCR signals were normalized to those of the reference
gene PST in pine trees, by applying the 224" method (Fang et al.,
2023). Biological triplicates with technical triplicates were used. One-
way analysis of variance (ANOVA; Tukey’s test) was performed to
determine the differences among groups.

2.6 Quantification of plant defense genes
and aflR of Aspergillus spp.

Total RNAs were isolated from P. massoniana seedlings at 14
dpi by using the Trizol reagent (cat no. 15596026, Invitrogen, CA,
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USA). Each sample of total RNA (1 mg) was reverse transcribed by
the PrimeScript' " RT reagent Kit with gDNA Eraser (cat no.
RRO47A, Takara, Japan). The resistance genes examined were the
same as those investigated in our previous study (Cai et al., 2022).
The aflR gene was extracted and searched by BLAST in the
available genomes of the Aspergillus series at Genome/NCBI
(https://www.ncbinlm.nih.gov/genome). The sequences extracted
from these genomes were aligned and consensus sequence used to
design the primers online in Primer3 Plus (https://
www.primer3plus.com). All the gene-specific primers used in this
assay are listed in Table S32. RT-qPCR was carried out to quantify
the gene expression level (as described in section 2.5). One-way
analysis of variance (ANOVA; Tukey’s test) was implemented to
determine the differences among the means of treatment groups.

2.7 Metabolome sequencing and analysis in
the host plant P. massoniana

Sample preparation went as described in section 2.3, with three
technical replications used. The metabolites were then extracted
from each sample by following a previously described protocol (De
Vos et al., 2007). The Ultra High Performance Liquid
Chromatography (UHPLC) separation was carried out using an A
Dionex Ultimate 3000 RS UHPLC (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an ACQUITY UPLC HSS T3
column (1.8 um, 2.1x100 mm, 186009468, Waters, Milford, USA)
by the Oebiotech Company (Shanghai, China). Set to a flow rate of
0.35 mL/min, the mobile phases were 0.1% formic acid in water (A)
(A117-50, Thermo Fisher Scientific, Waltham, MA, USA) and 0.1%
formic acid in acetonitrile (B) (A998-4, Thermo Fisher Scientific,
Waltham, MA, USA). The column temperature was set to 45°C,
while the auto-sampler temperature was set to 4°C, and the
injection volume was 5 UL (Chen et al., 2007; Theodoridis et al.,
2008). Ensuing data were trimmed from different samples to
distinguish the insect-induced metabolites. Next, commercial
databases, including the Kyoto Encyclopedia of Genes and
Genomes (KEGG; http://www.kegg.jp) and MetaboAnalyst
(https://www.kegg.jp/) were utilized to search for
‘metabolitepathways’ (https://www.genome.jp/kegg/pathway.html).

2.8 Metagenome sequencing and analysis

For the microbiota within host pine tree, whole seedlings of P.
massoniana (n = 5, containing PWN) after 14 dpi under the ST
treatments were crushed in liquid nitrogen for their respective total
DNA extraction, followed by metagenomic sequencing and
analysis, as previously described (Bolger et al., 2014; Cai et al,
2022). Total genomic DNA was extracted from each sample by
using the MoBio PowerSoil DNA Isolation Kit (12855-50, MoBio,
United States) as per the manufacturer’s protocol. The DNA
quantity and quality were measured on a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, United States). This
DNA was then sheared to 300-bp fragments by a Covaris ultrasonic
crusher. To prepare each sequencing library, those fragments were
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treated by end repair, A tailing, and ligation of Illumina compatible
adapters. Next all DNA sequencing libraries were deep-sequenced
on an Illumina HiSeq platform at the Allwegene Company (Beijing,
China). After every run, the image analysis, base calling, and error
estimation were carried out using Illumina Analysis Pipeline v2.6.
Quality control of the raw data, including the removal of adapter
sequence and low-quality reads, was performed using
Trimmomatic. High-quality sequences were compared with NR
database and classified into different taxonomic groups, using the
DIAMOND tool (Buchfink et al., 2015). Then MEGAHIT (Li et al.,
2015) was used to assemble the sequencing data, and the contigs
were annotated with Prodigal software (Hyatt et al., 2012) to predict
the open reading frames (ORFs). After that, CD-HIT software (Li
et al,, 2001) constructed the non-redundant gene set. To compare
the sequencing data with the non-redundant gene set, Bowtie
(Langmead et al, 2009) was used, after which the abundance
information of genes in the different samples was counted.

2.9 Volatile organic compound sequencing
and analysis

For the VOC within the host pine tree, whole seedlings of P.
massoniana (n = 5, with PWN) at 14 dpi under the ST treatments
were examined, as previously described (Fang et al., 2023). First, 500
mg (1 mL) of sample powder was transferred immediately into a 20-
mL headspace vial (Agilent, Palo Alto, CA, USA) that contained an
NaCl-saturated solution, to inhibit any enzyme reactions. These
vials were sealed using crimp-top caps with TFE-silicone headspace
septa (Agilent). During the Solid Phase Microextraction (SPME)
analysis, each vial was placed accordingly at 60°C for 5 min, then a
120 pm DVB/CWR/PDMS fibre (Agilent) was exposed to the
headspace of a given sample for 15 min (also at 60°C).

After completing that sampling procedure, desorption of VOCs
from the fiber coating was performed in the injection port of the GC
apparatus (Model 8890; Agilent), at 250°C for 5 min, in the splitless
mode. The identification and quantification of VOCs was carried
out using an Agilent Model 8890 GC and a 7000D mass
spectrometer (Agilent). The selected ion monitoring (SIM) mode
was used for the identification and quantification of analytes by MS.
The ensuing identified metabolites were annotated using KEGG
Compound database (http://www.kegg.jp/kegg/compound/);
annotated metabolites were then mapped to the KEGG Pathway
database (http://www.keggjp/kegg/pathway html). Pathways with
significantly regulated metabolites mapped to them were then fed
into MSEA (metabolite sets enrichment analysis), whose
significance was determined by hypergeometric test’s P-values.

2.10 Insect host preference and diet
quantification assay

Adults of JPS were collected from an experimental population
reared at the Fujian Agriculture and Forestry University, Fuzhou,
China. All experiments using them, as described below, were
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conducted in a growth chamber (light: dark = 12 h: 12 h, 70%
humidity, 25°C).

The host performance assay was done as described in a previous
study(Geneau et al,, 2013), albeit with some minor changes. Healthy
and vigorous JPS were collected and starved for 24 h before starting the
treatments, using a total 18 JPS adults per treatment (9 males, 9
females). Entire P. massoniana seedlings that had been inoculated with
ST or 4 ppm methanol solution were the experimental odor source or
negative control, respectively. Biological triplicates with technical
triplicates were used. The performance of JPS on the host pine plants
was expressed as an attraction ratio: [no. of choices by JPS/total no. Of
JPS adults] * 100%. To determine statistical differences between
treatment groups, first a Kruskal-Wallis test was applied, and then
pairwise comparisons were made using multiple Mann-Whitney tests.

The diet of JPS adults was quantified as the consumed area of P.
massoniana bark by these insects. Healthy and vigorous JPS
individuals were collected and starved for 24 h before starting the
treatments. A total of 12 JPS adults (6 males, 6 females) were used
per treatment. Fresh 2-year-old P. massoniana seedlings from the
various treatments were fed to the JPS for 3 days; then, the feeding
area of the JPS was rubbed with transparent sulfuric acid paper, and
this measured on grid coordinate paper. One-way analysis of
variance (ANOVA; followed by Tukey’s test) was performed to
determine the differences among the means of treatment groups.

All the JPS adults from the same treatment of each diet
quantification assay were pooled into a single sample, crushed in
liquid nitrogen, and divided into three equal aliquots for further
analysis. The activities of exo-fB-1,4-glucanase/cellobiose hydrolase
(cat no. GO0533W, Gris Biology, Suzhou, China), endo-$-1,4-
glucanase (cat no. G0534W, Gris Biology, Suzhou, China), and (-
glucosidase (cat no. G0535W, Gris Biology, Suzhou, China) in each
sample were measured by following the standard protocols of
corresponding kits. One-way analysis of variance (ANOVA;
Tukey’s test) was implemented to determine the differences
among the means of treatment groups.

3 Results

3.1 Sterigmatocystin increases PWN
pathogenicity by suppressing ROS
accumulation in P. massoniana

Previous results shown that sterigmatocystin (ST) is highly
positively associated with the pathogenicity of PWN. Here, we
speculated that ST functions during the PWN invasion and
pathogenic process (Figure 1A). First, after PWN invasion, the ST
level was highly induced (5.2 times, P < 0.01). Different concentrations
(0.1 mg/mL, 0.01 mg/mL, 0.001 mg/mL) of the exogenous ST treatment
applied to PWN-carrying P. massoniana (PCP) could significantly (P <
0.05) increase the PWN amount in the host, by 9.6, 6.6, and 4.6 times,
respectively (Figure 1B). Further, the death rate of host plants was
measured at 2 months post-treatment with respect to different
concentrations of ST (Figure 1C). Evidently, the death ratio was
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positively correlated with the exogenous ST amounts; hence, ST could
enhance the pathogenicity of PWN. We also measured the ROS level in
PCP under the three ST treatments, finding that the rate of ROS
(Figure 1D) as well as H,O, (Figure 1E) production in PCP was
significantly reduced by ST (P < 0.05) and negatively correlated (P <
0.01) with the exogenous ST concentration; this weakened resistance in
PCP, thus benefiting the PWN invasion and pathogenic process.
Further multi-omics (transcriptomics, microbiomes, and metabolic)
data revealed that ST was capable of suppressing ROS accumulation
through the regulation of a vast array of related genes (c60547.graph_c0,
c82953.graph_c0, c64867.graph_c0, c68789.graph_c0, c81022.graph_c0),
microbes (Cladophialophora, Penicillium, Trichoderma, Achromobacter,
Chitinophaga, and Flavobacterium), and metabolites (maltotriose, 1-
hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine
and myo-inositol) (Figure 1F). We also explored the ST-regulated
metabolites from metabolic data. They were mostly enriched in
arachidonic acid metabolism, flavonoid biosynthesis, phenylpropanoid
biosynthesis, nucleotide metabolism, and Cyprinus carpio (common
carp) pathways; this suggested secondary metabolites, ST inhibitors
(stilbenoid), and VOCs (phenylpropanoids) were highly negatively (P =
0.021, r = -0.979), positively (P = 0.006, r = 0.994), and positively (P =
0.012, r = 0.989) correlated with the ST concentration, respectively
(Figure 1G). Also, the richness of several genera of microbes
(Enterobacter, Klebsiella, Pelagivirga, Herbaspirilum, Staphylococcus,
Pseudovibrio, Rhizophagus, Cronobacter, Acinetobacter,
Achromobacter) was correlated with the ST concentration, and most
of them were predicted to regulate the VOC and flavonoid biosynthesis
(Supplementary Figure S1).

3.2 Sterigmatocystin increases VOC
accumulation in P. massoniana to attract
Monochamus alternatus

VOCs have been proven to determine the host preference of JPS
(Yan et al, 2008; Wang et al., 2016). Accordingly, here we first
quantified the VOC amount of P. massoniana under each exogenous
ST treatment. The latter significantly increased the total VOC
amount within P. massoniana by 212, 182, and 105 times when
compared to the negative control, respectively (P < 0.001; Figure 2A).
Also, for 10 VOCs (trans-anethole; acetophenone, 4’-hydroxy-;
humulene; niacinamide; 4a(2H)-naphthalenol, octahydro-4,8a-
dimethyl-,(4.alpha.,4a.alpha.,8a.beta.)-; 6-octen-1-ol,3,7-dimethyl-,
(R)-; alpha-pinene; butanoic acid,3-hydroxy-3-methyl-; phenol;
beta-myrcene), their amounts were positively correlated with the
ST concentration, including three reported JPS-attracting VOCs
(acetophenone, alpha-pinene, beta-myrcene) (Li et al., 2015; Zhang,
2016) (Figure 2B). These results led us to speculate whether the
exogenous ST treatment can lure JPS adults. So we conducted an
olfactory experiment, which showed that exogenous ST treatment
can significantly (P < 0.05) promote the selective ratio of JPS adults to
the host pine tree, and that ratio increased with a higher ST
concentration (Figure 2C). Host performance of insects were based
on that this behavior is benefit to themselves (Li et al., 2007; Zhu et al.,
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Sterigmatocystin (ST) increases Pinewood nematode (PWN) pathogenicity by suppressing ROS accumulation in Pinus massoniana. (A) Relative ST
concentrations in the host plant P. massoniana quantified before (PWN(-)) and after (PWN(+)) invasion by PWN. The seedlings were inoculated with
an equal amount of PWN (5000 individuals), followed by 0.1 mg/mL (ST_H), 0.01 mg/mL (ST_M), 0.001 mg/mL (ST_L) or a 0 mg/mL (ST(-)) of ST as
the treatment, after which the (B) relative PWN amount, (C) death rate, (D) rate of ROS production, and (E) rate of H,O, production were quantified
at 14 days post-infection. Data shown is the mean + standard deviation (SD). (F) Correlations between ST and their correlated ROS, transcripts,
microbes, and metabolites. Metabolite pathways of P. massoniana as induced by ST with a highly correlated concentration. Different lowercase
letters above bar columns show significant differences between treatments at P < 0.05, based on a one-way ANOVA, with multiple comparisons
made using Tukey's test. G1-G5 denote different transcripts (c60547.graph_c0, c82953.graph_c0, c64867.graph_c0, c68789.graph_c0,
c81022.graph_c0); Mb1-Mb6 correspond to different microbial genera (Cladophialophora, Penicillium, Trichoderma, Achromobacter, Chitinophaga,
and Flavobacterium); Mtl-Mt3 indicate different metabolites [maltotriose, 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-
phosphoethanolamine, and myo-inositol]. (G) KEGG enrichment map of metabolic pathways of metabolites found significantly related to ST. The
abscissa represents the impact of each pathway and the ordinate represents the pathways’ name. Impact is expressed as the ratio of the number of
differential metabolites to the number of metabolites annotated in a given pathway. The circle represents ST_H vs. ST(-), the square represents ST_M
vs. ST(-), and the triangle represents ST_L vs. ST(-), whose sizes indicate the number of differentially expressed metabolites contained in that
metabolic pathway. Coloring represents the P-values for the enrichment analysis.

2019; Togashi et al., 2022). Furthermore, we also observed whether
feeding on ST-treated P. massoniana could benefit the development
of JPS The consumption area of JPS larvae feeding upon ST-treated P.
massoniana increased significantly (P < 0.05) over time, and the body
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weight of the 3" instar along with the spawning ratio of JPS eggs were
both significantly increased by 1.67 and 4.7 times vis-a-vis the
negative control, respectively (Figures 2D-F). The EG (endo-1,4-B-
D-glucanase), CBH (exo-f-1,4-D-glucanase) and B-GC (B-
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FIGURE 2

Sterigmatocystin (ST) increases VOC accumulation in Pinus Massoniana to attract Monochamus alternatus (JPS). (A) VOC amounts in host plant P.
massoniana quantified 14 days after treatment with 0.1 mg/mL (ST_H), 0.01 mg/ml (ST_M), 0.001 mg/mL (ST_L), or 0 mg/mL (ST(-)) of ST. (B) VOC
compounds of P. massoniana induced by ST with a high concentration correlation. (C) Selective ratio of JPS to different plant samples were plotted,
with the P-value for the t test between samples treated with (ST (+)) and without ST(ST(-)) presented in white. The (D) consumption area and

(E) body weight of 3rd instar JPS larvae, and the (F) spawning rate, (G) EG (endo-1,4-B-D-glucanase) activity, (H) CBH (exo-B-1,4-D-glucanase)
activity, and (I) B-GC (B-glucosidase) activity in the gut of the JPS adults that fed upon plant samples treated with (ST (+)) and without ST(ST(-)); data
shown are the mean + standard error (SE). The * and *** represents significant differences between treatments at P < 0.05 and P < 0.001,
respectively, based on a one-way ANOVA, with multiple comparisons made using Tukey's test. VOC1-VOC10 indicate different volatile organic
compound (trans-anethole; acetophenone, 4'-hydroxy-; humulene; niacinamide; 4a(2H)-naphthalenol, octahydro-4,8a-dimethyl-,
(4.alpha.,4a.alpha.,8a.beta.)-; 6-octen-1-o0l,3,7-dimethyl-, (R)-; alpha-pinene; butanoic acid, 3-hydroxy-3-methyl-; phenol; beta-myrcene). The **
represents significant differences between treatments at P < 0.01.

glucosidase) activity in the gut of the JPS adults that fed upon P.
massoniana treated with ST were quantified as well, these increasing
by 1.24, 1.21, and 1.54 times relative to the negative control,
respectively (Figures 2G-TI). Altogether, these results suggested ST
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is able to increase the VOC accumulation in P. massoniana, thus
attracting the JPS, whose feeding and development obviously
improves when eating ST-treated P. massoniana, which can
therefore manipulate the host preference of JPS.
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3.3 An associated microbe A. arachidicola,
promotes PWN pathogenicity by increasing
the sterigmatocystin accumulation in

P. massoniana

Identify the vital effective microbe is crucial to achieving PWD
control in the field. As an important metabolite in Aspergillus, ST is
positively regulated by alfR. Although total species richness of
Aspergillus harbored by the host plant was negligible influenced
by PWN invasion and perhaps even slightly reduced (Figure 3A),
evidently the alfR expression level was significantly induced (14.06
times, P < 0.001) by PWN (Figure 3B). We also found that only a
few Aspergillus species (A. arachidicola, A. fischeri, A. taichungensis)
were strongly (P < 0.001) increased or decreased (A. sclerotioniger,
A. awamori, A. aculeatus) by PWN (Supplementary Figure S2). This
prompted us to compare the functional differences between PWN-
increased (A. sarachidicola) and -decreased (A. sclerotioniger)
species and their associated microbes (Figure 3C). After
introducing it into P. massoniana via PWN, it was found that A.
arachidicola significantly induced the accumulation of ST in the
host (2.61 times, P < 0.001) whereas A. sclerotioniger did not
(Figure 3D). Further, the amount of PWN was respectively
quantified in A. arachidicola- and A. sclerotioniger-infected PCP,
which demonstrated the former can increase the PWN population

10.3389/fpls.2023.1257744

size, whereas the latter cannot (Figure 3E). Comparing the survival
ratio of PCP infected by different microbes showed that it was
sharply reduced after 2 weeks of infection by A. arachidicola but not
A. sclerotioniger (Figure 3F). Collectively, these results suggested
that PWN-induced Aspergillus are sufficient to trigger ST
accumulation that assists PWN invasion and pathogenicity.

3.4 The fungal inhibitor chiricanine A
can suppress the species richness of
Aspergillus fungi in P. massoniana host,
thus curtailing in vivo PWN population
size or pathogenicity in both laboratory
and field tests

The Aspergillus-inhibitor chiricanine A has long been used to
suppress ST accumulation in numerous crops(Arias et al., 2014).
Accordingly, we wondered whether chiricanine A could decrease
the accumulation of ST by reducing the richness of PWN-induced
Aspergillu species. We found that the application of chiricanine A
significantly decreased (P < 0.001) the richness of PWN-induced
Aspergillu spp. as well as the afIR expression level by 4 times and
1.77 times, respectively (Figures 4A, B). When compared with
emamectin benzoate, currently the most efficacious nematicide,

A B Cc D
2 20— ek
S 200+ — = PWN () PWN (+) =
§ 3 50- wkk Fekk w
) z =
g 150 = 151 40 S
> @« =
;E I § S 304 =
4 100 S 10 - S
] oy 5 £
@ > — 207 <
& so- s R @
= = 59 10 2z
= L -
S & =
g 0- 0_;_|_ 0 T T é
> o §
4@0 Q\X\ Q@ o &
S & & & o
AR ¥ &
»
E F
N
154 00
g e~ A.aculeatus —_ 1007
S N ]
£ -e~ A.sclerotioniger N
< 104 © = ] o A.aculeatus
Z ® ]
3 = 50 —— A.sclerotioniger
=% = ]
< -
> 5 z 1] )
= o ]
o s 1
= = ]
= =]
N n ]
M" [ i o e I I e e e e e
SRR FICR PRI PSR

days post inoculation (dpi)

FIGURE 3

days post inoculation (dpi)

Associated microbe Aspergillus arachidicola promotes PWN pathogenicity by increasing the sterigmatocystin (ST) accumulation in Pinus massoniana.
(A) Richness of microbes belonging to the Aspergillus genus, (B) expression level of ST synthesis promoting gene afiR, (C) richness of A arachidicola
and A sclerotioniger in plant samples before (PWN(-)) and after (PWN(+)), invasion by PWN invasion are plotted. Aspergillus arachidicola, A
sclerotioniger, and inactivated A arachidicola (-) were co-incubated with sterilized PWN, then inoculated into P. massoniana and the (D) ST amount,
(E) relative PWN amount, and (F) survival ratio of different host plants were measured. Data shown are the mean + standard deviation (SD). The ***
represents significant differences between treatments at P < 0.001, based on a one-way ANOVA, with multiple comparisons made using Tukey's test;

‘n.s.” denotes no significant differences found.
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The fungal inhibitor chiricanine A can suppress the richness of Aspergillus fungi in Pinus massoniana to limit in vivo PWN population or
pathogenicity, in both laboratory and field testing. Under laboratory conditions, 2-year-old P. massoniana seedlings were inoculated with PWN, and
then inoculated with chiricanine A solution or methanol (control). For these samples, the (A) richness of Aspergillus fungi highly induced and (B) aflR
expression level in response to PWN invasion were quantified. Relative PWN amount in PWN-carrying P. massoniana treated with (C) emamectin
benzoate and chiricanine A, as well as those (D) injected with A arachidicola or (E) ST at 8 weeks post-inoculation. In the field trial, a solution of
chiricanine A or methanol (control) was injected into PWN-carrying P. massoniana, and its (F) survival ratio, (G) relative PWN amount, and the

(H) richness of Aspergillus fungi highly induced and (l) aflR expression level in response to PWN invasion were quantified after the 1st and 2nd year
post-injection. Data shown are the mean + standard deviation (SD). The *** represents significant differences between treatments at P < 0.001,
based on a one-way ANOVA, with multiple comparisons made using Tukey's test.

chiricanine A was able to inhibit PWN for much longer (Figure 4C).
But when the host is inoculated with A. arachidicola or ST, either
was clearly able to suppress that long-term effect of chiricanine A
(Figures 4D, E).

We also tested the PWN-control functioning of chiricanine A in
a 2-year field trial. The application of chiricanine A significantly
increased the survival rate of PCP in both years vis-a-vis the control
(1.17 and 1.33 times, P < 0.001) (Figure 4F). Yet, significant
reductions in the amount of PWN (2.36 and 22.05 times, P <
0.001), richness of PWN-induced Aspergillus spp. (4.44 and 18.07
times, P < 0.001), and the afIR expression level (2.15 and 18.07
times, P < 0.001) of PCP occurred in both years relative to the
control (Figures 4G-I). These results indicated that chiricanine A
could serve as more efficient nematicide in the field by suppressing
ST accumulation thereby performed a long-term control of PWD.

4 Discussion

A paramount prerequisite to manipulating functional
microorganisms is identifying those vital effective microbes that
drive ecological phenomena, and elucidating their underlying
biochemical mechanisms (Ayilara et al., 2023). Associated
microbes enable linkages between PWN, host pine, and JPS (Feng
et al,, 2022); however, our understanding of how microbes directly
affect the “PWN- host-JPS” complex through their produced
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metabolites are largely unknown (Zhao et al, 2014; Santini and
Battisti, 2019; Feng et al., 2022). Here, we demonstrated that PWN-
associated fungi, Aspergillus spp., are able to promote PWN
invasion and pathogenicity by increasing biosynthesis of a
secondary metabolite, sterigmatocystin (ST), in the host plant P.
massoniana, mainly via suppressed ROS accumulation in hosts
against PWN. Further, ST accumulation triggers VOC biosynthesis
for attracting JPS to spawn and this drives the coexistence of PWN
and JPS in host trees, thereby encouraging transmission of PWD
(Figure 5). Meanwhile, through the application of an Aspergillus
inhibitor (Chiricanine A), we also showed that the absence of
Aspergillus sharply restricts the development of PWN in P.
massoniana (Figure 4), further proving that Aspergillus is vital
and sufficient to promote PWD transmission.

Ophiostomatoids and molds are two major fungal families well
known for being highly correlated with the propagation and
distribution of the PWN (Feng et al., 2022). Although molds do
play crucial roles in multiple processes of PWD epidemics (Guo
et al, 2020), in a way unlike the known contributions of
ophiostomatoids to PWN (important food resources) (An et al,
2022; Cai et al., 2022; Li et al., 2022), how molds are involved in
PWD epidemics remains unclear. The present work, for the first
time, clarifies how an important genus of molds, Aspergillus,
contributes to the PWD epidemic via its secondary metabolite.
The ST biosynthesis is conserved in Aspergillus (Sobolev et al., 2018)
and promoted by afIR, and a pronounced positive correlation
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Schematic diagram of the pine wood nematode-Monochamus alternatus symbiosis promoted by Aspergillus fungi in Pinus massoniana host trees

via sterigmatocystin (ST).

between ST and afIR expression was indeed observed in this study,
but no correlation of ST with richness of Aspergillus spp. Although
the absence of Aspergillus substantially restricts the PWN’s
development in its host, among these identified Aspergillus species
in the PWN-carrying P. massoniana, only three of them—A.
fischeri, A. arachidicola, A. taichungensis—increased markedly in
response to PWN invasion and were very likely transferred by PWN
into host plants, in contrast to most of them (like A. sclerotioniger)
decreasing considerably. These lines of evidence suggest PWN-
associated Aspergillus fungi are able to reconstruct the host plant-
associated microbial community to promote PWN development.
This point is also supported by the diversity of the host plant-
associated microbial community being severely reduced by the
application of a low ST concentration yet increasing with higher
ST concentrations. The above point can also explained by the
various functions of Aspergillus species; most of the plant-
associated Aspergillus are mutualists (El-Desoky et al., 2021;
Cheng et al., 2022; Toth et al,, 2022), one of the PWN-associated
Aspergillus fungi, A. arachidicola, has been reported as being
harmful to plant and beneficial for insect feeding (El-Desoky
et al., 2021; Cheng et al., 2022).

Despite ST being detectable in various of crops and foods
(Versilovskis and De Saeger, 2010), its functioning in plants has yet
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to be resolved. In this work, we demonstrated that ST was able to
suppress ROS accumulation in the host pine tree via genetic, metabolic,
and microbial level regulation processes. The richness of several genera
of microbes—Enterobacter, Klebsiella, Pelagivirga, Herbaspirilum,
Staphylococcus, Pseudovibrio, Rhizophagus, Cronobacter,
Acinetobacter, and Achromobacter—was correlated with the ST
concentration, and most of them were predicted to regulate the
biosynthesis of VOCs and flavonoids. Further, these functional
predictions were supported by the metabolic data. By quantifying the
VOC amounts in host pine trees, we find that the total VOC amount is
highly induced by ST (more than 100 times), yet only a few of them
(mostly terpenes) are induced in a ST-dependent manner; this finding
hints that ST might be a potential signal acting to regulate the host
performance of insects. Although, some reported JPS-attracting VOCs
(acetophenone, pinene, and myrcene) were among the above ST-
induced metabolites, it was not clear whether these are all JPS-
specific VOC, an aspect worth exploring further. Meanwhile, the
amount of flavonoids was significantly increased by ST treatment,
indicating that ST may serve as a signal to initiate the later stages of
plant defense (Hedrich et al., 2016). Plant flavonoids have been widely
demonstrated to be toxic to pests, including the Pine Wood Nematode
(PWN) (Shen et al., 2022; Xie et al., 2022). However, over a long period
of co-evolution, pests have developed efficient detoxification systems to
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counteract the toxic effects of secondary metabolites, including
flavonoids (Souto et al, 2021). This suggests that the PWN may
possess a highly effective detoxification system to survive the
presence of flavonoids in the host plant. Further investigation into
the detoxification system of the PWN against plant secondary
metabolites would provide a valuable opportunity to shed light on
the outbreak of PWD. Interestingly, we also found that synthesis of an
ST inhibitor, stilbenoid (Sobolev et al., 2018), was promoted by ST,
suggesting that plants may have a conserved system to respond to ST as
a signal. Together, we hypothesize that ST can suppress the early stage
of PWN resistance and reconstructs the microbial community in the
host plant; it may also strongly activate the later stage of pest resistance
(flavonoid accumulation) to limits competitors in the same niche,
thereby promoting outbreaks of PWD in pine stands.

Emamectin benzoate (EB) is widely regarded as the most useful
nematicide against the PWN, largely because it is environmentally
friendly and has longer field residence time (i.e., at least 3 years)
(Takai et al., 2004; Lu et al.,, 2020). However, continuous injection is
required to maintain an effective dose of EB in a pine tree or whole
stand (Rajasekharan et al., 2017; Lu et al., 2020; Chen et al., 2021; Hao
et al,, 2021). Although neither EB nor chiricanine A can completely
eradicate the PWN population in host pines, we propose that
chiricanine A has a PWN control efficiency on par with EB, but is
able to suppress the PWN population for a longer time. As a plant
metabolite, chiricanine A can also be synthesized manually (Park
et al, 2011), which greatly reduces the cost of its application.
Chiricanine A is plant-originating metabolic that has multiple
biological functions: it can be utilized and metabolized by the
recipient plant itself (Wang et al., 2018), which may affect its
residence time within the host, an aspect that requires future
research attention. As an Aspergillus inhibitor, chiricanine A is
already widely used for eliminating Aspergillus spp. in the crops
(Sobolev, 2008; Sobolev et al., 2011; Sobolev et al., 2016; Sobolev et al.,
2018; Souto et al,, 2021), but whether Aspergillus spp are the unique
target of chiricanine A remains unknown. We know that ST is
produced by various species of Aspergillus (Versilovskis and De
Saeger, 2010), but it can also be produced by other mold species,
including some members of Penicillium, Emiricella, Chaetomium,
and Bipolaris genera, and most of them are pertinent to plant growth
(Barnes et al., 1994; Rank et al,, 2011). Plenty of above ST-producing
microbes could be induced by PWN invasion, though in this study
only Aspergillus was investigated. Although we show that applying
chiricanine A could drastcially reduce the Aspergillus and ST levels in
host pine trees, it is uncertain whether such chiricanine A
applications can limit or benefit other microbes of host plants. In
conclusion, we found a new plant-originating nematicide, chiricanine
A, that has obvious advantages in terms of residence time to aid in the
long-term control of PWN in pine stands, but the side effects of its
and underline mechanistic action both require further attention.
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A Bursaphelenchus xylophilus
effector BxICD1 inducing plant
cell death, concurrently
contributes to nematode
virulence and migration

Zhiwen Li*, Honghong Wang?, Yuqging Cao*, Xiaoling Shan*,
Xiaoxian He', Qiuling Huang®, Kan Zhuo™?, Jinling Liao***
and Borong Lin**
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Innovation Center of Plant Pest Management and Bioenvironmental Health Application Technology,
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of Microbial Signals and Disease Control, South China Agricultural University, Guangzhou, China

The migratory endoparasitic phytonematodes Bursaphelenchus xylophilus is the
causal agent of pine wilt disease and causes significant economic damage to pine
forests in China. Effectors play a key role in the successful parasitism of plants by
phytonematodes. In this study, 210 genes obtained by transcriptomics analyses
were found to be upregulated in B. xylophilus infecting Pinus massoniana that
were not functionally annotated nor reported previously in B. xylophilus infecting
P. thunbergii. Among these differentially expressed genes, a novel effector,
BxICD1, that could induce cell death in the extracellular space of Nicotiana
benthamiana was identified. BxICD1 was upregulated in the early stages of
infection, as shown by RT-gPCR analyses. In situ hybridization analysis showed
that BxICD1 was expressed in the esophageal gland of nematodes. The yeast
signal sequence trap system indicated that BxICD1 possessed an N-terminal
signal peptide with secretion functionality. Using an Agrobacterium-mediated
transient expression system, it was demonstrated that the cell death-inducing
activity of BxICD1 was dependent on N. benthamiana brassinosteroid-insensitive
1-associated kinase 1 (NbBAK1). Finally, BxICD1 contributed to B. xylophilus
virulence and migration in host pine trees, as demonstrated by RNAI silencing
assays. These findings indicate that BxICD1 both induces plant cell death and also
contributes to nematode virulence and migration in P. massonian.

KEYWORDS

Bursaphelenchus xylophilus, transcriptome, Pinus massoniana, effector, plant cell
death activation
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1 Introduction

The pine wood nematode (PWN), Bursaphelenchus xylophilus,
is a migratory endoparasitic nematode. The nematodes enter the
trees through the wounds formed by Monochamus beetles feeding
(Edwards and Linit, 1992), then colonize the tree’s xylem and cortex
resin canals, obstructing water and nutrient flow. This ultimately
leads to tree wilting and death (Futai, 2013), termed pine wilt
disease (PWD). PWD has significant economic and ecological
impacts on pine forests in Asia and Europe (Kikuchi et al,, 2011).
Currently, the methods for preventing and controlling PWD
primarily involve directly cutting and incinerating infested trees,
fumigating logs with pesticides, applying pesticides to manage
Monochamus beetles, or injecting nematicides against B.
xylophilus (Cui et al., 2014). However, these strategies possess
certain drawbacks, including environmental pollution and
significant costs. To formulate novel and eco-friendly strategies
for PWD management, it is necessary to understand the
mechanisms of PWN parasitism.

When plant-parasitic nematodes (PPNs) infect host plants, they
secrete numerous proteins into the host. These proteins, termed
effectors, play crucial roles in successful nematode parasitism, and
understanding their functions is crucial to uncovering the molecular
mechanisms underlying parasitism (Iaegeman et al,, 2012; Vieira
and Gleason, 2019). Many previous studies have shown that PPN
effectors mainly function in plant cell wall degradation, feeding site
formation, and the suppression of host immunity (Popeijus et al.,
2000; Kikuchi et al., 2006; Kudla et al., 2007; Vanholme et al., 2007;
Chen et al.,, 2017; Verma et al,, 2018; Chen et al,, 2021; Song et al.,
2021). Most studies have focused on sedentary endoparasitic
nematodes, such as root-knot nematodes and cyst nematodes.
Recently, some effectors from B. xylophilus have been
characterized, and effectors with plant cell wall-degradation or host
immunity suppression functions have been discovered (Kikuchi
et al., 2006; Wen et al., 2021, Wen et al,, 2022; Hu et al., 2022a;
Qiu et al,, 2023). Intriguingly, a number of effectors from B.
xylophilus were found to induce host cell death. Of these, BxCDP1
can trigger plant cell death (PCD) to induce Pinus thunbergii
resistance against nematodes (Hu et al., 2020; Hu et al, 2022b).
Several other effectors, such as BxSapB1, BxSapB2, and BxSapB3,
while capable of inducing plant cell death, also function as a
virulence factor, during B. xylophilus infection (Huang et al., 2019;
Hu et al, 2019; Zhao et al.,, 2020). This phenomenon is relatively
common in effectors from fungi and oomycetes, such as the
Fusarium graminearum effector Fg62 (Wang et al., 2023), the
Phytophthora infestans effector Pi23226 (Lee et al, 2023), etc,,
which can induce host cell death and promote pathogen parasitism.

Masson pine (Pinus massoniana) is a pioneer species for
afforestation timber and oleoresin production, widely distributed
in South China. However, it is highly sensitive to B. xylophilus (Xue
et al, 2013; Liu et al,, 2022a). Despite this, the roles of effectors
during B. xylophilus parasitism in P. massoniana are poorly
understood. In this study, transcriptomes of B. xylophilus feeding
on Pestalotiopsis sp. and infecting P. massoniana were analyzed by
RNA sequencing (RNA-seq). Differentially expressed genes of B.
xylophilus were identified in these two conditions, which were
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analyzed to identify candidate effectors involved in B. xylophilus
parasitism in P. massoniana parasitism. Among the candidate
effectors, a novel effector (named BxICD1) that was expressed in
the esophageal gland of B. xylophilus and upregulated during
nematode parasitism in P. massoniana was identified. Here, we
showed that the effector BxICD1 not only induces PCD, but also

promotes nematode virulence and migration in P. massoniana.

2 Materials and methods
2.1 Nematode and plant materials

B. xylophilus was isolated from a wilted Masson pine in
Guangdong province, China, purified using a single fertilized
adult female, and cultured in the fungus Pestalotiopsis sp. grown
on potato dextrose agar (PDA) medium at 25°C under 16 h light/8 h
dark (16/8 LD) conditions for 6 days.

Approximately 3-year-old P. massoniana seedlings were
obtained from Yangshan County (24°17'1.6"N, 112°33'42.4"E),
Qingyuan City, Guangdong province, China, and grown at
temperatures ranging from 25°C to 30°C. Nicotiana benthamiana
LAB were grown in a glasshouse at 25°C with a relative humidity of
60% under 16/8 LD conditions.

2.2 RNA extraction and cDNA synthesis

B. xylophilus was inoculated into a small, approximately 1 cm,
wound in P. massoniana stems. After 12 h, mixed-life-stage
nematodes were isolated from the pine stems using a Baermann
funnel technique (Hu et al., 2019), and approximately 20,000
nematodes were used for RNA extraction. The same number of B.
xylophilus nematodes were also isolated from Pestalotiopsis sp.
grown on PDA plates for RNA extraction. Each treatment
consisted of two replicates. Total RNA was extracted using the
RNAprep Pure Micro Kit (DP420, TianGen Biotech), and first-
strand cDNA was synthesized from 1 pg of total RNA using a
TransScript One-Step gDNA Removal and the cDNA Synthesis
SuperMix kits (AT311, TransGen Biotech, Beijing, China)
according to the manufacturer’s instruction.

2.3 RNA-seq analysis

Sequencing libraries were constructed using the NEBNext Ultra
RNA Library Prep Kit (E7530, NEB, USA) according to the
manufacturer’s instructions. RNA integrity was determined by the
RNA Nano 6000 Assay Kit of the Bioanalyzer 5400 system (Agilent
Technologies, CA, USA). Total RNA was used as input material for
the RNA library preparations. The library preparations were
sequenced on an Illumina Novaseq platform, generating 6.49-6.82
GB of data of 150-base long paired reads per sample (Modi et al.,
2021). The raw RNA-Seq data in this study are available through the
National Center for Biotechnology Information under the accession
number PRJNA1027064.
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Paired-end reads were aligned to the reference genome (https://
parasite.wormbase.org/Bursaphelenchus_xylophilus_prjea64437/
Info/Index) using Hisat2 v2.0.5 (Kim et al, 2019). The reads
mapped to each gene were measured using FeatureCounts v1.5.0-
p3 (Liao et al,, 2014). The FPKM values of each gene were calculated
based on the length of the gene and the reads count mapped to this
gene (Trapnell et al., 2010).

Differential expression analysis was performed using the
DESeq2 R package (1.20.0). The resulting P-values were adjusted
using the Benjamini and Hochberg’s approach for controlling the
false discovery rate (Benjamini and Hochberg, 1995). Genes
identified by DESeq with an adjusted P-value<0.05 and |Log,(fold
change)|>1 were considered differentially expressed genes.

2.4 Real-time quantitative PCR assays and
data analysis

Real-time quantitative PCR (RT-qPCR) was performed using
Green qPCR SuperMix (AQ101, TransGen Biotech, Beijing, China)
on a Thermal Cycler Dice Real Time System (Takara, Beijing,
China). The RT-qPCR reaction mixture consisted of 1.0 pL
cDNA, 0.4 uL of each of the 10 pM primers, 10 UL 2 x Green
qPCR SuperMix, and 8.2 uL RNase-free ddH,O. The ubiquitin-
conjugating enzyme gene BxUBI2 (GenBank accession number
CAD5208953.1) and NbEFIo. (Heese et al., 2007) were used as
endogenous controls for gene expression normalization in the
different species. All the gene-specific primers used in this study
are listed in Supplementary Table 1. The RT-qPCR cycling
conditions were as follows: 94°C for 30 sec, followed by 40 cycles
of 94°C for 10 s, 55°C annealing for 15 s, 72°C elongation for 10 s.
The relative changes in gene expression were determined using the
272" method (Livak and Schmittgen, 2001). Three independent
experiments were conducted.

2.5 Screening of putative secreted proteins

Putative secreted proteins encoded by differentially expressed
genes (DEGs) were predicted using both SignalP 5.0 (https://
services.healthtech.dtu.dk/service.-php?SignalP-5.0) and
TMHMMS-2.0 (https://services.healthtech.dtu.dk/service.php?
TMHMM-2.0) for the presence of an N-terminal signal peptide
(SP) and for the absence of a transmembrane domain, respectively.
These steps were implemented as a ‘secreted protein prediction’
workflow (Petitot et al., 2016). Protein functional domains were
predicted by EGGNOG-MAPPER (http://eggnog-mapper.embl.de/
). The phylogenetic tree was constructed using the NJ method and
visualized using MEGA-X (Kumar et al., 2018).

2.6 Gene amplification
The full-length cDNA sequences of 10 candidate genes were

amplified by using the corresponding gene-specific primers. The
PCR reaction was performed in a total volume of 50 UL containing
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1.0 U KOD-FX (KFX-101, Toyobo, Osaka, Japan), 25 UL 2 x PCR
Buffer, 10 uL 2 mM dNTPs, 1.5 uL of each of the 10 pM primers,
200 ng cDNA, and sterilized distilled water up to 50 uL. The PCR
cycling conditions were as follows: 95°C for 5 min, followed by 30
cycles of 98°C for 10 s, annealing at 55°C for 30 s, elongation at 68°C
for 30 s, and final elongation at 68°C for 5 min.

2.7 Plasmid construction

The CaMV35S driven B-glucuronidase (GUS) gene of the
pCAMBIA1305.1 vector was removed and replaced with the
eGFP gene to generate the binary vector pCambial305.1°“Y and
pCambial305.1:eGFP. To construct the overexpression vector, the
10 candidate genes mentioned above, with or without the native SP
sequence, were amplified and ligated to the linearized
pCambial305.1:eGFP digested by Ncol and Pmil (FD0574 and
FD0364, Thermo Fisher Scientific, MA, USA) to generate
pCambial305.1:gene:eGFP, following the instructions of the
ClonExpress II One Step Cloning Kit (C112-01, Vazyme,
Nanjing, China). BxICDI:Flag was amplified and ligated to the
linearized pCambial305.14%YS to generate pCambial305.1:
BxICD1:Flag. For pSUC2, vectors were digested by EcoRI and
Xhol (FD0274 and FD0694, Thermo Fisher Scientific, MA, USA)
in the appropriate conditions. The SP sequences of BxICDI and
Avr1b were linked to linearized pSUC2 to generate pSUC2:SP*"P!
and pSUC2:SP*""'® following the instructions of the ClonExpress IT

One Step Cloning Kit.

2.8 In situ hybridization experiments

Approximately 10,000 mixed-life-stage nematodes were
collected from pine stems. The primer pairs ISH-BxICD1-F/ISH-
BxICD1-R were employed to synthesize digoxygenin (DIG)-labeled
sense and antisense DNA probes based on the BxICDI fragments of
96-281 bp using a PCR DIG Probe Synthesis Kit (1636090910,
Roche Applied Science, Rotkreuz, Switzerland). The primer pair
ISH-BxICD2-F/ISH-BXICD2-R was employed to synthesize sense
and antisense DNA probes based on the BxICD2 fragments of 103-
311 bp in size. The in situ hybridization and staining of the
nematodes was performed as described previously (De Boer et al.,
1998). Nematodes were then examined using a Nikon ECLIPSE Ni
microscope (Nikon, Tokyo, Japan).

2.9 Cell death assay

The cell death assay was performed as described previously
(Chen et al., 2017). Briefly, the pCambial305.1:gene:eGFP
constructs mentioned above were individually introduced into
Agrobacterium tumefaciens GV3101. Then the transformed bacteria
were suspended in a buffer containing 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES) (pH 5.5) and 200 UM acetosyringone until
a 600 nm absorbance (ODggyy) of 0.6 was reached. Then, the A.
tumefaciens cell suspensions were infiltrated into 4-week-old
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N. benthamiana leaves. After 3 days, the cell-death phenotype was
observed and photographed. eGFP and the P. infestans elicitor gene
INF1, cloned individually into the pCambial305.1 vector, were used
as the negative and positive control, respectively. The infiltration
assay was performed three times, and five different plants with two
inoculated leaves were used in each assay.

2.10 Yeast signal sequence trap system

The secretion function of the BxICDI SP was verified using the
yeast signal sequence trap system described previously (Yin et al,
2018). Briefly, the SP sequence of BxICDI was cloned into the
pSUC2 vector containing the invertase gene but lacking Methionine
(Met) and SP sequence to generate pSUC2:SP®'“P'Invertase.
Additionally, the SP of Phytophthora sojae RXLR effector Avrlb
has been demonstrated to have secretion function in yeast (Dou
et al., 2008) and was also cloned into pSUC2 to generate pSUC2:
SPA ™ Invertase as a positive control. pSUC2:SP®“P!_Invertase
and pSUC2:SP*""**-Invertase were transformed into the yeast strain
YTK12 by the lithium acetate method (Gietz and Schiestl, 2007; Yin
et al., 2018). The yeast strains YTK12 and YTKI2 carrying the
pSUC2 empty vector were used as negative controls. YT'K12 and
YTKI12 containing pSUC2-derived plasmids were grown on a
CMD-W medium (0.67% yeast N base without amino acids,
0.075% W dropout supplement, 2% sucrose, 0.1% glucose, and
2% agar) to detect the expression of pSUC2-derived plasmids. The
enzymatic activity of invertase was confirmed by the reduction of
the dye 2,3,5-triphenyltetrazolium chloride (TTC) to the insoluble
red-colored 1,3,5-triphenylformazan (TPF).

2.11 Subcellular localization

The subcellular localization assays were performed as described
previously (Chen et al., 2017). Briefly, BxICDI sequences with or
without the native SP were cloned into the pCambial305.1 vector to
generate BXICD1:eGFP and BxICD1**:eGFP, respectively. eGFP
alone was used as the control. The constructs were used for the
transformation of 4-week-old N. benthamiana leaves by
agroinfiltration. Then the N. benthamiana plants were cultured
for 3 days at 25°C under 16/8 LD. N. benthamiana leaves expressing
the constructs were infiltrated with 30% glycerol for 20 min to
induce plasmolysis for the observation of extracellular localization
(Chen et al., 2021). The fluorescence was observed using an SP5
Leica confocal microscope (Nikon, Tokyo, Japan).

Western blotting was performed to verify the production of
intact BxICD1:eGFP and BxICD1*?:eGFP fusion proteins in N.
benthamiana, as described previously (Chen et al., 2021). Briefly,
the total proteins from N. benthamiana leaves were extracted using
RIPA lysis buffer. The proteins were denatured, separated on an
SDS-PAGE gel, and transferred to a nitrocellulose membrane
(PALL, Washington, NY, United States). After blocking with 5%
(w/v) non-fat milk for 2 h at room temperature, the membranes
were incubated with a primary mouse anti-GFP antibody (1:5000
dilution) (HT801, TransGen Biotech, Beijing, China) in a blocking
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solution for 2 h. Then membranes were incubated with an anti-
mouse horseradish peroxidase-conjugated secondary antibody at a
1:5000 dilution (HS201, TransGen Biotech, Beijing, China).
Proteins were visualized using the Immobilon Western
Chemiluminescent system with Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, MA, USA). Ponceau S
staining was used to assess equal loading (Goldman et al., 2016).

2.12 Electrolyte leakage assay

Electrolyte leakage assays were performed in N. benthamiana, as
described previously (Yu et al,, 2012). The A. tumefaciens harboring
BxICD1:eGFP, BxXICD1%*?:eGFP, eGFP and INF1 were infiltrated into
N. benthamiana leaves as described above. 36 h after agroinfiltration,
five leaf discs (9 mm diameter) were floated on 5 mL distilled water for
each sample and shaken at 25°C for 3 h. Then the conductivity of the
solution was measured with a conductivity meter (DDS-307A,
Shanghai INESA Scientific Instrument) to obtain the value A. In
addition, the conductivity of the solution containing the leaf discs was
measured after boiling for 30 min to obtain the value B. Ion leakage
was calculated according to the formula (value A/value B) x 100%.
The experiment was performed three times. Western blotting was
performed to detect protein expression as described above.

2.13 In planta RNAI

Virus-induced gene silencing targeting NbBAKI and NbSOBIRI
in N. benthamiana was performed as described previously (Lin
et al., 2016). Briefly, the vectors pTRV1, pTRV2:NbBAKI, pTRV2:
NbSOBIRI, and pTRV2:eGFP were individually transformed into A.
tumefaciens GV3101. A. tumefaciens GV3101 harboring pTRV1
was mixed in a 1:1 ratio with those harboring pTRV2:NbBAK1,
pTRV2:NbSOBIRI or pTRV2:eGFP, respectively, and infiltrated
into N. benthamiana leaves. The silencing efficiency of NbBAKI
and NbSOBIRI was validated by RT-qPCR. RT-qPCR was
performed as described above. The infiltration experiment was
performed thrice and three different plants, with three inoculated
leaves in each, were used in each assay.

2.14 In vitro RNAI

The BxICDI gene was silenced using in vitro RNAI, as described
previously (Liu et al., 2022b). Briefly, the T7-promoter sequence was
introduced in the sense and antisense direction of a 186-bp BxICD1
fragment using the primer pairs RNAi-T7BxICD1-F/RNAi-
BxICD1-R and RNAi-BxICDI1-F/RNAi-T7BxICDI1-R. The PCR
was performed as described above. The obtained PCR products
were used to synthesize double-stranded RNA (dsRNA) using the
Thermo T7 Transcription Kit (TSK-101, Toyobo, Shanghai, China)
according to the manufacturer’s instructions. The same approach
was used to synthesize dsRNA for eGFP using the primer pairs
RNAi-T7eGFP-F/RNAi-eGFP-R and RNAi-eGFP-F/RNAi-
T7eGFP-R. Nematodes were then inoculated in a dsRNA and a
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non-dsRNA solution at 25°C for 24 h. The treated nematodes were
washed with ddH,O three times to remove external dsRNA.
Subsequently, approximately 5,000 nematodes were collected for
RNA extraction. The remaining nematodes were used for nematode
virulence, migration, and reproduction analysis. The extent of
BxICD1 silencing was assessed using RT-qPCR. RNA extraction
and RT-qPCR were performed as described above, except for the
different primer pairs that were used in the RT-qPCR.

2.15 Infection assay

Each 3-year-old P. massoniana seedling was inoculated with
1,000 B. xylophilus treated with a BxICD1 dsRNA, eGFP dsRNA,
and non-dsRNA solution. Nine to ten pine trees were inoculated
with each treatment. The experiment was repeated 3 times.
Following the classification by Hu et al. (2022a), the morbidity
degree of the P. massoniana seedlings was categorized into five
different grades: 0, all needles were green; I, a few needles have
turned yellow; II, approximately half of the needles have turned
yellow or brown; IIT, most of the needles turned brown; and IV, the
entire seedling was withered. The following formulas were used to
calculate morbidity and the disease severity index.

Total number of diseased seedlings

morbidity (% ) = 100

Total number of seedlings inoculated

Disease severity index(DSI)

_ >} Total number of diseased seedlings x morbidity degree

~ Total number of seedlings x the highest morbidity degree

x 100

2.16 Migration assay

The migration ability of B. xylophilus in P. massoniana was
determined as described previously (Kusumoto et al., 2014). Briefly,
approximately 800 nematodes treated with BxICDI dsRNA, eGFP
dsRNA, and non-dsRNA solutions were used to inoculate 3-year-
old P. massoniana seedlings. 12 h after inoculation, the pine stem
segments 1-2, 2-3, 3-4 and 4-5 cm below the inoculation point were
used for nematode extraction using the Baermann funnel method.
Nematodes isolated from these stem segments were counted. The
experiment was repeated twice with four biological replicates each
time. Statistically significant differences between treatments and
controls were determined by Duncan’s multiple-range test.

2.17 Reproduction and feeding
rate analysis

The reproduction and feeding rate of B. xylophilus in fungi was
assessed as described previously (Hu et al., 2022a). Approximately
100 nematodes treated with BxICD1 dsRNA, eGFP dsRNA, and
non-dsRNA solutions were inoculated to PDA plates covered with
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Pestalotiopsis sp. After culturing at 25°C for 8 d, the nematodes were
collected from each PDA plate using the Baermann funnel method
and counted to calculate their reproduction. The amount of
Pestalotiopsis sp. remaining on PDA plates was measured to
determine the feeding rate of B. xylophilus. Six PDA plates were
used for each treatment, and the experiment was repeated three
times. Statistically significant differences between treatments and
controls were determined by Duncan’s multiple-range test.

3 Results
3.1 RNA-seq data of B. xylophilus

RNA was extracted from B. xylophilus during the
mycetophagous and phytophagous stages to construct respective
RNA-Seq libraries. In total, 181,144,358 raw reads were obtained
from all samples. After filtering out low-quality sequences,
177,125,722 clean reads were retained. The GC content of
individual libraries was between 48%-49%. On average, 92% of
the clean reads mapped to the B. xylophilus reference genome
(Supplementary Table 2). The high genome coverage of our
RNA-Seq data indicated that the transcriptome data were reliable
for the further bioinformatics analyses.

3.2 ldentification of PCD-
inducing effectors

Differential expression analysis showed that 1,233 genes were
differentially expressed between the mycetophagous and
phytophagous stages of B. xylophilus. Compared with the
mycetophagous stage, 765 genes were significantly up-regulated,
and 468 genes were significantly down-regulated in the
phytophagous stage (Figure 1A). To validate the identified DEGs
based on the RNA-seq data, seven genes were selected and validated
by RT-qPCR. Similar expression levels were observed for all seven
genes in both RNA-seq and RT-qPCR datasets, further confirming
the reliability of the RNA-seq transcriptome data (Figure 1B).

Among the 765 up-regulated genes, 394 encoded proteins
contained an SP and lacked transmembrane domains, as predicted
by SignalP 5.0 and TMHMM-2.0. Of these, 210 genes had no
functional annotations and were not identified in the transcriptome
analysis of B. xylophilus infecting Pinus thunbergii. 31 of these 210
genes were further considered to be candidate genes encoding for
effectors (Supplementary Table 3) based on the following criteria:
Log,(fold change) > 3 and FPKM > 10 with regards to their
differential expression, and a gene open reading frame (ORF) is
smaller than 600 bp. From this set, 10 genes were randomly selected
and were transiently expressed in N. benthamiana. The results
showed that the genes BXY_0304900 and BXY_1398900 can
induce cell death (ICD) in the presence of the native SP. They were
named BxICD1 and BxICD2, respectively (Figure 2).

The nematode tissue localization of BxICDI and BxICD?2 in the
nematodes was further determined by in situ hybridization.
Hybridization signals were detected in the esophageal gland cells
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Differentially expressed genes at the mycetophagous and phytophagous stages of Bursaphelenchus xylophilus. (A) Heatmap of differentially
expressed genes at the mycetophagous and phytophagous stages. (B) Validation of differentially expressed genes (DEGs). Validation of seven DEGs
identified in the RNA-seq dataset by quantitative reverse transcription PCR. The relative expression levels were calculated using the 2784Ct method;
data represent shown as the mean + standard deviation (SD) of three replicated; the experiments were performed twice with similar results. Bx_Pel,
Bx_Pe2, and Bx_Pe3 correspond to the three B. xylophilus samples from the mycetophagous stage; Bx_Pm1, Bx_Pm2, and Bx_Pm3 correspond to

the three B. xylophilus samples from the phytophagous stage.

with the DIG-labeled antisense cDNA probe of BxICDI and in the
intestinal terminus with the antisense cDNA probe of BxICD2. No
hybridization signals were detected in B. xylophilus tissues with the
sense ¢cDNA probe of BxICDI and BxICD2 (Figure 3A,
Supplementary Figure 1). The results indicated that BxICDI
should be a nematode effector because it was expressed in the
typical secretory organs of nematodes. Therefore, we selected the
effector BXICD1 for further analysis.

3.3 BxICD1 contains a SP with a
secretion function

The BxICDI gene has a 396-bp ORF, which encodes a 131-
amino acid protein. The protein possesses a 19-amino acid SP, as
predicted by the SignalP program, and has no putative
transmembrane domain according to TMHMM. It also shows
similarities to the proteins of B. xylophilus by a protein BLAST
search, including CAD5219553 (62.3% identity), CAD5219557
(44.6% identity), CAD5219551 (40.2% identity) etc., while no
sequences were matched to other organisms. A neighbor-joining
(NJ) tree was constructed to examine the phylogenetic relationships
among these proteins, with BxICD1 and CAD5219553 being
located in the same branch (Supplementary Figure 2B).

To determine whether the SP of BxICD1 is functional, the
predicted SP was cloned into the yeast vector pSUC2. The growth of
yeast YTKI2 yeast carrying pSUC2, pSUC2:SP®'P! and pSUC2:
SPAY® constructs on CMD-W demonstrated the successful
transformation with the plasmids. The yeast strain YTKI12
carrying pSUC2:SP®*“P_Invertase or the positive control pSUC2:
SPA_Invertase could reduce TTC to the red-colored TPF. By
contrast, no color change was observed in the YTK12 strain used as
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a negative control, and YTK12 carried the empty pSUC2 vector
(Figure 3B). These results suggested that BxICDI1 carries a
functional secretory SP.

3.4 Apoplastic localization of BxICD1 is
required for cell death induction in
N. benthamiana

Based on the above results, BxICD1 could induce PCD in the
presence of the native SP, therefore the subcellular localization of
BxICD1 was determined. Three constructs, BxICD1:eGFP,
BxICD1%*P:eGFP and eGFP were generated and transiently
expressed in N. benthamiana leaves. Based on the results, the
BxICD1:eGFP fusion protein was accumulated in the edges of the
tobacco cell, while BXICD1*P:eGFP and eGFP were localized in
the cytoplasm (Figure 4A). Plasmolysis was further performed to
distinguish the plasma membrane from the apoplast. After the
plasmolysis treatment, BXICD1:eGFP fusion proteins were
observed in the extracellular space, while BxICD1%°?:eGFP and
eGFP were still localized in the intracellular space (Figure 4B).
Western blot analysis using a GFP antibody revealed bands at
approximately 42, 40 and 27 kDa, corresponding to BxICD1:
eGFP, BxICD1%?:eGFP, and eGFP, respectively (Figure 4C),
indicating that BxICD1:eGFP and BxICD1**P:eGFP fusion
proteins were expressed intact. At the same time, BxXICD1:eGFP
could induce tobacco cell death, while BXICD1**P:eGFP and eGFP
could not (Figure 4D). In addition, the electrolyte leakage induced
by INFI or BxICD1:eGFP was significantly greater than that
induced by BxICD1**P:eGFP or eGFP (Figure 4E). These results
suggested that the presence of BxICD1 in N. benthamiana
apoplasts triggers cell death.
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Screening of candidate effectors from Bursaphelenchus xylophilus capable of inducing plant cell death. (A) Schematic diagram of the location of
Agrobacterium tumefaciens-injected tobacco leaves. INF1 is Phytophthora infestans elicitin, a known apoplastic protein that induces cell death in
Nicotiana benthamiana, used as a positive control. eGFP, an enhanced green fluorescent protein that cannot induce cell death, was used as a
negative control. “Effector” represents candidate effectors with the native signal peptide; “effector®*®" represents candidate effectors without the
native signal peptide. (B) Ten candidate effectors were expressed in N. benthamiana leaves. The infiltration assay was performed thrice, and five
different plants with two inoculated leaves were used in each assay. Similar results were obtained from all experiments.

3.5 BxICD1-triggered PCD depends
on NbBAK1

Many studies have demonstrated that BAK1 and SOBIRI are
indispensable for cell death triggered by many apoplastic effectors
(Liebrand et al., 2014). To determine whether NbBAK1 and
NbSOBIRI1 are involved in BxICDI1-triggered cell death, they
were knocked down using virus-induced gene silencing (VIGS) in
N. benthamiana. Two weeks after viral inoculation, N. benthamiana
plants were agroinfiltrated with the pPCAMBIA1305.1:BxICD1:Flag,
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pCAMBIA1305.1:INF1, and pCAMBIA1305.1:eGFP : Flag-
expressing constructs, respectively. Based on the results, INF1
failed to induce cell death in NbBAKI- or NbSOBIRI-silenced
plants. Notably, although BxICD1 was unable to induce cell death
in NbBAKI-silenced plants, it retained the capacity to induce cell
death in NbSOBIRI-silenced plants (Figure 5A). Neither eGFP nor
the EV, used as negative controls, triggered cell death in pTRV2:
NbBAKI-, pTRV2:NbSOBIRI- and pTRV2:eGFP- infiltrated plants
(Figure 5A). Western blot analysis was used to confirm BxICD1
protein expression in NbBAKI-, NbSOBIRI- and eGFP-silenced
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Localization of BxICD1 mRNA and secretion function analysis of BxICD1 signal peptide. (A) Localization of BxICD1 mRNA in esophageal gland cells of
Bursaphelenchus xylophilus by in-situ hybridization. Fixed nematodes were hybridized with digoxigenin-labeled antisense (left) and sense (right)
cDNA probes from BxICD1. S, stylet; M, median bulb; GC, esophageal gland. Scale bars = 50 um (B) Secretion function analysis of the BxICD1 signal

peptide. The predicted signal peptide of BxICD1 was cloned into the yeast vector pSUC2 to generate pSUC2:S

PBXICPL_ jnvertase constructs, and

pSUC2: SPAP_|nvertase was used as a positive control. YTK12 can grow on YPDA plates. CMD-W media was used to ensure the expression of
pSUC2-derived plasmids. Invertase can reduce 2,3,5-Triphenyltetrazolium Chloride (TTC) to insoluble red-colored 1,3,5-Triphenylformazan (TPF).

plants (Figure 5B), and RT-qPCR confirmed the successful silencing
of NbBAKI and NbSOBIRI in plants (Figures 5C, D). Taken
together, these results indicated that BxICD1-triggered cell death
is dependent on NbBAKI.

3.6 BxICD1 affects B. xylophilus virulence
and migration in P. massoniana

To assess the role of BXICDI in nematode parasitism, an RNAi
assay was performed by soaking B. xylophilus in BxICDI dsRNA.
The transcript levels of BxICDI were significantly decreased after
incubation with the BxICDI dsRNA, compared to the treatments
with eGFP dsRNA and non-dsRNA solution (Figure 6A),
demonstrating that RNAi was successful.

Subsequently, inoculation experiments were performed using B.
xylophilus that underwent difterent pre-treatment. Compared with
the eGFP dsRNA-treated and H,O-treated nematodes at 12 dpi,
BxICD1 dsRNA-treated nematodes caused to a significantly lower
morbidity and disease severity index (DSI) in P. massoniana. The
morbidity was calculated at 36.7%, 34.4%, and 13.7% after
inoculation with eGFP dsRNA-, H,O- and BxICDI1 dsRNA-
treated nematodes, respectively (Figure 6B), while corresponding
DSI was 11.7, 9.5, and 3.4 (Figure 6C). At 20 dpi, the DSI of P.
massoniana inoculated with BxICDI dsRNA-treated nematodes
was still significantly lower compared with P. massoniana
inoculated with eGFP dsRNA and non-dsRNA solution-treated
nematodes. However, no significant differences in morbidity were
observed (Figures 6C, D). Moreover, at 12 h post-inoculation, B.
xylophilus was isolated from pine stem segments at different
distances from the inoculation site. No significant differences
were observed in the number of BXICDI dsRNA, eGFP dsRNA,
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and the non-dsRNA solution-treated nematodes at pine stem
segments 1-2 and 2-3 cm below the inoculation site. However, the
number of BxICDI dsRNA-treated nematodes was significantly
lower compared with eGFP dsRNA and non-dsRNA solution-
treated nematodes isolated from pine stem segments 3-4 cm
below the inoculation site. No nematodes were isolated from pine
stem segments 4-5 cm below the inoculation point in all treatments
(Figures 6E, F).

In addition, BxICD1 dsRNA, eGFP dsRNA, and the non-
dsRNA solution-treated nematodes were cultured on a PDA
medium covered with Pestalotiopsis sp. After eight days, no
significant differences were observed in the amount of nematodes
and fungi mycelium in different treatments (Supplementary
Figure 3). The above results showed that BxICDI affected B.
xylophilus parasitism and migration in P. massoniana, but did not
affect the feeding rate and reproduction of B. xylophilus in fungi.

4 Discussion

Effectors are the key factors affecting PPNs virulence and
parasitism against hosts (Goverse and Smant, 2014). In recent
years, a growing number of PPN candidate effectors have been
identified by transcriptome sequencing. More than 100 candidate
effectors from B. xylophilus infecting P. thunbergii have been
obtained, while a few have been functionally characterized
(Tsai et al,, 2016; Hu et al.,, 2019). Interestingly, it was reported
that different proteins were detected in the secretomes of B.
xylophilus during the infection of different pine hosts (Silva et al,
2021). Accordingly, we screened effectors from B. xylophilus
infecting P. massoniana for the first time. As result, 394 candidate
effectors were identified through transcriptome data and
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Apoplastic localization of BxICD1 is required for the induction of cell death in Nicotiana benthamiana. (A) Agrobacterium strain GV3101 carrying the
fusion constructs BxICD1:eGFP, BxICD1%**:eGFP and the eGFP control were infiltrated in Nicotiana benthamiana leaves for transient expression
analysis. (B) N. benthamiana leaves expressing BxICD1:eGFP, BxICD1:eGFP*** and eGFP were treated with 30% glycerol for plasmolysis. GFP signals
were observed at 3 days after infiltration. The red asterisks indicate the apoplast region. Scale bars=50 pm. (C) BxICD1-triggered cell death in N.
benthamiana. Agrobacterium strain GV3101 carrying the constructs BxICD1:eGFP, BxICD1**P:eGFP, eGFP, and INF1 were infiltrated in N.
benthamiana leaves for transient expression analysis. The leaf phenotypes were observed after 3 days. (D) Quantification of cell death by measuring
electrolyte leakage in N. benthamiana leaves at 3 days post-infiltration with constructs encoding the indicated proteins. Data represent the mean of
three repeats + SD. Three independent experiments were performed with similar results, with three technical replicates for each reaction.

(E) Western blot analysis was performed to confirmed the expression of proteins in N. benthamiana. Ponceau S staining of RuBisCO was used as

indicate the protein loading control

bioinformatics analysis. Among them, 210 were different from the
candidate effectors of B. xylophilus infesting P. thunbergii and were
not annotated in the HMMER homology database, which might be
pioneers effectors against P. massoniana. One of them, named
BxICD1, was found to be significantly upregulated in the early
parasitic stages of B. xylophilus and specifically present in the
esophageal gland cell, a classical effector secretion organ of
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nematodes (Mitchum et al., 2013). Furthermore, the signal
peptide of BXICD1 was confirmed to be functional based on yeast
system assays. These data suggest that BXICDI is a novel effector of
B. xylophilus.

In this study, we found that BxICD1 could induce PCD in the
extracellular space of N. benthamiana, which was dependent on
NbBAK1. As is known, PCD has different effects on different
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FIGURE 5

BxICD1-triggered cell death depends on NbBAK1. (A) NbBAK1, but not NbSOBIRY, is required for BxICD1-triggered cell death in Nicotiana
benthamiana. N. benthamiana plants were subjected to VIGS by inoculation with TRV constructs (TRV:eGFP, TRV : NbBAK1, or TRV : NbSOBIR1).
Three weeks after inoculation, BXICD1, INF1, the empty vector (EV), and eGFP were transiently expressed in the gene-silenced leaves and
photographed after 3 d. The infiltration experiment was performed thrice, with three different plants with three inoculated leaves were used in each
assay. All experiments were performed with similar results. (B) Western blot analysis confirmed the expression of BxICD1 protein in gene-silenced
plants. Ponceau S staining of RuBisCO was used as indicate the protein loading control. (C, D) The relative expression levels of NbBAK1 and
NbSOBIR1 in gene-silenced plant were determined by RT-qPCR. Data represent the mean of three replicates + SD. Three independent experiments
were performed with similar results. Asterisks indicate significant differences (P<0.05).

nutritional pathogens with different lifestyles and feeding strategies.
Necrotrophic pathogens need to kill cells and tissues of host plants,
and then absorb nutrients. Therefore, PCD facilitates the parasitism
of necrotrophic pathogens (Laluk and Mengiste, 2010). However,
biotrophic pathogens must acquire nutrients directly from living
plant cells and tissues without immediately killing host cells or
tissues. Thus, PCD is often detrimental to biotrophic pathogens
(Gebrie, 2016). Additionally, hemibiotrophs are biotrophic in the
early stage and necrotrophic in the late stage of parasitism.
Therefore, PCD inhibits the infection by hemibiotrophs in the
early parasitism stage, while it promotes hemibiotroph
colonization and facilitates pathogen transition from a biotrophic
to a necrotrophic state in the late parasitism stage (Jia et al., 2000;
Orbach et al., 2000; Qutob et al,, 2002). PPNs are biotrophic
pathogens, and it is generally considered that PCD negatively
affects nematode parasitism. For example, the potato protein
Gpa2 recognizes the Globodera pallida effector Gp-Rbp-1
and triggers PCD, which inhibits nematode parasitism
(Sacco et al, 2009). A hypersensitive response-like reaction was
observed in the Meloidogyne graminicola-resistant rice plants but
not in the M. graminicola-susceptible rice plants under nematode
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infection (Cabasan et al., 2014). To survive, PPNs secrete effectors to
suppress PCD. In recent years, many PPN effectors with PCD-
inhibiting properties have been identified, especially from sedentary
endoparasitic phytonematodes, e.g., root-knot nematodes and cyst
nematodes (Postma et al., 2012; Chen et al., 2017; Song et al., 2021;
Chen et al,, 2022). In the migratory endoparasitic phytonematode B.
xylophilus, six effectors were also found to inhibit PCD (Hu et al,
2021; Wen et al., 2021, Wen et al., 2022; Zhang et al., 2022; Hu et al,,
2022a; Qiu et al,, 2023). Interestingly, five effectors from B.
xylophilus were confirmed to have the ability to activate PCD.
One of them not only induced PCD but also inhibited nematode
parasitism. However, BxSapB1, BxSapB2, and BxSapB3, induced
PCD but at the same time also enhanced nematode virulence
(Huang et al., 2019; Hu et al, 2019, Hu et al,, 2020; Zhao et al,,
2020; Shinya et al, 2021). In the present study, we found that
BxICD1 also promots parasitism of B. xylophilus based on RNAi
gene silencing assays. This seemingly paradoxical phenomenon was
also observed in effectors from oomycetes and fungi, such as
PsXEG1 (Ma et al., 2015) from Phytophthora sojae, Avh238
(Yang et al., 2017) from P. essential, PIAvh142 (Situ et al., 2020)
from Peronophythora litchi and Fgl2 (Yang et al., 2020) from F.
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BxICD1 contributes to the virulence and migration of Bursaphelenchus xylophilus. (A) BxICD1 silencing efficiency after treatment with Bx/CD1 dsRNA
in B. xylophilus. Asterisks indicate significant differences (P<0.05). ns indicates no significant differences (P>0.05). (B) Representative photographs of
Pinus massoniana seedlings at 12 days and 20 days post-inoculation. dseGFP, dsBxICD1 and CK correspond to nematodes inoculated in eGFP-,
BxICD1- and non-dsRNA solution, respectively. (C) The morbidity of Pinus massoniana seedlings inoculated with dseGFP-, dsBxICD1-, and non-
dsRNA solution -treated nematodes. (D) The disease severity index of P. massoniana seedlings inoculated with dseGFP-, dsBxICD1-, and non-dsRNA
solution-treated nematodes. (E) Schematic depiction of nematode inoculation and sampling. (F) The number of nematodes in Area A, Area B, and
Area C wood sections under three different treatments. “ns” indicates no sigificant difference (p>0.05).

graminearum. Two hypotheses have been proposed to explain this
phenomenon. First, the accumulation of effectors is insufficient to
induce PCD under natural conditions. Second, other interacting
effectors or proteins could suppress PCD activated by effectors
during the successful parasitism of pathogens (Ma et al., 2015; Yang
et al., 2017; Situ et al., 2020).

This study demonstrated that BxICD1 contributed to nematode
migration in P. massoniana, but was not involved and did not affect
nematode feeding and reproduction in fungi based on the RNAi
assays results. It has been reported that pine trees develop resistance
by inducing pine resin secretion and lignification in the resin canals.
Lignin biosynthesis in cell walls can effectively inhibits the
migration of B. xylophilus (Kusumoto et al., 2014). In pine trees,
highly virulent B. xylophilus strains can rapidly destroy the resin-
secreting parenchyma cells of cortical and xylem resin canals before
cell wall lignification (Jin and Ye, 2007), while weakly virulent
strains do not have such capacity. Taken together, the effector
BxICD1 has the capacity to induce PCD, resulting in the destruction
of parenchyma cells in resin canals, which is beneficial for B.
xylophilus virulence and migration.
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Understanding the dynamic
interactions of root-knot
nematodes and their host: role
of plant growth promoting
bacteria and abiotic factors

Alemayehu Habteweld®, Mihail Kantor?, Camelia Kantor?®
and Zafar Handoo™

*Mycology and Nematology Genetic Diversity and Biology Laboratory, USDA, ARS, Northeast Area,
Beltsville, MD, United States, ?Plant Pathology and Environmental Microbiology Department,
Pennsylvania State University, University Park, PA, United States, *Huck Institutes of the Life Sciences,
Pennsylvania State University, State College, PA, United States

Root-knot nematodes (Meloidogyne spp., RKN) are among the most destructive
endoparasitic nematodes worldwide, often leading to a reduction of crop growth
andyield. Insights into the dynamics of host-RKN interactions, especially in varied
biotic and abiotic environments, could be pivotal in devising novel RKN
mitigation measures. Plant growth-promoting bacteria (PGPB) involves
different plant growth-enhancing activities such as biofertilization, pathogen
suppression, and induction of systemic resistance. We summarized the up-to-
date knowledge on the role of PGPB and abiotic factors such as soil pH, texture,
structure, moisture, etc. in modulating RKN-host interactions. RKN are directly or
indirectly affected by different PGPB, abiotic factors interplay in the interactions,
and host responses to RKN infection. We highlighted the tripartite (host-RKN-
PGPB) phenomenon with respect to (i) PGPB direct and indirect effect on RKN-
host interactions; (ii) host influence in the selection and enrichment of PGPB in
the rhizosphere; (iii) how soil microbes enhance RKN parasitism; (iv) influence of
host in RKN-PGPB interactions, and (v) the role of abiotic factors in modulating
the tripartite interactions. Furthermore, we discussed how different agricultural
practices alter the interactions. Finally, we emphasized the importance of
incorporating the knowledge of tripartite interactions in the integrated RKN
management strategies.

KEYWORDS

root-knot nematodes, root-knot nematode-host interactions, plant growth promoting
bacteria, root exudates, volatiles, biotic factors, abiotic factors, agricultural practices

45 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1377453/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1377453/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1377453/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1377453/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1377453/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2024.1377453&domain=pdf&date_stamp=2024-04-30
mailto:Zafar.Handoo@usda.gov
https://doi.org/10.3389/fpls.2024.1377453
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2024.1377453
https://www.frontiersin.org/journals/plant-science

Habteweld et al.

1 Introduction

Plant-parasitic nematodes (PPNs) infect a wide range of food
crops and cause severe damage (Nicol et al., 2011; Jones et al., 2013;
Kantor et al,, 2022). PPNs control costs several billions of dollars
annually to the global agriculture industry (Elling, 2013; Gamalero
and Glick, 2020; Kantor et al, 2022). Among these, root-knot
nematodes (RKN) are the most economically significant plant
pathogens due to the high levels of damage and infection they
cause, their wide host and geographic ranges, and interaction with
other plant pathogens (Rehman et al., 2012; Topalovic and Geisen,
2023). The second-stage juvenile (J2) is the only infective stage of
RKN. In plant roots, the J2s undergo two developmental stages (J3
and J4) before an adult stage. Adult females establish feeding sites
and cause root galls (Eisenback and Triantaphyllou, 1991; Karssen
and Moens, 2006; Gheysen and Mitchum, 2011).

The above-ground symptoms of RKN-infected plants include
poor plant growth, necrosis on leaves, and rapid wilting under
environmental stress caused by water deficiency or other factors
(Bernard et al., 2017; Elnahal et al., 2022). The obvious below-
ground symptom of RKN infection is the formation of galls on the
roots that reduce the absorption and translocation of water and
dissolved nutrients. RKN root damage also fosters access to
secondary infection of roots by soil pathogens such as fungi and
bacteria (Agrios, 2005; Cao et al., 2023). Because of their wide host
range and distribution, effective RKN management is becoming a
global priority. Effective RKN management may require an
integrated application of control strategies such as chemical
nematicides, resistant crops, trap crops, organic amendments, and
different microbial agents (Desaeger et al., 2020; Forghani and
Hajihassani, 2020; Topalovic et al., 2020b). Synthetic chemical
nematicides are effective in controlling RKN and are widely used
around the globe but their use has been restricted due to their
negative impact on human health and the environment (Katooli
et al., 2010; Desaeger et al., 2020). Thus, there is a critical need for
alternative nematode control methods which are both effective in
controlling RKN and environmentally sustainable.

RKN management strategies using antagonistic soil microbiota
would offer an ecologically sound RKN control (Zhang et al., 2017;
Abd-Elgawad, 2021; Aioub et al, 2022). A broad range of soil
microbiota reduced nematode infection directly or indirectly in
plants (Eberlein et al., 2016; Ashrafi et al., 2017; Hamid et al., 2017;
Hussain et al, 2018; Nuaima et al, 2021). These microbes use
antibiosis, parasitism, induced systemic resistance (ISR) in plants,
or apply a combination of different strategies that can interfere with
nematode infection in plants (Chen and Dickson, 1998; Siddiqui
et al., 2005; Martinez-Medina et al., 2017; Poveda et al., 2020). One
subset of soil microbiota showing RKN suppression is plant growth
promoting bacteria (PGPB). Here, we define PGPB as bacterial
community inhabiting soil around roots (rhizosphere bacteria) and
inside plant roots (endophytic bacteria) and promoting plant growth
through a variety of processes such as biofertilization, phytohormone
production, antipathogenic activities and ISR (Lugtenburg and
Kamilova, 2009; Aioub et al., 2022; Gowda et al., 2022).

PGPB stimulate plant growth by supplying essential plant
nutrients such as nitrogen (N), phosphorus (P), potassium (K), and
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other micronutrients such as iron (Fe), and promote soil
bioremediation by secreting a variety of metabolites and hormones
(Poria et al, 2022). PGPB have a direct influence on both plant
development and metabolism through the production of
phytohormones and plant growth regulators (Chandra et al., 2018).
Microbial phytohormones and phytostimulators such as auxins,
ethylene, cytokines, gibberellin, abscisic acid, salicylic acid and
jasmonic acid are important in plant biological processes such as
cell division and elongation (Lugtenburg and Kamilova, 2009;
Tsukanova et al,, 2017; Shaffique et al., 2023). Phytohormones and
enzymes such as l-aminocyclopropane-1-carboxylate (ACC)
produced by PGPB also alleviate various forms of stress, including
infections by pathogenic bacteria, resistance to stress induced by
polyaromatic hydrocarbons, heavy metals such as Ni** and
environmental stresses such as salt and drought (Glick et al,, 2007;
Lugtenburg and Kamilova, 2009; Zhang et al., 2020; Sharifi et al.,
2022). PGPB are also involved in antipathogenic activities through
antagonism, signal interference, predation, parasitism, competition,
and induced systemic resistance (ISR) (Milner et al., 1996; Bassler,
1999; Ryu et al,, 2003; Emmert et al., 2004; Aioub et al., 2022). Thus,
the use of PGPB for RKN control is an ecologically sound strategy for
suppressing RKN using naturally occurring species, introducing them
to the rhizosphere or manipulating the soil through different
agricultural practices that enhance their performance (Topalovic
et al,, 2019; Topalovic et al., 2020b; Eldeeb et al., 2022).

Despite several promising RKN control results under laboratory
and greenhouse settings, transitioning from lab to field has been
challenging due to inconsistencies in microbial agent performance
in the field conditions (Topalovic and Heuer, 2019). Some reasons
for that are the weak competitive ability of the microbial agents and
the failure to establish a high density in soil ecosystems. In soil
ecosystems, host-RKN interactions are complex and can be affected
by different soil physicochemical and biological properties (Cao
et al., 2023). Soil physicochemical and biological properties
modulate host-RKN interactions, and they are in turn affected by
different agricultural practices. Therefore, the knowledge of how soil
biotic and abiotic factors modulate the host-RKN-PGPB (tripartite,
Figure 1) interactions would be critical to develop economically and
ecologically sound RKN control strategies. This review emphasizes
the tripartite phenomenon with respect to (i) PGPBs’ direct and
indirect effect on RKN-host interactions; (ii) the host’s influence in
the selection and enrichment of PGPB in the rhizosphere; (iii) the
influence of the host in RKN-PGPB interactions; (iv) the role of soil
microbes in enhancing RKN parasitism, and (v) the role of abiotic
factors in modulating the tripartite interactions. Furthermore, the
paper delves into how different agricultural practices alter the host-
RKN-PGPB interactions. Finally, it concludes by emphasizing the
importance of incorporating the knowledge of tripartite interactions
in the integrated RKN management strategies.

2 Influence of PGPB on host-
RKN interactions

PGPB have a direct and indirect effect on RKN and affect the
interaction between the host and RKN (Figure 1).
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inhibiting subsets of plant growth promoting bacteria (PGPB) for its benefits. The PGPB directly attack the root-knot nematodes and/or through
plant growth promotion and induced systemic resistance. The figure is created with BioRender.com.

2.1 Direct modulatory mechanisms

Direct modulatory mechanisms refer to the adverse effect of
PGPB on RKN through processes such as parasitism and antibiosis.
Among these, parasitism stands out as the most effective and direct
modulatory mechanism which entails the tropic growth of the
PGPB toward RKN, ultimate assault, and disintegration of RKN
through enzyme activity (Pal and Gardener, 2006; Singh et al,
2017). For instance, Pasteuria penetrans showed strong parasitism
to Meloidogyne graminicola, M. incognita, M. arenaria, and M.
hapla (Ciancio, 2018; Aioub et al., 2022).

Antibiosis involves the release of enzymes, metabolic by-
products, and toxins by various PGPB to actively suppress RKNs.
The release of these products plays a crucial role in inhibiting
nematode hatching, development, and existence (Subedi et al,
2020). Some PGPB such as Pseudomonas fluorescens, produce
metabolic by-products like 2,4-diacetylphloroglucinol and
hydrogen cyanide that suppress RKN density and promote plant
growth (Mena et al.,, 2002; Meyer et al., 2009; El-Rahman et al.,
2019). Research on Corynebacterium paurometabolous and
Lysobacter capsica showed that these PGPB expressed chitinase
and gelatinase activities which reduced the numbers of galls and egg
masses of M. incognita in tomatoes (Mena et al., 2002; Lee et al,
2015). Bacillus cereus strain (BCM2) released 2,4-2,4-ditert-
butylphenol, 3,3 dimethyloctane, chitonase, alkaline serine
protease, and neutral protease which resulted in the reduction of
M. incognita density on tomato (Li et al., 2019a). B. thuringiensis is
known to produce proteinaceous protoxin crystals that cause lysis
of the intestine and the nematode’s death (Griffitts et al., 2005;
Vachon et al,, 2012; Elhady et al., 2017).

Several PGPB strains with antibiosis activity such as Bacillus
aryabhattai A08, Paenibacillus alvei T30, Bacillus firmus T11,
Paenibacillus barcinonensis A10, and B. cereus N10w were
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reported (Viljoen et al., 2019). Application of P. fluorescens and
Serratia marcescens reduced the number of galls and egg masses of
RKN species (Ali et al., 2021). Pseudomonas spp. and Bacillus spp.
isolated from RKN suppressive soil exhibited RKN antagonism on
tomato (Zhou et al,, 2019). Similarly, soils with low- and high-
infestations of M. incognita demonstrated different microbial
communities in the rhizosphere, the low-infested soil contained
more of plant beneficial microbes including those with nematocidal
activities such as B. amyloliquefacens W1 (Zhao et al., 2023).

2.2 Indirect interventional mechanisms

PGPB indirectly suppress RKN by promoting plant growth and
development through improved nutrient availability and uptake,
producing phytohormones, and activating ISR. Recent studies
revealed that N-fixing PGPB strains promote plant growth by
providing nitrogen and increase plants’ resistance to RKN (Aioub
et al,, 2022). For instance, Rhizobium spp., Mesorhizobium spp.,
Sinorhizobium spp., Bradyrhizobium spp. and Frankia spp. fix N,,
supply it to plants and promote plant growth (Vejan et al., 2016;
Dash et al, 2017; Liao et al, 2021). Similarly, Paenibacillus
polymyxa, a N-fixing PGPB, promoted plant growth and
suppressed Meloidogyne incognita populations on tomato in a
greenhouse experiment (El-Hadad et al., 2011). Azospirillum spp.,
Azotobacter spp., and Rhizobium spp. decreased root galling caused
by Meloidogyne javanica in root of chickpea (Cicer arietinum)
(Siddiqui and Mahmood, 2001). Inoculating tomato plants with
Bacillus firmus, B. megaterium and B. circulans also improved plant
growth through phosphate acquisition and suppressed M. incognita
populations (Terefe et al., 2009; El-Hadad et al., 2011). Likewise,
phosphate-solubilizing P. fluorescens suppressed M. incognita
population in chickpea field (Rizvi et al., 2012). PGPB with
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phytohormone-producing ability promoted plant growth and
suppressed PPNs (Backer et al., 2018). For instance, indole acetic
acid (IAA) production by the strain Streptomyces fradiae NKZ-259
enhanced plant growth (Myo et al., 2019). Pseudomonas simiae
strain MB751 also produced IAA, improved plant growth, and
suppressed M. incognita development (Sun et al., 2021).

PGPB decrease the population of RKN by enhancing ISR
through eliciting plant innate immunity in plants. This is
accomplished through processes like cell wall intensification,
callose deposition, phenolic compound accumulation, and
upregulation of biochemical compounds such as jasmonic acid,
pathogenesis-related proteins, lipopolysaccharides, phytoalexin,
siderophores, chitinase, and salicylic acid (Aioub et al., 2022). For
instance, M. javanica and M. incognita population densities were
suppressed because of the activation of ISR when Arabidopsis roots
were treated with PGPB Bacillus cereus (Jiang et al., 2020). Similarly,
tomato roots inoculated with P. fluorescens Pf128 and B. subtilis
Bbv57 decreased M. incognita populations due to increased activity
of enzymes involved in ISR (Meena et al., 2012).

3 Plants recruit and shape PGPB
communities in the rhizosphere

Different plant species selectively attract different communities of
PGPB and influence their composition when grown on the same soil
(Berendsen et al., 2012). The PGPB exhibit significantly higher
population densities in the rhizosphere compared to the bulk soil,
primarily due to plants releasing up to 40% of their photosynthates as
root exudates (Bais et al., 2006). However, their diversity is low in the
rhizosphere compared to the bulk soil (Berg et al,, 2006; Costa et al.,
2006; Hein et al, 2008; Berendsen et al, 2012) indicating PGPB
community establishment is driven by host plant selection (Li et al.,
2019b; Yin et al,, 2021). The type and age of the host plant, and biotic
and abiotic stresses influence the compositions of root exudates
(Lundberg et al., 2012; Chaparro et al,, 2014; Bulgarelli et al.,, 2015;
Tkacz et al,, 2015; Kantor et al., 2018; Yin et al, 2021). Thus, the
composition of root exudates actively secreted by plants shape the
PGPB community by stimulating or repressing the subset of the PGPB
community in the soil (Doornbos et al., 2012). Components of root
exudates such as sugars, organic acids, metabolites, phytohormones,
and complex mucus-like polymers play a key role in shaping the
composition and structure of PGPB community (Broeckling et al,
2008; Carvalhais et al., 2015; Berendsen et al., 2018; Sasse et al., 2018;
Yuan et al., 2018; Wen et al., 2020, 2021; Kong et al., 2021).

For example, long-chain fatty acids and amino acids were
identified to play a crucial role in attracting PGPB, including
Pseudomonas populations (Yuan et al, 2018; Wen et al, 2021).
Additionally, a higher release of four short-chain organic acids
(citric acid, pyruvate acid, succinic acid, and fumarate) has been
linked to the increased presence of PGPB such as Comamonadaceae
spp (Wen et al., 2020). Root-secreted malic acid has also been linked
to the attraction of Bacillus spp. to the rhizosphere (Rudrappa et al,
2008). Therefore, the particular ratios and makeup of root exudates
significantly influence the PGPB composition (Badri et al, 2009;
Zhou and Wu, 2012).
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Secondary metabolites secreted by plant roots can also be
detrimental for the growth of specific group of microbes in the
rhizosphere (Bais et al., 2002; Zhang et al., 2011). Benzoxazinoids are
exuded in relatively large quantities from cereal roots and can inhibit
rhizosphere microbes (Berendsen et al,, 2012). In maize (Zea mays),
2,4-dihydroxy- 7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA)
is the main antimicrobial benzoxazinoid. In contrast, PGPB P. putida
KT2440 was attracted and tolerant to DIMBOA (Berendsen et al., 2012;
Neal et al., 2012). In the absence of DIMBOA, the colonization of roots
by KT2440 strain was lower (Berendsen et al., 2012; Neal et al,, 2012).
Secondary metabolites have shown promising nematocidal activity.
Notably, various metabolites synthetized by wild watermelon roots
have been documented in literature for their effectiveness in controlling
nematodes (Kantor et al., 2018).

Plants also produce compounds that stimulate or repress
quorum-sensing (QS)-regulated responses in PGPB. These QS-
interfering compounds enable the plant to manipulate gene
expression in their PGPB communities (Berendsen et al., 2012).
PGPB utilize QS to signal each other and regulate expression of
certain genes by using diffusible N-acyl-homoserine lactones
(AHLs) (Elasri et al., 2001; Berendsen et al., 2012). AHL-
mediated regulation typically makes use of two proteins that
resemble the LuxI and LuxR protein families. LuxI-like proteins
are AHL synthases, whereas LuxR-like proteins function as
receptors of AHL that can form complexes with AHL which in
turn can affect gene expression of QS-target genes (Decho et al,
2011; Berendsen et al., 2012). For instance, seedling extracts and
exudates of barrel clover (Medicago truncatula), pea (Pisum
sativum), rice (Oryza sativum) and green algae (Chlamydomonas
reinhardtii) had compounds that specifically stimulated or
repressed responses in QS-reporter bacteria (Teplitski et al., 20005
Gao et al., 2003; Teplitski et al., 2004; Ferluga and Venturi, 2009).
Some plant-associated PGPB have LuxR-like proteins that are
stimulated by plant-derived signals, whereas they themselves do
not produce AHLs (Ferluga and Venturi, 2009; Berendsen et al.,
2012). Thus, plants recruit and shape the rhizosphere microbes
through the composition of root exudates and secondary
metabolites. These substances selectively attract or repel soil
microbiota and play a role in controlling the expression of QS-
regulated genes of soil microbiota.

4 Interplay between host and PGPB in
RKN suppression

Root exudates are important in nematode attraction to plant
roots and directly affect nematode interactions with PGPB by
inducing changes in the surface of PPNs. PGPB interact with
PPNs through the nematode surface coat (SC). SC is a
glycoprotein layer secreted by the hypodermis, or by the
excretory and nervous systems (Lin and McClure, 1996; Curtis
et al, 2011). Receptors on nematode SC mediate the specific
interaction with the lectine-like protein molecules on PGPB
surface (Bird, 2004; Davies and Curtis, 2011). Studies showed that
nematode SC exposed to different root exudates and secondary
metabolites also undergoes modifications which influence PGPB
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attachments to RKN surface (Akhkha et al, 2002; Curtis, 2008;
Singh et al., 2014; Liu et al., 2017). Pasteuria penetrans endospores
attachment to J2 of RKN were variable in response to root exudates
from different plant species (Singh et al., 2014; Liu et al., 2017). For
instance, M. incognita J2 exposed to the root exudates showed
greater P. penetrans endospores attachment (Singh et al., 2014).
These results indicated that the influence of specific host root
exudates on RKN-PGPB interactions in the soil favors RKN
antagonistic microbes attachment (Topalovic et al., 2020c¢).

J2-attached PGPB can also increase hosts’ resistance to RKN.
PGPB attaching to J2 of M. hapla prior to ]2 infection enhanced
their detection by upregulating several pattern-triggered immunity
(PTI)-responsive defense genes (Topalovic et al., 2020a). Moreover,
chemicals produced by M. hapla J2 with attached Microbacterium
sp. K6 strain activated a greater reactive oxygen species (ROS)
response in tomato roots. Such a greater increase in ROS was not
detected for nematodes without the K6 strain. Besides, hundred-
fold ROS response was observed in the leaves than the roots for J2
with attached Microbacterium sp. K6 strain (Topalovic et al., 2020a,
b, c). Therefore, J2-attached PGPB prior penetrating roots can
activate ISR that inhibits RKN establishment.

Recent research findings suggest that the success of RKN root
invasion is influenced by the root exudates and PGPB in the
rhizosphere which determine whether the RKN surface molecule
is recognized by plant roots or not (Topalovic et al., 2020c). Thus,
host plant root exudates components play a key role for the
communications between plants and nematodes, and nematode-
PGPB interaction by modulating components of the nematode SC
(Topalovic et al., 2020c). Based on the host range of the nematode
and the PGPB composition, RKN may either bypass plant defense
responses to infiltrate the roots or be antagonized within or outside
the plant. Thus, plants are utterly dependent on PGPB during
nematode invasion, which results in the proliferation of a certain
group of PGPB community protecting the host (Hussain et al.,
2018; Topalovic et al,, 2020c). This suggests that the dynamic
tripartite phenomenon in soil leads to nematode suppression by
microbially induced systemic resistance in plants (Topalovic
et al., 2020a).

5 Soil microbes could enhance
RKNSs parasitism

RKN juveniles, while actively searching for roots in the soil, are
likely to encounter and attach to a functionally diverse array of soil
microbes. This array includes both antagonistic and protective
surface microbes (Topalovic and Vestergard, 2021). The
holobiont concept suggests that each macroorganism has
developed a mutually beneficial relationship with specific
microbiota that influences its health and survival. Additionally, it
infers that the microbial moiety of a holobiont can undergo
modifications in response to environmental stress (Bordenstein
and Theis, 2015). Soil microbes can protect PPNs in soil by
outcompeting nematode antagonists for attachment sites on the
nematode’s surface, reducing nematode recognition, or by
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producing compounds that are toxic to nematode antagonists
(Topalovic and Vestergard, 2021).

RKN J2s may avoid antagonists by recruiting protective soil
microbiota to their surface. A recent study revealed that J2-attached
microbes’ compositions were different on actively moving J2 surface of
Meloidogyne hapla and M. incognita in the presence of Pseudomonas
protegens strain CHAQ, a bacterial antagonist (Topalovic et al., 2023).
In the absence of P. protegens strain CHAOQ, bacterial genera such as
Delftia, Variovorax and Pseudomonas attached on both active and
inactive J2s but not on J2 treated with P. protegens strain CHAOQ. P.
protegens CHAO also activated proliferation of Flavobacterium spp.
and Cutibacterium spp., and Methylophilaceae family within the
Gammaproteobacteria, which might have protective role on active
nematodes in M. hapla and M. incognita, respectively (Tsuru et al,
2021; Topalovic et al, 2023). The presence of P. protegens CHAQ
might also change the surrounding microbial community by reducing
the prevalence of nematode antagonistic taxa such as Pseudomonads
may be due to a release of secondary metabolites from P. protegens
CHAO (Topalovic et al.,, 2023). Such antimicrobial compounds might
play a role in reducing the abundance of nematode antagonists in the
soil in the presence of RKN protective soil microbiota.

PGPB attachment to nematode surface can reduce the nematode
recognition by plants during the infection process by masking the
nematode receptors (Curtis, 2008; Mendy et al., 2017; Topalovic et al,,
2020c). RKN surface-attached microbes may also facilitate RKN
establishment by helping in the creation of a feeding site and
enhancing nutrition available for the nematodes (Cao et al., 2015).
Community analysis of root-associated microbiomes in healthy and
RKN-infected tomatoes showed that nematode infections were
associated with variation and differentiation of the endophyte and
rhizosphere bacterial populations in plant roots (Tian et al., 2015).
Bacterial genera with N-fixing (Sinorhizobium spp. and Devosia spp.)
and cellulose-degrading (Sphingomonadaceae) abilities were found
associated with different life stages of M. incognita on tomato (Cao
etal,, 2015; Tian et al,, 2015). As the plant does not recognize N-fixing
bacteria as pathogens, their introduction may deter RKN recognition
and immune responses against the RKN. In addition, detecting
cellulose-degrading bacterial groups may suggest that the gall-
enriched cellulose-degrading bacteria may help nematodes in
feeding site formation (Tian et al, 2015; Yergaliyev et al, 2020).
Overall, soil type, plant genotype, the specific interaction between soil
microbiota and nematode surface, and the movement of J2 influence
the composition of J2-attached microbial community (Adam et al,
2014; Elhady et al., 2017; Topalovic et al., 2019; Elhady et al., 2021;
Topalovic et al., 2023).

6 Role of abiotic factors in host-
RKN interactions

Soil abiotic factors can affect host-RKN interactions through
their impact on plant and RKN growth and development, and/or
the activities of PGPB (Figure 2). RKN spend a phase of their life
cycle (J2) in soil, the composition, and properties of which affect J2
motility and distribution, as well as their development inside their
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FIGURE 2

Impact of abiotic factors in host-RKN-PGPB interactions and their communications. The figure is created with BioRender.com.

host (Norton, 1989; Mateille et al., 2014). Soil abiotic factors (soil
physical properties such as temperature, texture, structure, and
moisture content; soil chemical properties such as soil pH
and mineral compositions) affect RKN behavior and development
and in turn host-RKN interactions (Palomares-Rius et al., 2015).
They also affect host growth and development such as root size,
numbers, softness and quality and quantity of root exudates, and in
turn RKN behavior and development (Castillo et al., 2006; Landa
et al,, 2014). Soil abiotic factors also affect the movement of volatiles
released from roots and PGPB and alter the interactions of host-
RKN-PGPB as volatiles play key roles in mediating intra- and inter-
kingdom communications (Sharifi and Ryu, 2018; Erktan et al,
2020; Wester-Larsen et al, 2020; Lee and Ryu, 2021). While soil
abiotic factors affect soil microbiota which in turn can affect host-
RKN interactions as aforementioned, an in-depth analysis of this
topic falls beyond the scope of this review as its main theme is to
discuss the role of PGPB and abiotic factors on host-RKN
interactions. Rather, in the following sections we will mainly
discuss the major soil abiotic factors affecting host-RKN
interactions by focusing on their impact on plants and RKN.

6.1 Soil temperature

Temperature influences nematode behavior such as egg
hatching, nematode movement, root infection, their development
and existence in soils (Velloso et al.,, 2022; Pradhan et al., 2023).
Temperature also has a tremendous effect on plant development,
reproduction, survival, and resistance to RKN (Hatfield and
Prueger, 2015; Pradhan et al., 2023). Different levels of soil
temperatures have variable effects on RKN root infection and
their metabolism (Verdejo-Lucas et al., 2012, 2013; Khan et al,
2014; Pradhan et al., 2023). The tropical nematodes such as M.
incognita, M. javanica and M. arenaria are most active for infection
at a temperature of 24-32°C, while other root-knot nematodes such
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as M. hapla and M. chitwoodi can remain active in a temperature
range of 10°C and 32°C (Davila-Negron and Dickson, 2013; Gine
et al., 2021; Pradhan et al, 2023). As temperature increases, the
number of RKN generations increase which leads to large
increment in nematode population density and greatly reduce
plant development (Verdejo-Lucas et al, 2013).

Generally, RKN reproduction increases when the soil
temperature is intermittently above 28 °C (Talavera et al., 2009).
However, temperatures below 18 °C decreased the J2 motility and
subsequent root penetration and development inside roots (Roberts
et al., 1981; Prot and Van Gundy, 1981a; Trudgill, 1995). High
temperatures are also known to decrease nematode motility and
cause lethality (Wallace and Bird, 1965; Wang and McSorley, 2008;
Oka, 2019). Similarly, the pace of plant growth and development
hinges on the ambient temperature of the plant, with each species
having a defined temperature range represented by a minimum,
maximum, and optimum temperature (Hatfield and Prueger, 2015).
Soil temperature affects physiological processes of host plants such
as root growth (Holtzmann, 1965), plant vigor and yield (Abdul-
Baki, 1991), and thus, affect host-RKN interactions. For example,
heat stress increase heat-shock proteins in plants that may alter the
plant defense mechanisms at early stages of nematode infection
(Verdejo-Lucas et al., 2013).

High temperature also affects plant resistance to RKN infection
(Roberts, 2002). For instance, Mi-1 gene is responsible for tomato
resistance to M. arenaria, M. incognita and M. javanica (Smith,
1944) which greatly reduces the RKN reproduction in tomato
(Roberts and Thomason, 1986; Sorribas et al., 2005). However,
soil temperature above 28 °C usually negatively affects the resistance
traits (Holtzmann, 1965; Dropkin, 1969; Araujo et al.,, 1982) and
lead RKN to break the Mi-gene that lead to RKN population
increase and affect plant growth and development (Devran and
Sogiit, 2010; Verdejo-Lucas et al,, 2012, 2013). As plants and RKN,
PGPB have minimum, optimum, and maximum temperatures for
their physiological activities. Temperature changes lead to
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structural and compositional changes in PGPR community which
affect their interaction with plants and RKN, and host-RKN
interactions (Zhang and Gross, 2021; Omae and Tsuda, 2022).
The activity of PGPB enzymes can be influenced by soil
temperature. For instance, the effectiveness of enzymes involved
in nitrogen fixation varies at different temperatures (Abdul Rahman
et al., 2021).

Temperature can influence the tripartite interactions through
altering the host and PGPB volatiles concentration and mobility in
soil (Kramshoj et al., 2019; Wester-Larsen et al, 2020). Studies
showed that temperature increase positively correlated with an
increase volatiles concentration by increasing biological activity,
and liberating adsorbed and dissolved volatiles (Guenther et al,
1993; Insam and Seewald, 2010; Wester-Larsen et al., 2020). When
concentration of volatiles in soil is low, it is not sensed over long
distance by host, RKN and PGPB and hence affect the interactions
between host-RKN-PGPB.

6.2 Soil texture, structure, and
moisture content

Soil texture, structure and moisture are interrelated. Soil texture
(proportions of sand, clay, and silt) and structure (soil aggregation)
directly influence soil porosity which determines soil aeration, water
infiltration and retention, and, indirectly, root growth, nematode
movement, nutrient availability, and microbial activity (Saxton and
Rawls, 2006; Mateille et al., 2014; Noronha et al., 2021; Garcia et al.,
2022). Soil texture impacts the movements of J2 through the water
film around soil particles, stimulated by the retention of root
exudates that enable RKN to locate the roots (Prot and Van
Gundy, 1981b; Garcia et al,, 2022). The sandier soils seem to be
good habitats for RKN and increase their presence in areas with
coarse soil (Prot and Van Gundy, 1981b; Mateille et al., 2014; Kabir
etal, 2017; Noronha et al., 2021). More structured soils with higher
clay content, greater porosity, and water storage favored RKN
because they retained water and created transport films in the soil
that facilitated nematode movement (Otobe et al., 2004; Fajardo
et al., 2011; Noronha et al., 2021). More structured soil also
promotes the abundance, structure, and activity of PGPB which
affects host plants, RKN as well as their interactions (Hartmann and
Six, 2023).

Conversely, dry soil conditions may inhibit root growth,
decrease metabolic activity, and cause electrolyte disturbances.
These adverse effects can lead to the death of the plant, which in
turn negatively affects the RKN development (Hurd, 1968; Roberts
etal, 1981; Chen et al., 2022). Dry soils may not have enough water
film for RKNs’ movement to locate host roots (Wallace, 1958; Oka,
2019). Dry soil also negatively affects the abundance, structure, and
activity of PGPR and as a result of reduced nutrient availability,
antipathogenic activities against RKN and the interactions between
host and RKN (Bogati and Walczak, 2022; Omae and Tsuda, 2022).
For instance, low soil moisture content decreases the movement of
nitrogen-fixing bacteria to the rhizosphere, decreases rhizosphere
colonization and their plant growth-promoting activity (Islam et al.,
2020). Conducive soil physical properties such as water retention,
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porosity, aeration, and soil temperature enhance plant
development, favor RKN and PGPB activity, and increase
nematode and PGPB reproduction (Franchine et al, 2018;
Notonha et al., 2021).

Soil texture, structure and moisture content affect the diffusion
rate of volatiles in soil and as a result modulate the interactions
between host, RKN and PGPB (Aochi and Farmer, 2005; Asensio
et al., 2008). Soil texture and structure determine the pore sizes
(micro or macro) in the soil which in turn influences the movement
of soil organisms and soil moisture content (Mateille et al., 2014;
Noronha et al., 2021; Garcia et al., 2022). The level of soil moisture
content in turn affects the rate of diffusion of volatiles in soil that
alters the interactions between host-RKN-PGPB. For instance, the
movement of volatiles in wet soil is much slower than in dry soil,
influences volatile travel distance and magnitude and impact the
sensing ability of soil organisms such as RKN (Moldrup et al., 2000).
In contrast, volatiles diffusion in the drier soil is faster and travels
longer (Tyc et al,, 2015; Erktan et al., 2020). RKN locate and move
towards the host root tip by using the concentration gradient of
volatiles as cue (Rasmann et al.,, 2012). Although RKN can better
sense roots due to faster diffusion of volatiles, it may not reach to the
root due to movement restriction in drier soil condition. Thus,
optimal soil pore size and moisture content allows the movement of
soil organisms and diffusion of volatiles. Similarly, the movement of
PGPB to the root is mediated by the volatiles from the host, and
plant roots must sense PGPB volatiles to respond accordingly
(Schmidt et al., 2015; Schulz-Bohm et al., 2015; Tyc et al., 2017;
Erktan et al., 2020; Sharifi et al. 22).

6.3 Soil pH

Soil pH is one the most important soil abiotic factors
influencing soil properties, nutrient availability and solubility,
plant growth, and RKN activity (Gentili et al., 2018; Penn and
Camberto, 2019; Nisa et al., 2021; Barrow and Hartemink, 2023;
Dewangan et al., 2023). Nutrient levels in soil are linked to the
concentration of hydrogen ions, reflected in the soil’s pH value.
Changes in pH level can influence the availability of nutrients,
affecting plant growth. The exact influence of pH fluctuations on the
soil’s microbial populations is not fully understood though it is
known that pH is a key factor in determining microbial community
structure (Biswas et al., 2007; Msimbira and Smith, 2020). Although
the influence of soil pH varies with the host and nematode species
(Wallace, 1973; Jones, 1975), soil acidity is a major abiotic stress
factor that limits plant and RKN development (Schaller, 1987; Foy
et al., 1993; Baligar and Fageria, 1997). In soil pH <5, for instance,
aluminum (Al) becomes toxic to root growth while the essential
nutrients such as P, K, magnesium (Mg) and calcium (Ca) become
less available for uptake and negatively affect plant growth.
Prolonged exposure to Al subjects plants to considerable
oxidative stress and harms the root systems, impairing their
ability to absorb water and nutrients (Kochian et al., 2005; Chai
and Schachtman, 2022). Similarly, alkaline soils often have a
reduced availability of P, zinc (Zn), Fe, copper (Cu), Boron (B),
and manganese (Mn), which results in stunted plant growth
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(Melakeberhan et al., 2004; Barrow and Hartemink, 2023). Soil pH
higher than 5 was associated with an increase of RKN populations;
and pH values of 5.9 and 4.6 favored more pre-adult and adult
stages of M. incognita than pH 4.3 in soybean roots (Melakeberhan
et al., 2004; Kesba and Al-Shalaby, 2008; Nisa et al., 2021). Similarly,
soil pH ranging from 5.7-7.9 appears to positively impact the
abundance of RKN on sugarcane (Garcia et al., 2022). Based on
the plant and RKNs species, specific range of soil pH negatively
affects plants and RKN development and their interactions.
Although tolerance of PGPB to soil acidity or alkalinity differs,
most PGPR prefer pH of 6-7 and a change in range of soil pH alters
their composition and activity which also alters their impact on host
and RKN. For instance, low soil pH decreased nitrogen-fixing
bacteria diversity and the process of N-fixation (Smercina et al,
2019; Abdul Rahman et al,, 2021). Microorganisms in soil must
have the ability to perceive and adapt to changes in their
environment, including shifts in pH, to successfully survive and
establish themselves (Biswas et al., 2007).

6.4 Soil organic matter

Increased soil organic matter (SOM) is typically linked to
increased water holding capacity, storage of plant nutrients and
structure of soil, and heightened microbial activity, and better plant
growth, influencing host-RKN interactions (Pimentel et al., 2005;
Evanylo et al., 2008; Zasada et al., 2008; Natsheh and Mousa, 2014;
Zhang et al., 2014, 2016). One scenario illustrating the influence of
SOM on host-RKN interactions involves the promotion of plant
growth as indicated by previous studies (Pimentel et al., 2005; Forge
and Kempler, 2009). This growth elevates the carrying capacity of
plants on which RKN feed (Bongers et al, 1997; Bongers and
Bongers, 1998; Bongers and Ferris, 1999; Habteweld et al., 2020a) or
enhances microbial activity such as nematode antagonists resulting
in RKN suppression (Gine et al., 2016; Silva et al., 2022). SOM also
alters the tripartite interactions directly by adsorbing the volatiles
released by plants and PGPB directly which decrease their
concentration in soil or by involving soil structure and pore
formation as aforementioned indirectly (Wester-Larsen
et al.,, 2020).

6.5 Soil nutrient content

The presence of nutrients in the soil has a direct or indirect
impact on both plant growth and development as well as RKN
densities through the development of host plants (Habteweld et al.,
2018). Soil mineral content is an important abiotic factor for
nematodes’ development as they modify their habitat,
metabolism, or movement (Norton, 1989; Mateille et al.,, 2014;
Palomares-Rius et al., 2015). For instance, N is one of the
macronutrients essential for plant growth and development and
increase nematode reproduction indirectly by enhancing root
growth (Santana-Gomes et al, 2013; Lira et al, 2019). Studies
showed that high N content in the soil was positively correlated
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with RKN population densities in sugarcane and tomatoes (Asif
et al,, 2015; Ngeno et al., 2019).

P promotes root growth which increases nutrients acquisition
and overall plant development (Devi et al., 2012). P deficiency
induces the exudation of phenolics such as caffeic and
protocatechuic acid into the rhizosphere resulting in desorption
of P by binding with P-containing minerals in soils to release P for
plant uptake (Juszczuk et al., 2004; Hu et al., 2005; Weisskopf et al.,
2006; Noronha et al., 2021; Chai and Schachtman, 2022). P also
influences RKN through biochemical changes in plants such as the
increase in plant oils, phenolics, peroxidases, and ammonia that
reduce the reproduction of the nematodes (Noronha et al., 2021).
The addition of P fertilizers inhibits hatching and causes J2
mortality of M. javanica and M. incognita (Habash and Al-
Banna, 2011; Hemmati and Saeedizadeh, 2019). K is required for
plant development due to its involvement in various metabolic
processes such as photosynthesis, protein synthesis, and
translocation of sucrose from leaves to the stalk storage tissues
(Medina et al., 2013). It is also related to stabilizing cell structure,
thickening cell walls, and preventing the expansion of intracellular
space (Li et al, 2010). Thus, low K levels in soil contribute to
reducing the longevity of plants such as sugarcane (Noronha et al.,
2021). K may suppress RKN as the application of K activates various
enzymes improving plant resistance against M. incognita (Zhao
et al,, 2016).

While the impact on the development of RKN is not well
studied, Ca, Mg, Ca/Mg, Carbon/Nitrogen (C/N) and soil cation
exchange capacity (CEC) play important roles in the development
of both plants and RKN. Ca is required for plant growth and
development due to its involvement in cell wall and cell membrane
formation, and N metabolism in plants (Thangavelu and Rao, 2004;
Hepler, 2005). Mg is also required for plant growth and
development due to its key role in photosynthesis and
phosphorus transport (Thangavelu and Rao, 2004; Huber and
Jones, 2013). A more recent study showed that increasing Ca/Mg
ratio was associated with a decrease in RKNs’ densities (Noronha
et al,, 2021). C/N ratio and CEC improve soil nutrient retention
capacity, enabling a steadier release of nutrients, thus having a
positive impact on host and RKN populations (Garcia et al., 2022).
The presence of heavy metals such as Zn or Cu in the soil suppresses
RKN development (Park et al., 2011; Garcia et al., 2022). This effect
could be indirect through reduced plant growth and thus lower
quality nutritional content for RKN, as these organisms depend on
their host plants for nutrition (Garcia et al, 2022). Thus, the
imbalance of nutrients in the soil can affect the metabolism of the
crop which can indirectly influence RKNs” development (Coyne
et al., 2004; Noronha et al., 2021; Garcia et al., 2022). Soil nutrients
and their bioavailability influence the abundance, richness, and
diversity of PGPB, and the interaction between host and RKN. For
instance, addition of Fe and N influences microbial richness in the
soil (Lakshmanan et al., 2014; Yang et al., 2015). Soil nutrients also
influence the tripartite interaction by reducing the volatiles in soil.
Sorption of volatiles to minerals are subject to degradation and
catalyzed by mineral surfaces which reduce their diffusion and the
sensing by plants, RKN and PGPB (Erktan et al., 2020).
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7 Importance of agricultural practices
in modulating host-RKN-
PGPB interactions

Agricultural practices (APs) modulate the host-RKN-PGPB
interactions by affecting plant and RKN development as well as
altering soil’s physicochemical and biological properties (Habteweld
et al, 2022). Common APs in conventional agriculture such as
tillage, the use of inorganic fertilizers, and chemical pesticides and
herbicides, may increase plant growth but often have harmful effects
on the environment and human health (Lal, 2008; Diacono and
Montemurro, 2010). For instance, conventional tillage has a
negative impact on PPN populations by changing the
physicochemical properties of the soil (Dick, 1992; Freckman and
Ettema, 1993; Pankaj et al., 2006; Duplay et al., 2014). These
changes can modify nematodes’ metabolism and reduce their
mobility or access to food sources by removing weeds and
altering their living habitats (e.g. living depth and soil structure)
(McSorley and Dickson, 1990; Ou et al, 2005; Ekschmitt and
Korthals, 2006; Mateille et al., 2014; Palomares-Rius et al., 2015;
Garcia et al,, 2022). The repeated use of synthetic fertilizers causes
decline in soil physicochemical and biological properties (Odunze
et al,, 2012; Eche et al,, 2013; Singh et al., 2013) that can in turn
affect plant-RKN interactions. Acidic soil pH caused by the repeated
application of chemical fertilizers negatively affects soil biological
property which favors some pathogens. It also reduces plant growth,
nutrient availability, and may affect the tripartite interactions (Singh
et al., 2013; Habteweld et al., 2020a). N fertilizers, for example,
promote plant growth leading to high carrying capacity for RKNs
(Noronha et al,, 2021) or decreasing RKN population density due to
the release of nitrogenous compounds such as NH; (Karajeh and
Al-Nasir, 2012; Wei et al., 2012; Patil et al., 2013; 2014). Moreover,
the use of insecticides and fungicides and soil disturbances due to
tillage could eliminate potential natural enemies of RKN such as
nematophagous fungi (Stirling, 2014; Kumar et al., 2017) leading to
increased RKN populations and reduced plant growth (Garcia
et al., 2022).

In contrast, cultural APs such as organic amendments,
mulching, crop rotation, cover cropping and conservation tillage
increase the availability of nutrients, improve soil structure leading
to better moisture retention and soil microbial activity, reduce
fertilizer loses to the environment, and increase plant growth
(Oquist et al., 2007; Forge and Kempler, 2009; Glover et al., 2010;
Zhang et al.,, 2014, 2016; Habteweld et al., 2020a, 2020b). Compost
stands as one of the most widely employed organic amendments,
demonstrating its ability to enhance soil organic matter, augment
nutrient content, stimulate microbial activity, suppress pests, and
contribute to overall soil health improvement (Bulluck et al., 2002;
Forge and Kempler, 2009; Ferris et al., 2012; Habteweld et al., 2018,
2022). Incorporating compost as soil amendment increases soil pH
by forming an aluminum complex and increasing base saturation
(Shiralipour et al, 1992; Van den Berghe and Hue, 1999). In
addition, organic amendments (composts, plant residues, animal
manures, and plant derivatives) increase plant growth parameters
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(shoot fresh weight or dry weight) and decrease RKNs damage
attributes, i.e. soil RKNs numbers, number of root galls, and
number of eggs/egg masses in roots (Peiris et al., 2020). Organic
APs are also known to enhance soil microbial activities including
RKN antagonists (Silva et al., 2022). Rhizosphere soil under organic
cultivation recruit RKN antagonistic bacteria genera such as
Pseudomonas, Serratia, Bradyrhizobium, Burkholderia and
Azospirillum and fungal genera such as Beauveria, Clonostachys,
Metarhizium, Purpureocillium and Arthrobotrys (Silva et al., 2022).
Thus, organic APs are potential candidates to modify soil and crop
management as part of integrated strategies, thus enhancing the
tripartite interactions towards RKN suppression and promoting
plant growth and environmental safety.

8 Concluding remarks

RKNs are the most widespread PPNs in agricultural soils,
infecting thousands of crops and causing annual losses of billions
of dollars around the globe. The currently most effective and widely
used RKNs control technique is the use of chemical nematicides.
However, due to human health and environmental concerns, the use
of many of these nematicides was banned or restricted. Therefore,
there is a pressing need for effective and environmentally friendly
alternative RKN control strategies. One such alternative is the use of
RKN antagonistic microorganisms. However, microbial agents that
were found to be effective in controlling RKN in the laboratory and/
or in the greenhouse conditions often do not replicate the same level
of control in the more complex soil ecosystems. The low efficacy of
microbial agents may be attributed to overlooking native microbiota
that possesses protective abilities for RKN, as well as to soil abiotic
factors that modulate the host-RKN-PGPB interactions.
Consequently, a deeper understanding of the dynamics of host-
RKN interactions in varied biotic and abiotic environments could
be pivotal in devising novel RKN control strategies.

9 Future perspectives of host-RKN-
PGPB interactions for RKN mitigation

The utilization of PGPB for controlling RKN and fertilizing
plants holds significant importance in agroecosystems, primarily
due to their positive environmental impact. The application of
PGPB, which facilitates RKNs’ control and increases soil fertility,
plant growth, and crop safety, is poised to drive sustainable
agriculture. However, the use of PGPB as an RKN control
strategy requires a comprehensive understanding of the host-
RKN-PGPB interactions and of how soil physicochemical and
biological properties modulate the interactions. The concept of
the holobiont indicates that plants have fostered a symbiotic
relationship with specific microorganisms that play a role in their
fitness, and that the microbial moiety of a holobiont can experience
alterations in response to environmental stress (Bordenstein and
Theis, 2015). Soil microbiota can also protect RKN in soil by
outcompeting nematode antagonists for attachment sites on
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nematode surface, reducing nematode recognition, or by producing
compounds that are toxic to nematode antagonists (Topalovic and
Vestergard, 2021; Topalovic et al., 2023). So far, there are very
limited studies to understand the role of RKN protective soil
microbiota, soil edaphic factors and different agricultural practices
in modulating the tripartite interactions. Hence, unraveling the
tripartite interactions and understanding their relationship with soil
biotic and abiotic factors may provide us with more knowledge on
how to enhance PGPB efficiency in controlling RKN in
agroecosystems. This knowledge may pave the way for the
development of novel PGPB strains capable of competing and
establishing themselves in soil ecosystems. It may also aid in
selecting appropriate APs that increase PGPB efficiency.
Moreover, the incorporation of PGPB into integrated RKN
management strategies, particularly through APs such as organic
amendments, cover cropping, and crop rotations, can improve soil
physicochemical and biological properties. This, in turn, positively
influences tripartite interactions, leading to more effective RKN
control. However, several pressing questions remain to be
addressed. For instance, how do we get deeper insight into the
tripartite interactions to weaponize it for sustainable RKN
management? How to find the most effective RKN-PGPB species
combination that enhances host fitness? How does PGPB and RKN-
protective microbiota competition influence the microbial
composition in rhizosphere? What are the mechanisms RKN use
to recruit protective soil microbiota in soil? What specific
component of root exudates are involved in RKN and protective
microbiota interactions? What abiotic factors favor RKN-protective
microbes? Is RKN protective microbiota directly involved in
infection and feeding site establishment? Which APs may help to
enhance the abundance and activities of indigenous PGPB, and
their communication through volatiles? Answers for these kinds of
questions will lead to effective integration of PGPB in sustainable
RKN control and ecologically sound agroecosystems.
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Incognita interactions
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Introduction: Plant-pathogen interaction is an inexhaustible source of
information on how to sustainably control diseases that negatively affect
agricultural production. Meloidogyne incognita is a root-knot nematode (RKN),
representing a pest for many crops, including tomato (Solanum lycopersicum).
RKNs are a global threat to agriculture, especially under climate change, and RNA
technologies offer a potential alternative to chemical nematicides. While
endogenous microRNAs have been identified in both S. lycopersicum and M.
incognita, and their roles have been related to the regulation of developmental
changes, no study has investigated the miRNAs cross-kingdom transfer during
this interaction.

Methods: Here, we propose a bioinformatics pipeline to highlight potential
miRNA-dependent cross-kingdom interactions between tomato and
M. incognita.

Results: The obtained data show that nematode miRNAs putatively targeting
tomato genes are mostly related to detrimental effects on plant development and
defense. Similarly, tomato miRNAs putatively targeting M. incognita biological
processes have negative effects on digestion, mobility, and reproduction. To
experimentally test this hypothesis, an in vitro feeding assay was carried out using
sly-miRNAs selected from the bioinformatics approach. The results show that
two tomato miRNAs (sly-miRNA156a, sly-miR169f) soaked by juvenile larvae (J2s)
affected their ability to infect plant roots and form galls. This was also coupled
with a significant downregulation of predicted target genes (Mincl11367,
Minc00111), as revealed by a qRT-PCR analysis.
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Discussions: Therefore, the current study expands the knowledge related to the
cross-kingdom miRNAs involvement in host-parasite interactions and could pave
the way for the application of exogenous plant miRNAs as tools to control

nematode infection.

KEYWORDS

bioinformatics pipeline, miRNAs, cross-species target prediction, plant-pathogen
interaction, tomato, root-knot nematode

1 Introduction

Root-knot nematodes (RKNs) are pathogens that attack many
economically important crops, negatively impacting crop yield, quality,
and subsequently food security (Kaloshian and Teixeira, 2019). Damage
caused by RKNs has been estimated to range between 80 - 157 billion
$US per year, although this evaluation may be largely underestimated
(Palomares-Rius et al, 2021). Among the RKNs, members of the
Meloidogyne genus are the most widespread and have a broad range
of hosts. These parasites can penetrate host roots and induce the
formation of specialized feeding structures (root galls), which supply
the resources required for nematode development. The formation of root
galls is highly damaging because they affect the plants’ ability to uptake
water and nutrients (Singh et al., 2015). Tomato (Solanum lycopersicum
L.), one of the most important and extensively grown horticultural crops
in the Mediterranean region (EUROSTAT, 2021), is the preferential host
for many Meloidogyne species. Yield losses due to M. incognita RKNs
can range between 25-100% (Seid et al., 2015). Control methods
generally include the use of chemical fumigants or nematicides, but
since the ban of chemicals with a broad action on non-target organisms,
emerging RKN populations continue to bypass plant host defenses.
Therefore, alternative approaches (e.g., eco-friendly fumigants, bio-
control agents) that can stimulate plant defense mechanisms, are
needed to control their spread (Leonetti and Molinari, 2020).
Currently, much focus is given to the use of RNA interference (RNAi)
as an eco-friendly strategy (Banerjee et al,, 2018; Banakar et al, 2020;
Igbal et al., 2020), as demonstrated for fungal small RNAs that suppress
plant immunity by hijacking host RNAi pathways (Weiberg et al., 2013;
Hua et al, 2018). Examples of cross-kingdom RNAi during plant-
pathogen interactions are also available. For instance, the Botrytis
cinerea SRNA produced by Dicer-like (DCL) proteins can target and
silence DCL genes in Arabidopsis with subsequent effects on fungal
pathogenicity and growth (Wang et al., 2016). Other examples include
the transfer of ds-siRNA and miRNAs from plants to Coleoptera species,
with consequences on gene transcription and insect growth (Zhang L. L.
et al, 2019; Kleaveland, 2023). Additionally, miRNAs are being
investigated as important regulatory actors in the plant-nematode
interaction (Jaubert-Possamai et al., 2019), supporting the
development of novel tools to advance modern agriculture.

As small, evolutionary conserved, and generally non-coding
RNA molecules, microRNAs finely regulate gene expression being
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involved in developmental and stress responses. In plants, miRNAs
achieve their function through perfect or near-perfect
complementarity to target mRNAs, while in animals three types
of miRNA-target interactions are recognized: (1) partial binding,
mainly to the seed region; (2) complete or near-complete binding
that enables AGO-mediated endonucleolytic cleavage of the target;
and (3) extended/bulged binding to the seed region which specifies
target-directed miRNA degradation (Kleaveland, 2023). When
addressing host-parasite interactions, the involvement of miRNAs
and long non-coding RNAs in the relation between S. lycopersicum
and M. incognita, has been investigated (Kaur et al, 2017; Yang
et al,, 2020, 2022). While Zhang Y. et al. (2016) focused mainly on
the high-throughput identification and annotation of miRNAs in
M. incognita, Kaur et al. (2017) directed their attention to the
identification of tomato miRNAs in susceptible plants during
nematode infection. However, no study has investigated the
miRNAs cross-species potential during this interaction. Several
works have studied miRNAs transfer to other organisms along
with possible regulatory functions (LaMonte et al.,, 2012; Zhang
et al, 2012; Cheng et al,, 2013; Zhu et al., 2017; Avsar et al., 2020;
Cai et al, 2021), making it reasonable to hypothesize that this
exchange may be well-represented during plant-parasite
interactions, and that this can be exploited as an alternative tool
to sustainably fight pathogens (Gualtieri et al., 2020; Rabuma et al.,
2022). So far, the miRNA cross-kingdom transfer ability has been
demonstrated in several plant-pathogen interactions, like
Gossypium hirsutum-Verticillum dahliae (Zhang H. et al., 2016),
Triticum aestivum—Puccinia striiformis (Wang et al., 2017), and
Arabidopsis thaliana—Plutella xylostella (Zhang L. L. et al., 2019).
In the current study, we propose a bioinformatics pipeline to
investigate the putative effects of cross-species miRNAs transfer
during the interaction between S. lycopersicum - M. incognita.
Specific miRNAs and transcripts from the two species have been
retrieved from public databases and used to predict candidate
targets in a cross-kingdom manner, based on different miRNA-
mRNA hybridization rules. Biological processes of Gene Ontology
significantly affected by the target genes were identified and
examples of bidirectional cross-targeting predictive miRNAs, with
potentially interesting applications to fight disease development, are
provided. Additionally, three tomato miRNAs (sly-miRNA 156a,
sly-miRNA166b, sly-miRNA169f) were selected for in vitro
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validation studies on juvenile M. incognita larvae (J2s) infecting the
roots of susceptible tomato plants.

2 Materials and methods

The bioinformatics workflow adopted in this work includes the
following steps: (1) miRNA and transcript sequence collection from
public data, (2) cross-kingdom miRNA target prediction by two
different procedures, and (3) analysis of target genes and enriched
biological processes resulting from the predicted miRNA-target
pairs. Subsequently, experimental methods for the in vitro
evaluation of the effect of selected S. lycopersicum miRNAs on M.
incognita larvae are provided.

2.1 Datasets

A collection of S. Ilycopersicum miRNAs (sly-miRNAs) was
obtained by merging the entries found in public databases and
literature. The miRbase repository (Kozomara et al., 2019) included
147 sly-miRNAs, of which 137 were unique. The sly-miRNA list
reported by Kaur et al. (2017) was added, including 136 sequences
(56 miRNAs classified as conserved or variants, and 60 as novel
miRNAs), which account for 70 unique miRNAs after duplicate
removal. Thus, a total of 207 sly-miRNAs (obtained from the two
merged lists), with 185 unique sequences, represent the final
collection used for tomato miRNAs. The S. Iycopersicum
transcript dataset (ITAG 2.4.v) was retrieved from psRNATarget
(Dai et al., 2018) and included 34,725 transcripts, covering a large
part of the tomato annotated genome (37,872 genes) available
on NCBL

Since M. incognita miRNAs (min-miRNAs) are not included in
public databases, only literature works were used to define this
collection. The list of Zhang Y. et al. (2016) included 144 min-
miRNAs (38 classified as conserved and 106 as novel miRNAs),
which accounts for 63 unique miRNAs after duplicate removal. The
list of Wang et al. (2015) included 102 min-miRNAs, corresponding
to 70 unique sequences, of which about 40% is composed of
conserved miRNAs. From the 133 min-miRNAs obtained by
merging the two lists, 126 were unique and represented the final
collection of RKN miRNAs. The M. incognita transcript and CDS
datasets were retrieved from the V2 genome assembly (Blanc-
Mathieu et al., 2017), available at the INRAE Meloidogyne
Genomic Resources website (https://meloidogyne.inrae.fr), which
includes 43,718 transcript and CDS sequences. The M. incognita
3’UTRome was obtained by processing the transcripts and CDS lists
above with a custom Python (v3.8) script, resulting in 20,201
sequences because not all the full transcripts have an
annotated 3’UTR.

2.2 miRNA target prediction

The cross-kingdom search of miRNA targets in S. lycopersicum
and M. incognita transcriptome was performed using the
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psRNATarget (https://www.zhaolab.org/psRNATarget/) and
RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/)
tools, respectively, previously proposed for miRNA target
prediction in plants (Dai et al., 2018) and animals (Kruger and
Rehmsmeier, 2006). The collections of M. incognita and S.
lycopersicum miRNAs were used as input for both tools, together
with the transcriptome of the target organism (tomato and
nematode, respectively). The two tools have been validated on
intra-kingdom miRNA-target data in their original publications.
However, it is worth mentioning that no large-scale validation is
available for cross-kingdom predictions because of the very low
number of validated miRNA-target pairs. Even though no gold
standard tool or set of rules has been defined for cross-kingdom
miRNA interactions, we assumed that such regulations follow the
rules of the host organism, as it was assumed in other works (Shu
etal, 2015; Chin et al., 2016; Zhang H. et al., 2016; Hou et al., 2018;
Zhao et al., 2018; Bellato et al., 2019), thus motivating the use of
plant- and animal-specific prediction tools. Consistent with
previous in silico and in vivo studies (Liu et al., 2017; Li Z. et al,
2018; Lukasik et al., 2018; Mal et al., 2018; Wang et al., 2018),
instead of restricting the search to the 3'UTRome, reported to be the
preferential target of endogenous miRNA regulation in animals
(Bartel, 2004), the full transcript sequences were used to search for
targets in the RKN transcriptome. For the reasons above, the
miRNA-target pairs found by the two tools represent putative
regulations that may occur in nature, even though other herein
neglected biological factors could play important roles.

RNAhybrid and psRNATarget were both run by setting a
maximum of 50 targets per miRNA as previously done (Zhang H.
et al,, 2016; Bellato et al., 2019), to obtain a balanced set of miRNA-
target pairs to be analyzed downstream. RNAhybrid was run using a
Minimum Free Energy (MFE) threshold of -25 kcal/mol,
corresponding to the upper bound of many experimentally found
miRNA-target pairs (Zhang H. et al., 2016). Putative targets were
ranked based on their MFE value (lowest to highest) for further
selection of a subset of these genes, as required in the downstream
steps (see 2.3). psRNATarget was run with an Expectation value of
3, corresponding to a slightly relaxed threshold in terms of
prediction results stringency, as reported by Dai and Zhao (2011).
Default values were used for the other psRNATarget parameters, as
previously done in other studies (Bellato et al., 2019): Penalty for G:
U pair = 0.5, Penalty for other mismatches = 1, Extra weight in seed
region = 1.5, Seed region = 2-13 nucleotides, Mismatches allowed in
seed region = 0, HSP size = 19.

In addition to the procedure described above (indicated as cross-
kingdom hybridization), we followed a second search method that
does not assume any hybridization rule in cross-kingdom interaction.
This alternative method (indicated as seed region-based search) was
carried out to find sly-miRNA targets in M. incognita transcriptome
and included the following steps: (1) intra-kingdom hybridization
(i.e., min-miRNAs vs. RKN transcriptome via RNA hybrid); (2)
selection of all the sly-miRNAs that share a seed region
(nucleotides 2-7 of the miRNA) with the collection of min-
miRNAs; (3) association of the selected sly-miRNAs to the targets
of the min-miRNAs with the same seed region. Location (CDS or
UTRs) of the predicted miRNA binding and sequence similarity
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outside the seed region were also recorded to support further
selection steps.

2.3 Biological process analysis

Statistically over-represented Gene Ontology (GO) terms in the
Biological Process (BP) category were computed via enrichment
analysis using the predicted miRNA targets obtained above.
Duplicate genes in the target list were removed before analysis.
The ClueGO application (v2.5.6) (Bindea et al., 2009) of Cytoscape
(v3.7.3) (Shannon et al.,, 2003) was used as a GO analysis tool. A
right-sided hypergeometric test with the Benjamini-Hochberg
correction for multiple hypothesis testing and a P-value cutoff of
0.05 was used.

For M. incognita enrichment analysis, an ad hoc construction of
the GO library was necessary for ClueGO analyses, as this organism
was not previously included in this tool. To this aim, the GO
biological processes list reported by Somvanshi et al. (2018) was
used as a source, converted into a ClueGO-compatible format using
a custom Python script, and integrated into ClueGO. In total, 5,508
and 6,098 unique GO terms in the BP category were present for S.
lycopersicum and M. incognita, respectively. The BPs presented in
this work after enrichment analysis refer to the most relevant term
of the functionally grouped term networks provided by ClueGO.
The number of input genes in enrichment analysis was set to obtain
a comparable number of relevant terms between plant and RKN.

To further analyze the obtained biological processes, individual
genes in the miRNA target list associated with the process were
considered, and their function was searched in the literature. For S.
lycopersicum, gene information was retrieved from the ITAG 2.4
annotations available in Phytozome v.12 (DOE JGI, https://
jgi.doe.gov/more-intuitive-phytozome-interface/). For M.
incognita, orthologous genes from other nematodes (mainly C.
elegans) were obtained using WormBase ParaSite (https://
parasite.wormbase.org/index.html) (Howe et al., 2017). This
approach was considered because specific information on RKN
genes is not directly available in public online resources. Finally, a
subset of BP terms from Somvanshi et al. (2018) related to
nematode development was selected and used to filter the sly-
miRNA targets in the RKN transcriptome.

2.4 In vitro interaction assays of sly-
miRNAs soaked by M. incognita
juvenile larvae

For the in vitro interaction assay, sly-miR166b, sly-miR169f, and
sly-miR156a were selected taking into account the bioinformatics
data obtained from the cross-kingdom hybridization and the seed
region-based search approach. These microRNAs were obtained
from InvitrogenTM Custom Primer Service (BMR Genomics,
Padova, Italy) and the relative sequences are given: sly-miR166b
(5’-UCGGACCAGGCUUCAUUCCCC-3’, STAR strand
GGAAUGUUGUCUGGCUCGAGG), sly-miR156a (5’-
UUGACAGAAGAUAGAGAGCAC-3, STAR strand GCUCUCUA
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UGCUUCUGUCAU) sly-miR169f (5-UAGGCGUUGUCUGAG
GCUAAC-3", STAR strand AUCCGUUACU
GAGGAACCGAUAG).

Susceptible tomato seedlings (Roma cv.) and axenic cultures of
phytoparasitic nematodes were prepared as described by Molinari
and Miacola (1997). Freshly hatched M. incognita J2s (infective
second-stage juveniles) larvae were used for soaking experiments,
following a modified protocol (Danchin et al., 2013; Tan et al., 2013).
About 8,000 J2s were soaked for 24 hours in a 40ul final volume of
mineral water containing different solutions: (1) a siRNA designed to
have no similarity in the M. incognita genome (Dalzell et al., 2010)
defined as negative control solution (C-J2); and (2) three different
solutions of 0.05 mg/ml sly-miRNAs corresponding to each tested
tomato miRNA. J2s from each soaking experiment were washed
twice with water by centrifugation at 10,000 g for 3 min, and re-
suspended in 100 pl of water. Subsequently, the miRNA-soaked J2s
were observed using a Leica M125 stereomicroscope (Leica
Microsystem S.r., Buccinasco, Milano, Italy) to confirm their
vitality and split in two Eppendorf tubes: one used for infection
assay and another used for RNA extraction (frozen at -80°C).

For the interaction assay, the sly-miRNAs soaked J2 larvae
(approx. 50 J2s/root apex) were loaded in wells placed on agar plates
at 0.1 mm from the tomato root. Each plate contained three
susceptible tomato seedlings, growth in axenic conditions. The
infection was observed for six weeks, during which the
penetration in the roots was evaluated in terms of gradual
enlargements of the root tip caused by rapid cell division and
proliferation. The giant cell induction and galls formation was
monitored using a modified LEICA Software image analysis
(unpublished), and the following scoring system was used: “+”
ranging between 0-30%, “++” ranging between 31-60%, and “+++”
ranging between 61-90% (Melillo et al., 2006; Cabrera et al., 2015).
The parameters referring to both root enlargements and formation
of galls (91-100%), were counted and scored as the number of
symptoms normalized to the number of roots in which the
phenomena were observed. All experiments were conducted in
triplicates coming from two independent trials.

2.5 RNA extraction and qRT-PCR analysis

RNA was extracted using the TRIzol Reagent (Invitrogen, CA,
USA) method, as indicated by the manufacturer. For this, 500 J2s
soaked for 24 h in the control solution (C-J2) or the respective sly-
miRNAs (miR156a-J2, miR169{-]J2) solutions, were used. For the
reverse transcription, 1 pg of total RNA was used along with the
QuantiTect Reverse Transcription Kit (QIAGEN S.r., Milano)
following the manufacturer’s instructions.

The qRT-PCR reactions were carried out using the StepOnePlus
(Applied Biosystems, Life Technologies, Zurich, Switzerland)
system and assembled in a reaction with 1.5 pl cDNA, 10 pl
SYBR® Select Master Mix (Applied Biosystem, Life Technologies,
Zurich, Switzerland), 0.2 ul each of 100 pM of forward and reverse
primers, and RNAse free water to 20 ul (total volume).
Thermocycling was carried out with one cycle at 95°C for 5 min,
followed by 40 cycles of 95°C for 45 s and 58°C for 1 min and 72°C
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for 45 s. The dissociation curve of the final products was checked to
ascertain the presence of a single amplification product. The relative
quantification was carried out using the 18S ribosomal RNA gene
(NCBI accession HE667742.1, WormBase accession
Minc3s09153g42974) as a reference gene. The Mincl1367
(WormBase Accession Minc3s00025g01614) gene, was selected
and tested as a putative target for sly-miR156a, while Minc00111
(WormBase Accession Minc3s00001g00015) was selected as a
putative target of sly-miR169f. Oligonucleotide sequences to
amplify the genes of interest were designed with Primer3Plus
(https://primer3plus.com) and further validated through the
online software Oligo Analyzer (https://eu.idtdna.com/calc/
analyzer). All the oligonucleotide sequences are provided in
Supplementary Table 1. The AACt method was used to quantify
gene expression. The reactions were performed in triplicate samples
of each cDNA and using two independent replicates.

2.6 Statistical analysis

Results of experimental data are shown as mean * standard
deviation (SD) obtained from two independent experiments each
with three replicates. Statistical analyses were conducted using the
two-way analysis of variance (ANOVA), along with the
heteroscedastic Student’s t-test (where *, P < 0.05; **, P < 0.01),
available within the Microsoft Excel package.

3 Results and discussion
3.1 Overview of the bioinformatics pipeline

In this work, a bidirectional bioinformatics workflow was carried
out to predict miRNAs cross-kingdom potential in the host-parasite
interaction between tomato and RKNs. These predictions are based
on sequence complementarity between miRNAs and cross-species
targets, as well as sequence similarity between tomato and nematode
miRNAs. A total of 523 miRNA-target pairs were found in the cross-
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kingdom hybridization between S. lycopersicum transcripts and min-
miRNAs, corresponding to 469 unique genes and 105 unique min-
miRNAs (Supplementary Dataset 1). The majority of genes were
targeted by a single miRNA, but putative targeting by two miRNAs
occurred as well (Figure 1A). All the target genes were adopted for
subsequent enrichment analysis that yielded 43 biological processes
(BPs), divided into 10 functional groups, as described below in
Section 3.2. Conversely, 8,926 transcripts corresponding to 6,428
unique genes were found in M. incognita by cross-kingdom
hybridization with the sly-miRNAs (Supplementary Dataset 2).
Each gene was putatively targeted by one or more miRNAs
(Figure 1B). Based on the MFE of the targets, the 290 top-ranked
genes were used for the enrichment analysis that resulted in 86 BPs in
the 10 functional groups, described further in Section 3.3.

The seed region-based search resulted in the identification of 7
sly-miRNAs having homologies with 9 min-miRNAs; using these
sly-miRNAs, a total of 450 putative target genes were identified in
M. incognita (Supplementary Dataset 3).

3.2 M. incognita miRNAs predicted to
target tomato genes may inhibit
plant development

To analyze the obtained datasets, we first looked at the potential
effects that min-miRNAs would have on the development of tomato
plants providing discussions based on the function of putatively
targeted genes. The biological processes found to be enriched among
the putative cross-species targets of RKN miRNAs against S.
lycopersicum transcripts are reported in Supplementary Dataset 4
and graphically represented in Figure 2. These processes clustered in
several major GO terms and the most abundant networks included
brassinosteroid-mediated signaling pathway, response to herbivores,
and positive regulation of protein catabolic process. Other processes
like inositol-lipid mediated signaling, co-translational protein
targeting to membrane, non-recombinant repair, rRNA methyl
transferase, and cellular response to starvation, were less abundant.
Considering the min-miRNAs putatively targeting genes in the
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FIGURE 1

Count of the S. lycopersicum (A) and M. incognita (B) miRNA targets in the cross-kingdom hybridization bioinformatic pipeline run on the two
species. Bars represent the number of genes that are putatively targeted by one or more miRNA.
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FIGURE 2
Biological processes and functional network clusters resulting from enrichment analysis carried out using the M. incognita miRNA putatively
targeting S. lycopersicum mRNAs. The most relevant terms of the functional groups are highlighted.

tomato dataset, the enriched terms list includes 26 miRNAs and 46 ~ min_miRNA98. Many protease gene families are well-known to be
unique targets, with the most interesting ones being summarized in  involved in plant immune responses (Balakireva and Zamyatnin,
Table 1. Within the brassinosteroid-mediated signaling pathway,  2018). For instance, aspartyl proteases are specifically linked to
different phosphatases, phosphodiesterase, and proteases were  systemic acquired resistance (SAR) induced in response to local
predicted to be targeted by NOVEL-18-1, min_miRNA6, and infections (Breitenbach et al., 2014; Molinari et al., 2014; Molinari

TABLE 1 List of representative M. incognita miRNAs putatively targeting genes in S. lycopersicum, based on bioinformatics cross-
kingdom predictions.

GO Term M. incognita miRNA S. lycopersicum Gene Name
Gene Accession
GO:0009742 Brassinosteroid NOVEL-18-1 Solyc06g073960 Calcineurin-like phosphoesterase domain,
mediated apaH type
signaling pathway
min_miRNA6 Solyc06g074000 Aspartyl protease
min_miRNA98 Solyc09g074320 Serine/threonine-protein phosphatase

BSL1-related

GO0:0080027 Response to herbivore NOVEL-8 Solyc09g008790 serine/threonine-protein kinase SRPK3
miR-50, miR-50_1 Solyc09g009010 Glucomannan 4-beta-mannosyltransferase
min_miRNA29 Solyc09g009040 Delta(14)-sterol reductase/Sterol

Cl4-reductase

GO:0045732 Positive regulation of NOVEL-22-1 Solyc02g069230 RBR family ring finger and IBR
protein domain-containing
catabolic process
min_miRNA206 Solyc06g073340 E3 ubiquitin-protein ligase ARI10-related
NOVEL-18-1 Solyc08g005150 E3 ubiquitin-protein ligase RNF14
G0:0008649 rRNA NOVEL-44 Solyc01g100430 18S rRNA (adenine(1779)-N(6)/adenine
methyltransferase (1780)-N(6))-dimethyltransferase
activity
NOVEL-6-1 Solyc11g005580 16S rRNA (cytosine(1402)-N
(4))-methyltransferase
miR-76, miR-76_1 Solyc11g020870 Metal dependent hydrolase-related
(Continued)
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TABLE 1 Continued

10.3389/fpls.2024.1383986

GO Term M. incognita miRNA S. lycopersicum Gene Name
Gene Accession
G0:0048017 Inositol lipid- miR-87 Solyc01g065740 F-box domain
mediated signaling
NOVEL-10-1 Solyc01g066050 RNA polymerase II-associated protein 3
min_miRNA37 Solyc01g100020 Phospholipase D P2
min_miRNA206 Solyc06g051720 GDSL esterase/lipase CPRD49
GO:0006613 Cotranslational protein =~ NOVEL-35 Solyc03g093970 Signal recognition particle subunit SRP68
targeting to membrane
miR-76, miR-76_1 Solyc03g116810 Signal recognition particle subunit SRP54
GO0:0072329 Monocarboxylic acid miR-34_1 Solyc08g005610 Abscisic acid 8-hydroxylase 1-related
catabolic process
min_miRNA112 Solyc10g008110 Acyl-coenzyme A oxidase-like protein
NOVEL-28
G0:0000726 Non- NOVEL-12 Solyc01g091350 ATP-dependent DNA helicase 2 subunit 2
recombinational repair (XRCC5, KU80, G22P2)
miR-87 Solyc01g091370 AT hook motif DNA-binding family
protein-related
let-7 Solyc02g093330 nuclear pore complex protein
Nup98-Nup96
NOVEL-16-1 Solyc02g093690 ATP synthase mitochondrial F1 complex
assembly factor 2 (ATPeAF2,
ATPAF2, ATP12)
GO0:0009267 Cellular response min_miRNA109 Solyc01g090890 Xenotropic and polytropic retrovirus
to starvation receptor 1-related, SPX domain-
containing protein
min_miRNA151 Solyc02g037510 Solute carrier family 7 (SLC7A2, ATRC2)
NOVEL-37 Solyc09g014790 VHS domain containing protein family
GO0:0019203 Carbohydrate miR-81 min_miRNA112 Solyc07g062140 Trehalose-p6-phosphate synthase (TPS)
phosphatase activity Solyc07g062410
min_miRNA206 Solyc01g006740 Sucrose-phosphate phosphatase (SPP)
Solyc10g081660

Gene Ontology (GO) ID and terminology are provided along with gene names and corresponding accessions.

and Leonetti, 2019). Other miRNAs, like NOVEL-8, miR-50, and
min_miRNA29, are predicted to target genes playing important roles
in the response to herbivores. The S-receptor kinase-like genes, aside
from being involved in stress responses and host-pathogen defense,
have also important functions in cell signaling and development
(Takasaki et al., 2000; Becraft, 2002; Pastuglia et al., 2002). Similarly,
genes involved in the cuticle and cell wall development and
composition (e.g., sterols, mannans) represent important defense
lines against many types of pathogens (Wang et al., 2013; Kazan
and Gardiner, 2017). Other min-miRNAs (min_miRNA206,
NOVEL-18-1) were predicted to target different E3 ubiquitin-
protein ligases in tomatoes; these proteins play important roles in
the regulation of cell homeostasis and thus they are key regulators of
plant growth and stress responses (Liu et al., 2021). Importantly, they
are involved in the regulation of plant innate immunity (Duplan and
Rivas, 2014).

Similarly, miRNAs (e.g., NOVEL-44, NOVEL-6-1, miR-76)
affecting translational regulation can play critical roles in the plant
defense against pathogen infection. In addition to the essential role of
DNA repair in maintaining genome stability, recent works are
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discussing the involvement of DNA repair proteins in plant-pathogen
interactions and SAR (Fu and Dong, 2013; Camborde et al, 2019).
Moreover, the miRNA-mediated control over DNA damage responses
is starting to gain more interest from both an endogenous (Gualtieri
et al,, 2021; Macovei et al,, 2021) and cross-kingdom fashion (Bellato
et al, 2019). An interesting finding in this sense is the case of let-7, one
of the most abundant miRNAs found in nematodes, putatively targeting
the nuclear pore complex protein Nup98-Nup96 in tomatoes. This
complex plays a role in nuclear-cytoplasmic trafficking and mRNA
export, being involved in several important biological events such as
mitotic checkpoints. Nup98-deficient mutants share pleiotropic
phenotypes (decreased root elongation, accelerated floral transition,
reduced fertility, and robustness), indicating that it has a critical role
in plant development (Parry, 2013).

Other miRNAs worth mentioning are miR-81, min_miRNA112,
and min_miRNA206 predicted to putatively target genes involved in
sugar metabolism, like sucrose-phosphate phosphatase (SPP) and
trehalose-p6-phosphate synthase (TPS). SSP is an important
regulator of carbon partitioning and loss-of-function of this gene
leads to altered carbohydrate distribution resulting in a reduced
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growth rate (Chen et al., 2005, 2008). TPS leads to the formation of
the trehalose-6-phosphate (T6P), a metabolic intermediate acting as a
signaling molecule that regulates sugar metabolism (Paul, 2008), and
its silencing in the tomato caused dysfunction in ROS accumulation
and decreased expression of genes responsible for defense against
pathogenic infections (Suarez et al., 2008).

To conclude, the prediction analyses show that the tomato genes
putatively targeted by M. incognita miRNAs have essential roles in
plant development and stress response, and their silencing can have
negative repercussions for the plant. This is in agreement with the
parasitic relation between the two organisms, where M. incognita tries
to hijack the plant systems to promote its development.

3.3 sly-miRNAs predicted to target
M. incognita genes may have detrimental
effects on nematode development

When tomato miRNAs were evaluated against the nematode,
the enrichment analysis of target genes resulted in BPs related to
regulation of Wnt protein secretion, striate muscle contraction,
sterol transported activity, ubiquinol-cytochrome-c reductase
activity, [2Fe-2S] cluster assembly, glycogen biosynthetic process,
defense response to fungus, serine-type exopeptidase, and apoptotic
mitochondrial changes (Figure 3; Supplementary Dataset 5).

Among the most interesting examples investigated are sly-miR156,
sly-miR166, and sly-miR319, given that they have been previously
identified as highly abundant in roots during M. incognita infection
(Kaur et al,, 2017). The abundance of these miRNAs may favor their
uptake in high amounts during feeding. Table 2 presents the biological
processes and putatively cross-kingdom targeted genes in relation to
these three miRNAs. The data shows that sly-miR166(b,c) has the
most abundant number of putative targets, distributed in GO terms
related to response to stress and developmental processes. Although

positive regulation
of vesicle transport
along microtubule
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apoptotic
mitochondrial
changes

10.3389/fpls.2024.1383986

M. incognita genome has been sequenced (Abad et al, 2008), its
annotation is not completed. To understand the roles of these putative
targets we have looked at orthologues in related species. Among the
genes involved in neuromuscular developmental processes, rGCs
(guanylyl cyclases) plays a role in sensory processing (Maruyama,
2017), lev-11 (LEVamisole resistant) encodes a conserved CUB-
domain containing transmembrane protein (Gally et al., 2004), snt-1
(SyNapTotagmin) functions as a Ca** sensor (Li L. et al, 2018), and
nep-2 (NEPrilysin metallopeptidase family) is a homolog of the
extracellular peptidase neprilysin whose loss-of-function leads to
movement anomalies (Soh et al., 2020). Impaired movement can be
also caused by dysfunctions in the genes coding for proteins that are
part of the collagen extracellular matrix. This may be the case of dpy-17
(DumPY: shorter than wild-type), involved in cuticle development
(Lang and Lundquist, 2021), and emb-9 (abnormal EMBroygenesis),
an alphal(IV) collagen gene with embryo lethal effects when mutated
(Guo et al,, 1991; Li-Leger et al,, 2021). Other putative target genes of
sly-miR166 are involved in cell cycle regulation, like cdc48 (Franz et al,,
2014), rpt-2 (Papaevgeniou and Chondrogianni, 2014), and flub-2
(Haskell and Zinovyeva, 2021), nutrient availability (rpb-7, Collins et
al., 2016), and gonad development (gon-I, Blelloch et al., 1999).
Regarding sly-miR156a, this was predicted to target dhcl, encoding
for the dynein heavy chain protein, and smrc-1, belonging to the Swi/
snf chromatin remodeling complex. Dynein is an ATP-powered
microtubule-based molecular motor, whose function includes the
transport of cargo around the cell, while the loss-of-function of this
gene inhibits apoptosis (Harders et al, 2018). The smrc-1 gene is
involved in the protection against DNA replication stress and its loss-
of-function leads to the accumulation of chronic replication stress
(Yang et al, 2019). Finally, sly-miR319a was predicted to target the
dlat-1 gene, encoding an enzyme with acetyltransferase activityj its lack
of function leads to an early embryonic arrest (Li-Leger et al., 2021).
In the subsequent analysis, tomato miRNAs that share sequence
homology with M. incognita miRNAs were analyzed via the seed
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regulation of Wnt activity
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FIGURE 3

sterol transporter
activity

Biological processes and functional network clusters resulting from enrichment analysis carried out using the S. lycopersicum miRNA putatively
targeting M. incognita mRNAs. The most relevant terms of the functional groups are highlighted.
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TABLE 2 List of representative S. lycopersicum miRNAs putatively targeting genes in M. incognita obtained from the cross-kingdom
hybridization approach.

M

incognitaGene

Accession

Orthologue Gene Name

S.
lycopersicum
miRNA
GO0:0001101 Response to acid chemical sly-miR166b
GO0:0002119 Nematode larval development
GO0:0003006 Developmental process involved
in reproduction
GO:0002119 Nematode larval development sly-miR166¢
GO:0006950 Response to stress
GO:0007275 Multicellular organism development
GO:0008219 Cell death
GO0:0009605 Response to external stimulus
GO0:0032101 Regulation of response to
external stimulus
GO:0031047 Gene silencing by RNA
GO:0002119 Nematode larval development sly-miR156a
GO0:0000003 Reproduction
G0:0007275 Multicellular organism development  sly-miR319a

Minc3s01925g27230
(Minc10092)

Guanylate cyclase (M.hapla, G. pallida,
C. elegans)

Minc3s03236g33246 F53F4.10 (C. elegans)
Minc3s02352g29617 dpy-17, DumPY: shorter than wild-type
(C. elegans)
Minc3s02644g31015 dpy-17 (C. elegans)
Minc3s02193g28780 emb-9, abnormal EMBroygenesis
(C. elegans)
Minc3s00798g17488 gon-1,abnormal GONad development
(C. elegans)
Minc3s01495g24259 rpb-7, RNA Polymerase II (B) subunit
(C. elegans)
Minc3s01397g23468 cdc-48.1, cdc-48.2 (C. elegans)
Minc3s00400g11662 rpt-2,proteasome Regulatory Particle,
ATPase-like (C. elegans)
Minc3s00015g00977 lev-10,(LEVamisole resistant) (C. elegans)
Minc3s00180g06927 Y54F10AR.1 (C. elegans)
Minc3s02523g30444 Cre-snt-1 (C. remanei)
Minc3s00007g00476 Bma-lst-6 (B. malayi)
Minc3s00643g15541 nep-2 NEPrilysin metallopeptidase family
(C. elegans)
Minc3s00047g02560 fubl-2 FUBp (FUBP) Like (C. elegans)
Minc3s01128g20986 dhc-1 Dynein Heavy Chain (C. elegans)
Minc3s00513g13571 smrc-1, Swi/snf (SWI/SNF) related
(C. elegans)
Minc3s00613g15138 dlat1, Dihydro- Lipoyllysine-residue

AcetylTransferase (C. elegans)

Gene Ontology (GO) ID and terminology are provided along with gene names and corresponding accessions.

region-based approach. Annotated orthologues of some predicted
targets are collected in Table 3. Among the targeted biological
processes, neurological development is much represented by
putative targets such as tgs-1 (trimethyl guanosine synthase), gcy-9
(receptor-type guanylate cyclase), mig-6 (abnormal cell MIGration,
papilin), kal-1 (human KALImann syndrome homolog), as well as
chemosensory genes like Mi-odr-1 (Minc3s00015g01026,
Minc3s00056g02910). A recent study indicated that Mi-odr-1 is
present in two copies in M. incognita, and was found to be
expressed in the cell bodies of amphidal neurons and phasmids
(Shivakumara et al,, 2019). Silencing the Mi-odr and Mi-gpa genes
could affect the nematode perception and infestation of the tomato
root system (Li et al,, 2022). Loss of tgs-I function in C. elegans leads
to neurological phenotypes similar to those caused by the survival
motor neuron (SMN) deficiency (Chen et al., 2022) whereas gcy-9
mutants have different physiology in relation to adaptation and
plasticity (Rossillo and Ringstad, 2020). The C. elegans kal-1 gene
affects epidermal morphogenesis by regulating the development of
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the substrate neuroblasts, and kal-1 mutants show delayed migration
of the ventral neuroblasts (Hudson et al., 2006). Loss-of-function
mutants for the extracellular matrix molecule mig-6 result in defects
in dendrite formation (Ramirez-Suarez et al., 2019). Other important
genes, like unc-52 and cbp-1,2,3, are involved in larval development
(Merz et al, 2003) and embryogenesis (Shi and Mello, 1998).
Inhibition of these genes results in defects in myofilament
assembly, larval movement deficiencies, or developmental arrest
(Rogalski et al., 1995; Shi and Mello, 1998).

Hence, most M. incognita genes putatively targeted by sly-
miRNAs have important roles in nematode development, leading to
adverse effects on digestion, mobility, and reproduction, often with
lethal outcomes. This finding is of utmost importance for the
agricultural sector in view of developing plant miRNA-based
technologies to control nematode diffusion.

When considering the use of different computational methods
to predict miRNA targets in a cross-kingdom manner, such as the
ones used in this work, it is important to underline that these rely on
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TABLE 3 List of some representative S. lycopersicum miRNAs putatively targeting genes in M. incognita obtained from the seed region-based
search approach.

GO_ID GO Term S. Min-miRNAs M. incognita Orthologue
lycopersicum Gene Accession Gene Name
miRNA

GO0:0050907 | Detection of chemical stimulus sly-miR156a min_miRNA51 Minc3s00025g01614 gcy-9, Receptor-type guanylate

involved in sensory perception (Minc11367) cyclase (C. elegans)

GO:0007168 = Receptor guanylyl cyclase

signaling pathway
GO:0007165 | Signal transduction Minc3s02931g32115 T08G11.4, Trimethyl Guanosine
Synthase homolog

GO:0008173 = RNA methyltransferase activity tgs-1 (C. elegans)

GO:0031047 = Gene silencing by RNA

GO0:0000902 | Cell morphogenesis sly-miR319a min_miRNA306, Minc3s01898g27043 mig-6, abnormal cell MIGration

NOVEL-5 (Minc13237) (C. elegans)

G0:0040002  Collagen and cuticulin-based

cuticle development
GO:0002119 = Nematode larval development Minc3s01574g24825 unc-79, UNCoordinated,
(Minc12944) (C. elegans)

GO:0042493 | Response to drug

GO0:0007044  Cell-substrate junction assembly sly- NOVEL- Minc3s00001g00015 unc-52, UNCoordinated
miR169f, 40, min_miRNA37 (Minc00111) (C. elegans)
sly_miRNA3291

GO:0006941 | Striated muscle contraction Minc3s00053g0281 Cbr-unc-52 (C.briggsae)

(Minc11499)

GO0:0009792 = Embryo development ending in sly-miR169e-3p miR-72 Minc3s00145g05964 kal-1, human KALImann

birth or egg hatching (Minc02858) syndrome homolog (C. elegans)

GO:0048730 | Epidermis, morphogenesis

GO:0003724 = RNA helicase activity Minc3s02703g31258 ddx-27, DEAD boX helicase

homolog (C. elegans)

GO:0016887 = ATP hydrolysis activity

G0:0007275 = Multicellular organism development miR-72_1 Minc3s01556g24691 T09B9.4 (C. elegans)

GO0:0009790  Embryo development Minc3s00060g03099 cbp-3, cbp-2, CBP/p300

homolog (C. elegans)

GO:0006915  Apoptotic process

GO:0007018 = Microtubule-based movement sly_miRNA4126 min_miRNA32 Minc3s01128g20986 dhc-1, Dynein Heavy Chain

(Minc02896) (C. elegans)

GO:0005524 = ATP binding

Gene Ontology (GO) ID and terminology are provided along with sly-miRNAs, min-miRNAs, M. incognita accessions and orthologous from related species (e.g., Caenorhabditis elegans,

Caenorhabditis briggsae).

different assumptions on targeting rules and are still necessary to
face our currently limited knowledge in miRNA trans-species
interactions. Experimental confirmations are therefore needed to
understand the actual targeting roles of the illustrated miRNAs. The
availability of these computational methods is however useful to
guide researchers in the selection of miRNA candidates for further
investigation, despite the target prediction algorithm outcomes
could be different due to the different underlying assumptions.

3.4 In vitro experimental validation of
tomato miRNAs influencing M.
incognita infection

To investigate the hypothesized cross-kingdom miRNAs transfer

along with its potential to control the RKN infection, an in vitro
experimental system was designed based on soaking assay, nematode
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larvae phenotyping, and gene expression profiling. To this purpose, J2
larvae were fed with solutions containing tomato miRNAs (sly-miR166b,
sly-miR156a, sly-miR169f) selected from the bioinformatics data. The
sly-miR166b - Minc3s01925¢27230 (formerly named Minc10092) pair
was chosen from the cross-kingdom hybridization approach (Table 2).
No C. elegans homolog was found for this gene but a protein orthologue
was identified as guanylate cyclase (UniProtKB/TrEMBL accession
AOA1I8BOV8_MELHA) in M. hapla. The sly-miRNA156a -
Minc3500025g01614 (formerly named Minc11367) pair was selected
from the seed-based approach (Table 3). This miRNA has a complete
seed-region homology with min_miRNA51 targeting the Mincl1367
gene, as shown in Supplementary Figure 1. In plants, it is well known
that miR156 targets the SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE (SPL) transcription factor, controlling genes involved
in the regulation of reactive oxygen species (ROS) (Yin et al,, 2019). In
the RKN trans-kingdom approach, this sly-miRNA putative target was
predicted as the C. elegans homologous gcy-9 (guanylyl cyclase,
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WBGene00001536). A homologue of this gene was also identified in the
parasitic nematode Haemonchus contortus, a close relative of M.
incognita (Winter et al, 2012). Lastly, sly-miR169f was predicted to
target Minc3s00001g00015 (formerly named Minc00111, Supplementary
Figure 2), an orthologue of the C. elegans unc-52 (WBGene00006787)
gene. In the GO analysis, this accession was related to functions
connected to cell junction organization or muscle system.

Following the selection of tomato miRNAs to be tested in the
nematode system, an in vitro soaking assay was performed as described
in Section 2.4. The motility and vitality of the J2 larvae were observed
and compared with those of larvae kept in the control solution.
Subsequently, these larvae were used to infect tomato seedlings.
Figure 4 shows the effects of the infection symptoms classified as

«, » o«

+,

» «

++7, “+++”, along with galls formation on the roots. The values

represent the percentage of symptoms normalized to the number of
roots where the phenomena were observed. When the effects of the
control solution and sly-miRNA156a soaked J2 larvae were compared,
the best statistically significant reduction was detected in terms of gall

» o«

formation. The amount of “+/roots”, “++/roots” and “+++/roots” was

also reduced up to 1/3, while the number of “galls/roots” was reduced
up to 1/4. A significant reduction of the same parameters was observed
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also for the J2s soaked with sly-miR169f, where root enlargements
(“+/roots”, “++/roots”, “+++/roots”) were reduced up to 60%
compared to control, and the number of “galls/roots” was halved. In
the case of sly-miR166b, the observed reduction was less prominent,
ranging from 15% (“+/roots”) to 25% (“galls/roots”).

Because the most prominent reduction of the galling process
was observed for the sly-miRNA156a and sly-miRNA169f soaked
larvae, these were selected for further molecular analysis.
Quantitative RealTime-PCR was employed to measure the relative
expression of the Minc11367 (Minc3s00025g01614) and Minc00111
(Minc3s00001g00015) genes, putatively targeted by these miRNAs.
The obtained data show a downregulation of 54% in the miR156a-
J2 and 29% in the miR169f-]2 treated larvae compared to the
control (Figure 5). This result indirectly indicates that, in the in
vitro experimental setup applied in this study, sly-miRNA156a and
sly-miRNA169f have a cross-kingdom influence on the expression
of Minc11367 and Minc00111 nematode genes.

To summarize these findings, Figure 6 shows a schematic
representation of how the in vitro sly-miRNAs soaking experiments
performed on J2 larvae led to a decrease in the M. incognita infection

symptoms along with the downregulation of putative cross-kingdom

J2 symptoms/roots

O+/roots
[m++/roots

W +++/roots

mgalls/roots

miRNA 169f miRNA 166b

In vitro assay regarding soaked sly-miRNAs J2 larvae and susceptibility of the tomato root infections. The symptoms of infection (normalized with

respect to the number of roots) with increasing apex enlargement, are categorized as "+,

“++", "+++" and "galls”. Data represents percentages

expressed compared to the soaked J2s control solution, expressed as mean + SD of three independent experiments for each plant/miRNA
Statistical differences, in terms of Student's t-test, are given (*P < 0.05; **P < 0.01). FDR, False Discovery Rate.
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FIGURE 5

miR169f-J2
Minc00111

Relative expression data in miRNA156a and miRNA169f soaked J2s relative to control (C-J2). Transcript levels for Minc11367 (Minc3s00025g01614) and
Minc00111 (Minc3s00001g00015) were measured by qRT-PCR after soaking treatment and compared to their transcript level in control samples. Data
are shown as mean + SD from two independent replicates. Statistical differences, in terms of Student's t-test, are given (**P < 0.01)
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Meloidogyne incognita
infective juveniles (J2s)

Inoculation of tomato seedling with
sly-miR soaked J2s

A

FIGURE 6
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Schematic representation of the in vitro feeding assay showing the Sly-miRNAs soaking experiments performed on J2 larvae. The inoculation of
tomato seedlings with sly-miR caused a decrease in the M. incognita infection symptoms and downregulation of putative cross-kingdom targets

targets. To our knowledge, this is the first evidence showing that
tomato miRNAs can be used to alter the infection ability of M.
incognita larvae. Other studies related to the trans-kingdom transfer
of tomato miRNAs to pathogens focused mainly on the Botrytis cinerea
fungal infection. For instance, sly-miR1001 was shown to inhibit fungal
virulence and conidiospore germination by targeting genes encoding
for an ATP-dependent metallopeptidase and a cysteine-type
endopeptidase (Meng et al, 2020). More recently, a genome-wide
study identified multiple sRNAs and miRNAs with antifungal
properties (Wu et al, 2023). The same study demonstrated that
exogenous application of sly-miR396a was able to suppress the
virulence of B. cinerea. Therefore, the data provided in our study
together with other experimental evidence form the literature, evidence
that tomato miRNAs can be effectively used to limit plant pathogen
infection. However, given that most studies provide in vitro evidence to
support this fact, in the future it would be required to further
investigate how this transfer occurs and how is it conditioned by
concentration and bioavailability in an in vivo system.

4 Conclusions

Following the increasing availability of omics data, bioinformatic
studies are providing powerful tools to aid in setting up pertinent
experimental designs based on preliminary predictions. This applies to
miRNA-target interactions (both intra- and inter-specific) since
different tools are available for target predictability based on
sequence complementarity or hybridization energy. In this work,
bidirectional bioinformatics analyses were conducted to uncover the
potential miRNA-dependent cross-kingdom interactions between
tomato and the phytoparasitic nematode M. incognita in terms of
putative repressed genes and related biological processes. The obtained
results are compatible with the host-parasite interactions between
tomato and RKNG, suggesting that exogenous miRNAs may play a
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role in such processes. Although bioinformatics provides solid grounds
to formulate hypotheses, some limitations are present considering the
use of different computational methods, target prediction algorithms,
and the lack of general guidelines applicable specifically for cross-
kingdom predictions. Therefore, an in vitro experimental system was
developed to support the potential cross-kingdom miRNAs effect
during the S. Iycopersicum - M. incognita interaction. The presented
data evidence that the administration of sly-miR156a and sly-miR169f
to J2s larvae was able to significantly lower root infection. This was also
coupled with the downregulation of predicted cross-kingdom targets,
Mincl1367 and Minc00111. Thus, the current study expands the
knowledge on the host-parasite interactions between tomato and
RKNs paving the way for future application of exogenous miRNAs
as tools to control M. incognita infection. However, this is still
preliminary work and further analyses should be taken into account
to understand the highly complex in vivo mechanism of plant miRNA-
mediated gene control in the context of nematode research.
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Root-knot nematodes are polyphagous parasitic nematodes that cause severe
losses in the agriculture worldwide. They enter the root in the elongation zone
and subtly migrate to the root meristem where they reach the vascular cylinder
and establish a feeding site called gall. Inside the galls they induce a group of
transfer cells that serve to nurture them along their parasitic stage, the giant cells.
Galls and giant cells develop through a process of post-embryogenic
organogenesis that involves manipulating different genetic regulatory networks
within the cells, some of them through hijacking some molecular transducers of
established plant developmental processes, such as lateral root formation or root
regeneration. Galls/giant cells formation involves different mechanisms
orchestrated by the nematode s effectors that generate diverse plant
responses in different plant tissues, some of them include sophisticated
mechanisms to overcome plant defenses. Yet, the plant-nematode interaction
is normally accompanied to dramatic transcriptomic changes within the galls and
giant cells. It is therefore expected a key regulatory role of plant-transcription
factors, coordinating both, the new organogenesis process induced by the RKNs
and the plant response against the nematode. Knowing the role of plant-
transcription factors participating in this process becomes essential for a clear
understanding of the plant-RKNs interaction and provides an opportunity for the
future development and design of directed control strategies. In this review, we
present the existing knowledge of the TFs with a functional role in the plant-RKN
interaction through a comprehensive analysis of current scientific literature and
available transcriptomic data.

KEYWORDS

plant-RKNs interaction, galls, giant cells, transcription factors, new organogenesis,
plant defense, plant-development
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Introduction

Plant-parasitic nematodes have the ability to infect a wide range
of host plants from which they feed depleting their resources,
resulting in significant economic losses in agricultural production
worldwide (Singh et al,, 2015; Kikuchi et al., 2017). Among these
destructive pathogens, the endoparasitic Root-Knot Nematodes
(RKNs; Meloidogyne spp.) are one of the most economically
impactful (Elling, 2013). RKNs, use their stylet and a diverse
range of effectors to invade the plant roots and initiate the
formation of specialized feeding cells known as giant cells (GCs).
These GCs are contained within a novel pseudo-organ called gall
that constitutes their feeding site (Escobar et al., 2015). While the
significant role of the pericycle in gall formation is well-established
from experiments with transgenic lines that induce chemical
ablation, the precise origin of the GCs precursor cells remains not
fully understood. However, some evidence points to their origin
from precursor cells of the pericycle, xylem and/or vascular
cambium (Cabrera et al., 2014b; Olmo et al., 2017, Olmo et al.,
2020). GCs undergo mitosis accompanied by incomplete
cytokinesis and DNA endoreduplication forming a multinucleated
cell with greatly increased volume and a dense cytosol. Moreover,
GCs also show fragmented vacuoles, undergo cell wall
modifications, and ultimately develop membrane invaginations,
becoming transfer cells to nourish the nematode (de Almeida
Engler and Favery, 2011; Cabrera et al., 2014b; Escobar et al.,
2015). RKNs employ sophisticated mechanisms to overcome
plant defenses and modulate the host biochemistry and
physiology (Kikuchi et al., 2017). They manipulate different
genetic regulatory programs of the plant cells, including the cell
cycle, various developmental programs, and stress responses, in
order to undergo new post-embryogenic organogenesis leading to
gall formation. For instance, Meloidogyne javanica infection alters
pathways involved in de novo organogenesis leading to feeding site
formation by interfering with auxins signaling cascades (Cabrera
et al., 2014b). Consequently, a substantial transcriptional response
is triggered (e.g., in Arabidopsis thaliana; Jammes et al., 2005; Fuller
et al., 2007; Barcala et al., 2010; Silva et al., 2022).

Due to the mentioned dramatic transcriptomic changes
described in galls, a pivotal regulatory role of transcription factors
(TFs) is therefore expected, coordinating both, the new
organogenesis process induced by the RKNs and the plant
response against the nematode. Therefore, understanding the role
of TFs during RKN infection is essential for a deeper understanding
of the plant-nematode interaction and for the development of future
control strategies. In this review, we have explored the existing
knowledge on TFs involved in the plant-RKN interaction through a
comprehensive analysis of current scientific literature and available
transcriptomic data, the latter focused on Arabidopsis as
considerable transcriptomic data is available and it was shown to
be a good model of the plant-RKN interaction (Gheysen and Fenoll,
2011). Our aim is to compile the existing knowledge regarding the
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crucial role of TFs in the orchestration of the transcriptional
response activated within the plant after RKN infection.

Transcriptional profiling of
transcription factors families
in arabidopsis

Several transcriptomic analyses have been performed to
investigate mRNA population changes during RKNs
establishment and gall formation in Arabidopsis plants (Jammes
et al.,, 2005; Fuller et al., 2007; Barcala et al., 2010; Silva et al., 2022).
These studies have provided valuable insights into the genetic and
transcriptional dynamics associated with gall development.
Functional classification of differentially expressed genes (DEGs)
revealed RNA-related pathways as one of the groups with a high
number of DEGs (Barcala et al., 2010), which are mostly involved in
biological processes such as transcriptional regulation. Therefore,
we analyzed the data contained in the NEMATIC database
(NEMatode-Arabidopsis-Transcriptomic-Interaction-Tool;
Cabrera et al, 2014a) that includes the most representative
transcriptomic experiments of the RKN interaction in
Arabidopsis, and the data from a recent RNAseq of galls 3 days
post-infection (dpi) in Arabidopsis (Silva et al., 2022). These data
show that of the 1717 annotated TF loci in the Arabidopsis genome
based on the criteria of the Plant Transcription Factor Data Base
(PlantTFDB; Jin et al., 2014), 834 TFs are differentially expressed
(DE) in one or more experiments, that correspond to approximately
49% of the total known TFs in Arabidopsis. Among the 58 families
classified according to PlantTFDB (Jin et al., 2014), 53 of them have
DE members at some stage of gall formation (91%; Figure 1A), 52
TFs families at early stage (3 dpi) and 37 at medium-late stages (7,
14 and 21 dpi), (89% and 64%, respectively; Figure 1A). In GCs at 3
dpi, 29 TF family members were DE (50%; Figure 1B). Only 5 TFs
families did not show DE members in either GCs or any of the gall
stages. This indicates that most of the TF families are DE at one or
more stages of gall and/or GCs formation, which presumably
should have a great impact in the dramatic transcriptional
changes described in galls (see introduction). Figures 1C-E also
shows the percentage of DE TFs within the top 36 TF families with
the highest number of DE members in early and mid-late stage galls
and GCs. Six of these belong to TF superfamilies in which all TF
members were included. The predominant families in all three
transcriptomes were MYB, bHLH, ERF, NAC and WRKY. The role
of several members of these TF families during the plant-nematode
interaction was analysed and is our focus throughout
the manuscript.

While all these data indicate a substantial involvement of TFs in
regulating the transcriptional responses of plants to RKN infection,
it is worth noting that the functional roles of only over 30
Arabidopsis TFs and about a dozen in tomato (Solanum
lycopersicum) have been investigated (Table 1). Therefore, our
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FIGURE 1

Overview of Arabidopsis Transcription Factor (TF) family profiles in gall formation. Percentage of TF families (58 families according to PlantTFDB; Jin
et al.,, 2014) with and without differentially expressed (DE) members in different gall developmental stages as indicated (A) and GCs at 3 dpi (B). The
top 36 TF families and the top 6 superfamilies with the highest number of DE members in the RKNs transcriptomes, at early-stage galls [3 dpi galls;
(C)1, galls at mid-late stages [7, 14 and 21 dpi; (D)l and GCs 3 dpi (E) were represented. X axis, percentage of DE genes in each TFs family in
Arabidopsis, with respect to the total members identified in PlantTFDB. Y axis, TFs families and superfamilies indicated by green squares [GARP (G2-
like and ARR-B), B3 (ARF and B3), AP2/ERF (RAV, AP2 and ERF), MYB (MYB and MYB_related), MADS (M type, and MIKC) and Homeobox (HD-ZIP,
HB-other, TALE, WOX and HB-PHD)] of Arabidopsis according to PlantTFDB. Red, induced genes, green, repressed genes, grey, non-

differentially expressed.

understanding of the regulatory networks orchestrated by TFs in
plant-RKN interaction remains rather limited.

Plant transcription factors with a role
in plant-defense during the
RKNs interaction

Plants have developed a multitude of defense mechanisms to
counter potential pathogen attacks. The two primary plant immune
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responses are PAMP-triggered immunity (PTI), which is initiated
by the recognition of receptors that recognize pathogen-associated
molecular patterns (PAMPs), and effector-triggered immunity
(ETI), in which pathogen effectors are recognized by plant
resistance proteins known as R proteins (Peng et al., 2018). Both
signaling pathways trigger similar molecular processes such as
MAPK cascades, the production of reactive oxygen species,
secondary metabolites and an increase in the biosynthesis of
hormones such as salicylic acid (SA), jasmonic acid (JA), abscisic
acid (ABA) and ethylene (ETH; Peng et al, 2018; Isah, 2019).
However, PTI induces rapid and transient activation of MAPKs to
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enhance local immune responses without triggering plant cell death,
whereas ETI results in prolonged and sustained MAPK activity,
usually leading to hypersensitive response and programmed cell
death (Tsuda et al,, 2013). However, both PTI and ETI pathways
seem to be interconnected as it has recently been described that the
activation of either PTI or ETI alone is not sufficient for effective
resistance to the bacterial plant-pathogen Pseudomonas syringae.
Thus, both immune responses mutually potentiate to activate
strong defences against pathogens (Ngou et al, 2020). In any
case, plant defense involves a complex interconnected signaling
network that ensures a precise transcriptional response.
Consequently, several TFs have been identified as crucial for fine-
tuning the plant’s transcriptional immune response (Birkenbihl
et al, 2017). In this respect, TFs from different families, such as
WRKY, MYB, AP2 and bZIP, typically induced in response to
various biotic and abiotic stresses (Ambawat et al., 2013; Jiang et al.,
2017) were also differentially expressed during the RKNs
interaction (e.g., in Arabidopsis thaliana; Jammes et al., 2005;
Fuller et al., 2007; Silva et al., 2022) including the GCs (Barcala
et al, 2010). However, plant-parasitic nematodes, like other
pathogens such as bacteria, fungi, oomycetes and some insects,
secrete proteins and small molecules, called effectors, to suppress or
evade host defense responses and alter host cell structure and
function to their advantage, thereby facilitating nematode
establishment (Rutter et al., 2022). This section of the review
explores the existing literature on defense-related transcription
factors (TFs) and their role in the context of the plant-
RKNss interaction.

The WRKY family is one of the largest TF families found
exclusively in plants. Its members play critical roles in various plant
processes, encompassing growth, development, abiotic and biotic
stress responses, and plant innate immunity (Wani et al., 2021).
Some of them are key components in pathways responsible for PTI
and ETT activation (Ribeiro et al., 2022). In an RNAseq data of
tomato roots after M. javanica infection (15 dpi; Chinnapandi et al.,
2017), several WRKYs were identified as negative regulators of the
defence response. Among the up-regulated genes, SIWRKY45 was
further studied using a promoter:GUS reporter line. The line
showed considerable activation at 5 dpi, which continued through
feeding-site development and gall maturation (15 and 28 dpi;
Table 1), in line with the RNAseq data. Two independent
overexpressing lines of 35S:SIWRKY45 showed an increase in
nematode infection and GCs area compared to the control lines,
although the number of GCs within the galls was not affected
(Chinnapandi et al., 2017, Table 1). Consistently, qRT-PCR
revealed a down-regulation of defence-related genes, which are
typical markers of JA and SA-mediated pathways, such as those
encoding pathogenesis-related (PR-1) and proteinase inhibitor II
(Pin2) proteins respectively, which could explain the increased
nematode infection in the overexpressing line. In this respect, it
has been recently described that SSWRKY45 interact with JA-ZIM
domain family proteins that are key repressors of the JA signalling,
and it is also able to bind and inhibit the activity of the promoter of
the JA biosynthesis gene ALLENE OXIDE CYCLASE (AOC)
(Huang et al,, 2022). All of this is consistent with the attenuated
resistance to Meloidogyne incognita of SIWRKY45 overexpression
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and confirm its role as a negative regulator fo the defense response
(PTI) against Meloidogyne spp. Additionally, SIWRKY45 is
upregulated by cytokinins, and its overexpression caused the
repression of the cytokinin response factor 1 (CRFI) and CRF6
(Chinnapandi et al., 2017). RKNs and cyst nematodes (CNs) have
the ability to synthesize and secrete cytokinins, as noted by De
Meutter et al. (2003). Furthermore, it has been demonstrated that
the CN Heterodera shachtii has a functional cytokinin-synthesizing
isopentenyltransferase gene which is essential for virulence and
feeding site expansion (Siddique et al, 2015).The secretion of
nematode cytokinins could potentially disrupt the balance of
plant hormones and cytokinin signalling. Therefore, SIWRK45
may play a crucial role in coordinating hormone signals that
promote nematode development within the root tissue. Similarly,
recent studies have identified SIWRKY16 and SIWRKY31 as
negative regulators of plant immunity and defence (PTI) in
tomato. Both genes were induced during nematode infection until
late infection stages (28 dpi). Overexpression of these genes in
tomato lines using R. rhizogenes-mediated transformation under
the control of the CaMV35S promoter resulted in increased
susceptibility to M. javanica, as evidenced by enhanced galling
and reproduction parameters (Kumar et al., 2023; Table 1).

In contrast to SIWRKY45, 16, and 31, which act as negative
regulators of the plant defence response to RKNs, other members
of the WRKY family have been described as positive regulators of
defence against RKNs. For instance, WRKY11I, whose expression
is induced 24 hours after infection with M. incognita, and
WRKY17, which can function in partial redundancy with
WRKY11, are associated with the activation of basal defence
mechanisms (PTI). The Arabidopsis lines wrkyll, wrkyl7, and
wrkyl1/wrkyl7 exhibited increased susceptibility to M. incognita.
This was evident from the significantly higher number of galls
observed 4 weeks after inoculation in both the single and double
mutant lines compared to the wild-type plants. However, there
were no significant differences between the single mutants and the
double mutant, indicating that these two TFs do not function
redundantly in this pathogenic interaction (Teixeira et al., 2016;
Table 1). Similarly, mutant lines wrky11 and wrkyl17 showed more
susceptibility in Arabidopsis infected with the CN Heterodera
schachtii (Ali et al., 2014), indicating commonalities in the basal
resistance mechanisms between both plant-(RKNs and CNs)
interactions. Additionally, WRKY11pro::GUS lines showed that
the WRKY11 promoter was activated in the root elongation zone
and root tip 24 hai with M. incognita (Table 1). Furthermore, in
assays based on treatments with crude extracts of J2 larvae, GUS
activity was also detected in roots, mainly in the elongation zone
where RKNs invade roots. The promoter activity was detected in
the absence of any mechanical damage produced by RKNs
penetration and intercellular migration (Teixeira et al, 2016).
This suggests that the gene is an early responder to the presence of
the nematode. Similarly, GUS staining was observed restricted to
the root elongation zone of MYB51pro::GUS plants early after
infection with M. incognita (Table 1; Figure 2). MYB51 is a
member of the MYB Transcription Factor family and, together
with MYB34, regulates glucosinolate biosynthesis. Accordingly,
the Arabidopsis myb51 myb34 double mutant, which is completely
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TABLE 1 Transcription factors (TFs) analyzed for their functional role in RKNs interaction in different plant species.

Loss and Giant
Plant . Promoter  Funcional Gain of Gall Expression = TFs
: RKN specie o : cells . o Reference
specie activity ENENS function phenotype analysis activity
: phenotype
lines
Overexpressor
t 15,2 Chinnapandi
SIWRKY45 2,5, 15, 28 dpi Yes 1nes 28 dpi 5 15,28 Repressor Hmapanct
(358: dpi (RNAseq) et al, 2017
SIWRKY45)
Overexpressor
hairy root lines
S. lycopersicum M. javanica (oe:wk-02; oe: 5 15 28
SIWRKY3 2,5, 15, 28 dpi Yes wk-03) RNAi d 1(RN Aseq) Activator
silenced lines P 4 Chinnapandi
(RNAi:wk-03; et al, 2019
RNAi:wk-04)
5, 15,28
IWRKY35 2,5, 15, 28 dpi
s P! dpi (RNAseq)
Overexpressor
hairy root lines
SIWRKY16 (WRKY16-OE-
WRKY E2; WRKY16-
. i 2, 5, 10, 15, OE-E5) 2,5,and 15 Kumar
M. javanica 28 dbi Yes dpi (RNAseq) Repressor ¢ al. 2023
Pl Overexpressor Pl seq el
S. lycopersicum hairy root lines
SIWRKY31 - eep (WRKY31-OE-
El; WRKY31-
OE-E6)
1GS i
Vol 2 6 di N
1€
SIWRKY80 M. incognita Yes and (Motelle versus Activator et al. 2023
M82; q-P N
Moneymaker 82 g-PCR)
SIWRKY72a VIGS in
S. Iycopersicum Mi-1 virulent M. Yes Motelle 0, 12, 24, 36 dpi Activator
) ) 3 [V
SIWRKY72b incognita P77R3 and (qRT-PCR) Bhattarai
Moneymaker etal, 2010
. T-DNA X
AtWRKY72 A. thaliana Yes X K K Activator
insertion lines
(Continued)
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TABLE 1 Continued

Loss and Giant
Plant . Promoter  Funcional Gain of Gall Expression = TFs
: RKN specie o : cells . o Reference
specie activity ENENS function phenotype EREIWS activity
: phenotype
lines
(wrky-72-1;
wrky72-2)
VIGS in
Mi-1 avirulent Motelle 0, 12, 24, 36 hpi Atamian
SIWRKY70 S. 1 i Y Activat
Jeopersicum M. javanica e and (qRT-PCR) ctivator et al., 2012
Moneymaker
T-DNA
WRKYI1L 24hpi Yes insertion lines 24 hpi Activat
1 ctivator
P (wrky11; (qRT-PCR)
wrkyl11/17) L
T
A. thaliana M. incognita cuens
T-DNA et al, 2016
WRKY17 Yes insertion lines Activator
(wrkyllI;
wrkyl11/17)
OsWRKY34
. .. 3,7 Kyndt
OsWRKY36 Oryza sativa M. graminicola dpi (RNAseq) et al, 2012
OsWRKY62
1 dpi,
M. incognita initiation and T-DNA
ERF109 gall formation Yes insertion Activator
‘ ' (.57, 10, 14, line (erf109)
M. incognita .
21 dpi)
1 dpi, Dominant Zhou et al.,
M. incognita initiation and repressor line 2019; Ribeiro
gall formation (35S:ERF115- et al., 2024
. SRDX); T-DNA
ERF ERF115 A. thaliana Yes insertion lines 7,14, 21 dpi 30 - 40 dpi Activator
M. incognita (3,57, 10, 14, e
. incog] 21 dpi) patl-2), ERF}IS
overexpressing
line
3,5,7,10, 14, ERF114 Ribeiro
L i T i , 14, 21 dpi 30 - 40 dpi Activat
ERF114 M. incognita 21 dpi Yes 0vere}1(.pressmg 7 pi pi ctivator etal, 2024
ne
ERF6 M. incognita Yes
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TABLE 1 Continued

PUCHI

LS RKN specie

specie

Promoter
activity

Funcional
ENENS

Loss and
Gain of
function
lines

T-DNA
insertion line

(erf6-1)

Gall
phenotype

Giant
cells
phenotype

Expression
analysis

7 dpi (qRT-
PCR)
0,7dpi

(Microarray)

TFs
activity

Reference

Warmerdam
et al, 2019

RKN

1,2,3,5,7 dpi

Yes

T-DNA
insertion line
(puchi-1,
TILLING line
puchi-2)

14 dpi

3,5,7,28-
42 dpi

1,2,3,5,7 dpi

Activator

Suzuki
et al,, 2021b

MYB3R1

MYB3R3

MYB

MYB3R4

MYB3R5

MYB51

A. thaliana M. incognita

A. thaliana M. incognita

7 dpi

Yes

T-DNA
insertion lines
(myb3rl;
myb3r1/4;
myb3r1/3/5)

T-DNA
insertion lines
(myb3r3;
myb3r3/5;
myb3r1/3/5)

Activator

3,5,7 dpi

Yes

T-DNA
insertion lines
(myb3r4;
myb3r1/4)

Activator

3, 5,7 dpi

24 hpi

Yes

T-DNA
insertion lines
(myb3r5;
myb3r3/5;
myb3r1/3/5)

T-DNA
insertion line
(myb34/51)

24 hpi
(qRT-PCR)

Activator

Suzuki
et al, 2021a

Teixeira
et al., 2016
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MYB34

T-DNA
insertion line
(myb34/51)

3 dpi
(Microarray,
RNAseq)

Activator

ARF3

ARF5

ARF

ARF7

ARF19

A. thaliana

A. thaliana

M. javanica

M. javanica

3 dpi

1-14 dpi

Artificial
microRNA line
(ARF5-amiR),
hypomorphic
mutated line
arf5-2,
Dominant
repressor line
(ARF5-SRDX)

7 dpi
(qQRT-PCR)

Activator

1-14 dpi

Yes

Mutagenized
seeds lines and
T-DNA lines
(arf7-1/arf19-1;
nphd-1/arf19-1;
slr-1/arf7-1/
arf19-1), gain
of function
mutation (slr)

7 dpi
(qRT-PCR)

1-14 dpi

Mutagenized
seeds lines and
T-DNA lines

(arf7-1/arf19-1;

nphd-1/arf19-1;

slr-1/arf7-1/
arf19-1), gain

of function
mutation (slr)

7 dpi
(qQRT-PCR)

Cabrera
et al,, 2016

Olmo
et al., 2020

SIARF8A

SIARF8B

S. lycopersicum

M. incognita

7, 14 dpi

CRISPR lines
(slarf8b,
slarf8ab)

CRISPR lines
(slarf8b,
slarf8ab)

7,14

21 dpi dpi (RNAseq)

7,14

21 dpi
dpi dpi (RNAseq)

Activator

Activator

Noureddine
et al., 2023
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TABLE 1 Continued

Loss and Giant
Plant . Promoter  Funcional Gain of Gall Expression = TFs
: RKN specie o : cells . o Reference
specie activity ENENS function phenotype EREIWS activity
: phenotype
lines
T-DNA
M. j i Yamaguchi
WOX4 {uvumfa/ 3,5, 7 dpi Yes insertion line 7 dpi 7 dpi (RT-PCR) amaguctl
M. incognita et al.,, 2017
(wox4-1)
WOX A. thaliana
T-DNA
. . . . . . i Olmo
WOX5 M. javanica 2,5, 8 dpi Yes insertion line Activator
et al., 2020
(wox5-1)
SCR 2,5,7 dpi Yes scr-3 Activator
. . Olmo
M. javanica L. 2020
SHR 3,4,7 dpi Yes shr-2 Activator etal,
T-DNA
GRAS A. thaliana insertion lines
3,5,7,10, 14 (pat1-2 and Ribeiro et
> I /s > > 1D€1ro €
PATI1 M. incognita . Yes erfl15/ patl-2); 7, 14, 21 dpi 30 - 40 dpi Activator
21 dpi al., 2024
PATI
overexpressing
line
RNA
intereference ol
mo
GATA GATA23 A. thaliana M. javanica 1-29 dpi Yes line 15 dpi 15 dpi Activator et al. 2020
(GATA23: v
RNAi)
Suzuki et al.,
. . . . 3 2021a;
G2-LIKE APL A. thaliana M. incognita 3,5,7,17 dpi Activator
Absmanner
et al, 2013
Ac/Ds
transposon
3, 4, 7dpi 2- tagged lines Olmo
HSF SCZ A. thaliana M. javanica P& /P! Yes and Activator
40 dpi . et al,, 2020
mutagenized
seeds lines (scz-
2; sczl-1; scz-4)
M. javanica / T-DNA Yamaguchi
HD-ZIP ATHBS A. thaliana - Javanic 3,5, 7 dpi Yes insertion line 7 dpi 7 dpi (RT-PCR) 8
M. inognita et al, 2017
(athb8-11)
(Continued)
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TABLE 1 Continued

Loss and Giant
Plant . Promoter  Funcional Gain of Gall Expression = TFs
: RKN specie o : cells . o Reference
specie activity ENENS function phenotype EREIWS activity
. phenotype
lines
de Almeida
Overexpresor line Engler et al.,
A. thaliana M. incognita Yes (DELI?® 7, 14, 21 dpi 7 dpi (in situ) Repressor 20125
dell-1 mutant Nakagami
et al., 2020
DII;EZIF' DELI
e 0, 3,7, 14, 21,
Prunus . . 28, 35 dpi (RT- Xiao
i M. incognita PCR) 0, 3, 7, 14,
Sogdiana 21 dpi et al,, 2020
(in situ)
Dominant
repressor lines
X X . (35S::LBD16: Cabrera et al.,
M. 2-29 d 2-
LBD LBD16 A. thaliana M]“:“"’C:_’ / i gli/ Yes SDRX; pLBDI6: 14 dpi/- 14 dpi/- Activator 2014b: Olmo
- arenaria P Ibd16-SDRX) T- et al, 2017
DNA insertion
line (Ibd16-1)
Overexpression Diaz-Manzano
AP2 TOE1 A. thaliana M. javanica Yes line 14 dpi 14 dpi 3 dpi (qPCR) Repressor
(358-TOEI®) et al., 2018
T-DNA .
. . . . . . . Noureddine
SBP SPL7 A. thaliana M. incognita 3, 7,14 dpi Yes insertion 7 weeks Activator ¢ al. 2022
et al.,
line (spl7)

Columns indicate the TF family, the TF name, the plant to which a functional role was assessed, the RKN species used, the infection stages at which promoter activity was confirmed, the stage at which infection and/or reproductive parameters were recorded in lines with
altered function, the stage at which gall phenotype was recorded in lines with altered function, the stage at which GCs phenotype was recorded in lines with altered function, the role assigned as activator or repressor, the available expression analysis in infected tissues, and
references. An empty cell indicates that no information is available. Dpi, days post infection. hpi, hours post infection. Only in a few cases, no information on TFs functional role was available, however they were included in the table, as they were mentioned within the text.
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processes

FIGURE 2

Diagram showing an overview of those transcription factors (TFs) with an assigned function during plant-RKNs interaction in different plant species,
mainly Arabidopsis thaliana and Solanum licopersicum, integrated in a basic diagram of a plant cell. TFs were categorized into different groups
according to their function and a color was assigned in each geometric figure, i.e. cell cycle, light orange, plant defense, blue, lateral root/calli/Root
apical meristem (RAM), green, various developmental processes, white, abiotic stress, red. In some cases, a dual function was demonstrated and
therefore, two colors were assigned. A blunt end arrow indicates a TF with a repressor role and an arrowhead indicates its function as an activator.
RAM, root apical meristem, each TF family was assigned a different geometric figure. ETI, light blue, PTI, dark blue.

impaired in glucosinolate production (Frerigmann and
Gigolashvili, 2014), displayed a higher number of galls
compared to wild-type plants in M. incognita infection assays.
This increased susceptibility of the double mutant point to a
positive role of glucosinolates in RKNs defense (Teixeira et al.,
2016; Table 1; Figure 2). Importantly, WRKY11 and MYB51 are
involved in BRASSINOSTEROID INSENSITIVE-ASSOCIATED
KINASE 1 (BAK1)-dependent PTI responses activated by RKN
infection, however, another BAK-independent immune signaling
pathway was detected probably involved in the camalexin
biosynthetic pathway (Teixeira et al., 2016). It is well-established
that nematodes can suppress defense-related genes in feeding
cells. In this respect, transcriptomic data of Arabidopsis and
tomato micro-dissected GCs induced by M. javanica at early
infection stages (3 dpi) showed a down-regulation of MYB34 in
Arabidopsis and its ortholog in tomato, as reported by Barcala
etal. (2010) and Portillo et al. (2013), respectively. In contrast, the
RNAseq analysis conducted by Silva et al. (2022) at the same
infection stage, showed that MYB34 is induced in whole galls
compared to control non-infected root segments. These findings
suggest that RKNs may inhibit glucosinolate production in
feeding cells, while a defense response is likely maintained in
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the remaining gall tissues. Other WRKY members related to the
basal defense against RKNs as positive regulators are AtWRKY72
and its orthologs in Solanum lycopersicum, SIWRKY72a and
SIWRKY72b (Bhattarai et al., 2010; Table 1; Figure 2).
Arabidopsis WRKY72 mutant lines showed a significant
increase in egg masses compared to Col-0. Tomato roots of the
susceptible cultivar (cv) Moneymaker (mi-1/mi-1), with
SIWRKY72a and/or SIWRKY72b transient silenced or co-
silenced showed similar results, confirming the involvement of
SIWRKY?72 in basal defense (PTI) in both plant species (Bhattarai
et al.,, 2010; Table 1). In addition, data obtained with the tomato
resistant cv. Motelle (Mi-1/Mi-1) indicated that SSIWRKY?72 is also
involved in gene-for-gene resistance (ETT) during RKN infection
of tomato roots. Thus, a significant increase of SIWRKY72a
expression level was observed in response to M. incognita 12
and 36 hours after inoculation (hai), as well as of SIWRKY72b
expression at 12 hai in tomato roots of the resistant cv. Motelle
(Mi-1/Mi-1), whereas this was not observed in the susceptible cv.
Moneymaker (mi-1/mi-1, Bhattarai et al., 2010). Functional
confirmation of the participation of both TFs in tomato gene-
for-gene resistance was obtained by transient silencing or co-
silencing SIWRKY72a and SIWRKY72b in the resistant Motelle
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roots. This resulted in an increased susceptibility to RKNs, while
no infection was observed in the control Motelle roots. The
expression changes of another WRKY family member in
tomato, SIWRKY70, also suggest a putative role in Mi-1-
mediated resistance (ETI), as its mRNA was up-regulated in
both susceptible and non-susceptible lines and RKNs were able
to infect and reproduce in WRKY70 transiently silenced tomato
roots of the resistant cv. Motelle, whereas no infection and
reproduction was observed in non-silenced Motelle tomato roots
(Atamian et al.,, 2012; Table 1; Figure 2). In addition, WRKY70 has
been described in Arabidopsis to mediate basal and R gene defence
in response to aphids (Knoth et al., 2007). Therefore, both
WRKY70 and WRKY72 showed a conserved role as activators
of defense in different plant species in response to different pests
and pathogens (Knoth et al., 2007; Bhattarai et al., 2010; Atamian
et al., 2012). However, they appear to mediate defense through
different signaling pathways; in Arabidopsis, WRKY70 acts as a
mediator between the SA and JA defense pathways during biotic
stress (Li et al., 2006); a similar scenario might be happening in
tomato as SIWRKY70 is up-regulated during the first hours after
SA treatment, but repressed after Methyl jasmonate (MeJA)
application (Atamian et al., 2012; Table 1). On the other hand,
WRKY?72 seems to be involved in plant defence against pathogens
in a SA independent manner as genes deregulated in Atwrky72 did
not respond to SA analogues (Bhattarai et al., 2010).

During the interaction with RKN, other members of the
WRKY transcription factor family in tomato, such as WRKY3
and 35, were induced and functional, i.e., SSWRKY3pro::GUS and
SIWRKY35pro::GUS lines showed GUS signal at early infection
stages with M. javanica (2 and 5 dpi). Furthermore, the
overexpression of SIWRKY3 in transgenic hairy root lines led to
a decrease in the reproduction of M. javanica. This was
accompanied by an increase in the accumulation of defence
molecules from the shikimate and oxylipin pathways. On the
other hand, SIWRKY3 RNAi lines promoted reproduction
compared to wild-type plants, confirming its role in basal
defence (PTI) against RKNs (Chinnapandi et al., 2019; Table 1;
Figure 2). Moreover, SSWRKY80 was also recently identified as a
positive regulator that affects Mi-I-mediated resistance (ETI). In
Motelle lines carrying the Mi-1 resistance gene, SIWRKY80
transcript levels increased by more than 3.21 and 4.56-fold at 3
and 6 dpi, respectively, compared to the control reference M82
variety. The expression of SIWRKY80 was also significantly
induced by the defence hormones JA and SA in tomato Motelle.
Furthermore, virus-induced gene silencing (VIGS) assays
demonstrated that silencing SIWRKYS80 in the resistant Motelle
tomato resulted in a significant increase in the number of egg
masses in the roots of individual plants and a significant decrease
in its resistance level. This confirms the role of SSWRKY80 as a
positive regulator of Mi-1-mediated tomato resistance (Nie et al.,
2023; Table 1; Figure 2).

Finally, it is possible that WRKY family members are involved
in defence responses induced during the infection by RKNs in
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monocotyledonous species. This is supported by a transcriptomic
study of galls at 3 and 7 dpi of Oryza sativa infected with M.
graminicola that revealed upregulation of OsWRKY34, OsWRKY36
and OsWRKY62 (Kyndt et al., 2012; Table 1; Figure 2). Yet, further
analysis is required to determine the functional implications of
these TFs in rice responses against RKNs.

Plant transcription factors with a dual
link to stress caused by RKNs and
plant developmental programs

Although, the structure of this review makes a sharp separation
between those TFs involved in plant defense and those involved in
plant development, the boundaries are not always clear. In recent
years, a connection between stress signaling and developmental
programs, such as root regeneration, has been extensively described
(Tkeuchi et al., 2019). One example of the RKNss interaction involves
the ERF109 and ERF115 transcription factors, which belong to the
Ethylene Responsive Factor (ERF) subfamily within the
APETALA2/ETHYLENE RESPONSIVE FACTOR (AP2/ERF)
superfamily (Sakuma et al., 2002; Wu et al., 2022). These
transcription factors are involved in a core molecular network
triggered by wound-induced JA, which induces stem cell
activation and regeneration of Arabidopsis thaliana roots (Zhou
etal, 2019). ERF109 and ERF115 play a crucial role in maintaining
the quiescence of the root stem organizer cells, also known as the
quiescent center (QC). ERF109 is activated transcriptionally within
minutes in response to JA and wounding and operates upstream of
ERF115. Conversely, ERF115 operates upstream of the protein
complex RBR-SCR, which regulates the asymmetric cell divisions
of root stem cells, QC quiescence, and the activation of the QC
regulatory protein WOX5. In addition, it is worth noting that
ERF115 is activated not only by JA but also by auxin signaling,
which is crucial in galls (Cabrera et al., 2014b; Olmo et al., 2020). It
is interesting to observe that GUS staining assays revealed the
induction of both ERF109 and ERF115 promoters after the
infection of the M. incognita as early as 1 dpi. Furthermore, time
course experiments have shown that ERFI109 is induced during
nematode penetration, while ERF115 is strongly induced in vascular
and/or endodermal cells at all stages from penetration and feeding
site initiation until gall formation. Interestingly the repressor
activity of ERF115 in the dominant-negative ERF115-SRDX line
resulted in a loss of root growth recovery capacity after infection
with M. incognita compared to Col-0. Furthermore, the erf109
mutant and ERF115-SRDX line exhibited reduced susceptibility to
infection and developed fewer egg masses compared to Col-0
seedlings 7 weeks after inoculation. Consistently, gall formation in
ERF115-SRDX roots progressed slower than in Col-0, and DNA
synthesis at feeding sites was less active compared to Col-0 (Zhou
et al, 2019). Therefore, the JA-induced regeneration pathway, with
ERF109 and ERF115 acting as regulators, stimulates root growth
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following nematode infection and contributes to the reproductive
success of M. incognita (Zhou et al., 2019; Table 1; Figure 2). In this
respect, it is relevant to mention that the damage caused by H.
schachtii during invasion also activates a jasmonate-dependent
ERF109 pathway, promoting secondary root formation (Guarneri
et al,, 2022). Therefore, new root-growth and/or regeneration in
both RKNs and CNs interaction seems to be mediated by common
JA responsive transducers as ERF109. Furthermore, ERF115
interacts with PAT1, a transcription factor belonging to the
PHYTOCHROME A TRANSDUCTION 1 (PAT1) GRAS
subfamily, forming heterodimers, and erf115, patl-2, and erfl15/
pat1-2 double mutants showed GCs often with less cytoplasm, fewer
nuclei, and less ploidy than the wild-type lines, which probably
caused a delay in nematode development. Furthermore,
overexpression of ERFII15 (ERF1150E), ERF114, and PATI
resulted in accelerated gall induction and downstream activation
of key players in the regenerative pathway, possibly related to the
high cell division rates observed, particularly in the ERF1150E line,
following mechanical stress induced by RKNs. In conclusion, the
ERF115-PAT1 complex contributes to the regenerative potential of
nematode-induced galls by facilitating tissue healing, thereby
maintaining the gall’s functionality until maturation and
nematode reproduction (Ribeiro et al., 2024; Table 1; Figure 2).

ERF6 is another stress-related gene that does not appear to
regulate plant defenses. It is a member of the Ethylene Responsive
Factors (ERF) family and has a unique AP2/ERF domain (Nakano
et al., 2006). It was identified from a quantitative trait loci (QTL)
study that investigated the relationship between allelic variation in
specific loci (QTLs) and the susceptibility of Arabidopsis to M.
incognita (Warmerdam et al., 2019). qPCR analysis showed a
significant down-regulation of ERF6 in Arabidopsis wild type
seedling roots at 7 dpi in association with nematode infections.
Reproduction tests were conducted on the erf6-1 mutant line
infected with M. incognita at 7 dpi, which resulted in a significant
increase of 28% in egg masses per plant compared to the wild type
line. In addition, microarray analysis revealed that there were 489
differentially expressed genes in the roots of erf6-1 nematode-
infected plants compared to infected wild-type plants
(Warmerdam et al., 2019). Previous studies have shown that
ERF6 is phosphorylated by MPK3/MPK6 during biotic stress,
which activates the expression of Jas/ETH defense genes such as
PDF1.2a and PDFI.2b, thereby enhancing Arabidopsis’ defense
against fungal infections (Meng et al., 2013; Wang et al,, 2022).
However, in erf6é RKNs-infected roots, the expression of PDFI.1 and
PDF1.2 was not significantly altered compared to wild-type infected
plants. This is similar to the expression of other pathogenesis-
related genes, such as PRI, PR2, PR3, and PR4, which are known to
be regulated by ERFs. These findings suggest that ERF6 does not
suppress plant defenses during the RKNs interaction. Many of the
genes that are differentially regulated in the roots of nematode-
infected erf6-1 plants at 7 dpi are putatively involved in responses to
abiotic stresses, such as osmotic stress. This suggests that ERF6
regulates abiotic stress responses in the plant-nematode interaction
(Warmerdam et al.,, 2019; Table 1; Figure 2).
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Plant transcription factors relevant
during RKNs infection with impact in
plant-development

The root-knot nematodes induce feeding cells, GCs, with
enlarged nuclei within their heterogeneous feeding sites or
feeding organs called galls, which indicates increased DNA
replication cycles (de Almeida Engler et al., 1999). This process is
called endoreduplication and occurs when successive phases of
DNA synthesis (S) follow each other without intervening mitosis
or cytokinesis. Endopolyploidy is observed in differentiated and
enlarged plant cells, such as Arabidopsis trichomes, endosperm, and
fruit (Sabelli et al, 2007). Somatic polyploidy is particularly
prevalent in higher plants. A high-resolution DNA endoploidy
map of the developing Arabidopsis root has revealed the
importance of endoreduplication for the expression of genes
encoding cell-wall modifying enzymes. These enzymes are crucial
during GC development, suggesting that these responses may serve
as a buffering system for stress conditions (Wieczorek, 2015;
Bhosale et al., 2018). In this respect, the TF E2Fe/DELI is an
inhibitor of endoreduplication that maintains the mitotic state of
proliferating cells by suppressing transcription of genes necessary to
enter the endocycle (Dimova and Dyson, 2005; Inzé and De
Veylder, 2006). The timing of cell cycle exit and onset of
endoreduplication is determined by the levels of E2Fe/DELI,
which control anaphase-promoting activator genes such as
CCCS52A2 (Lammens et al., 2008). Arabidopsis has three DEL
genes (DELI, DEL2 and DEL3). Loss of DELI function results in
increased ploidy, while ectopic expression of DELI results in
decreased endoreduplication levels and cells are prone to rapid
expansion (Ramirez-Parra et al., 2004; Vlieghe et al., 2005;
Lammens et al., 2008). The role of E2Fe/DEL in GCs formation
induced by RKNs was analyzed. Ectopic expression of DELI
resulted in morphological changes of the GCs within the galls, as
the GCs were smaller with profuse cell wall invaginations and
smaller nuclei than in the wild type line at 21 dpi. Furthermore, the
DELI overexpressing line exhibited a significant reduction in the
number of M. incognita egg masses due to an induction of the
mitotic state, resulting in severe impairment of reproduction.
Conversely, the dell-1 loss of function line displayed small and
malformed GCs with reduced mitotic activity and little cytoplasm,
possibly due to a premature initiation of the endocycle (de Almeida
Engler et al., 2012; Vieira et al., 2013; Table 1; Figure 2). The results
indicate that multiple nuclei resulting from acytokinetic mitotic
events are not sufficient to drive GC expansion. Therefore, during
the plant-RKNs interaction, there is a reprogramming of the plant
cell cycle machinery, inducing mitotic cycles in GCs followed by
repeated endoreduplication cycles, both of which are necessary for
correct GC development (de Almeida Engler et al., 2012; Table 1;
Figure 2). Although only data from the variation of expression levels
during RKNs infection and in situ localization of its transcripts are
available, the orthologue DELI gene from Arabidopsis in woody
plants, such as Prunus sogdiana, PsoDELI, also appears to be
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negatively correlated with endoreduplication and growth of GCs.
PsoDELI exhibited weak expression in the feeding sites during the
early stages of infection (3 dpi). As the infection progressed, the
hybridization signal was barely detected at the feeding site and
within the GCs at 7, 14 and 21 dpi (Xiao et al., 2020; Table 1;
Figure 2). Therefore, it is highly probable that the role of DELI is
conserved in distant plant species during feeding site and
GCs formation.

Interestingly, E2Fe/DELL1 also plays a role in SA biosynthesis as
a transcriptional repressor of a member of the isochorismate
pathway, ENHANCED DISEASE SUSCEPTIBILITY 5 (EDS5), that
encodes a SA transporter required for elevated SA immunity in
Arabidopsis (Chandran et al., 2014). Repression of genes involved
in plant defenses is a characteristic of the compatible interaction
between RKNs and dicotyledonous or monocotyledonous species,
such as Arabidopsis and rice, particularly in GCs (Barcala et al,
20105 Ji et al., 2013). Furthermore, the identification of M. incognita
effectors, such as Mi-ISC-1, confirms that the nematode actively
deploys a functional isochorismatase to suppress SA-mediated plant
defences by altering the isochorismate synthase pathway for SA
biosynthesis, favoring parasitism (Qin et al, 2022). The dell-I
mutant showed SA accumulation in 7 dpi Arabidopsis galls, while
in uninfected roots, the SA levels did not change significantly
compared to the control background Col-0. Therefore, DELI
seems to repress SA biosynthesis in RKNs-induced galls in
Arabidopsis (Nakagami et al., 2020; Table 1; Figure 2). As a
result, dell-1 mutant galls at 5 dpi exhibited more intense lignin
staining than wild type galls, and the expression patterns of genes
encoding enzymes related to lignin biosynthesis, such as 4-
coumarate: CoA ligase 1 (4CL1), 4CL2, alcohol dehydrogenase 5
(CADS5), phenylalanine ammonia-lyase 1 (PAL1), PAL2, and
cinnamate 4-hydroxylase (C4H) were significantly up-regulated as
compared to wild type galls (Nakagami et al., 2020). The loss of
function of DEL1/E2Fe in Arabidopsis galls leads to enhanced
resistance and it also causes growth inhibition, likely due to
excessive lignification and/or SA accumulation in RKNs-induced
galls. Therefore, DEL1 may mediate a balance between growth and
defense by limiting the accumulation of SA in the infection sites
(Nakagami et al.,, 2020), similar to what was reported during fungal
infection in leaves (Chandran et al., 2014).

Plant MYB3R TFs, which are homologous to Myb
oncoproteins, are also involved in controlling mitosis and
cytokinesis progression by recognizing Mitotic-specific activator
(MSA) elements present in genes expressed during the G2 and M-
phase, such as B-cyclins (Ito et al., 1998, 2001; Menges et al., 2005).
The MYB transcription factor family is a large family found in all
eukaryotes and is involved in various processes that control plant
development, metabolism, and responses to biotic and abiotic stress
(Dubos et al.,, 2010). In Arabidopsis, five MYB3R genes have been
identified. Among them, MYB3RI and MYB3R4 function
redundantly as activators, with MYB3R4 contributing more to the
activation of G2/M phase-specific genes (Haga et al., 2007; Ito et al,
2001). However, MYB3R1 has a dual function as it can act as a
repressor along with MYB3R3 and MYB3R5. MYB3R4 is only
expressed during the G2/M phase, whereas the repressor-type
MYB3Rs are active in post-mitotic cells and proliferative cells
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outside the G2/M phase (Kobayashi et al., 2015a; Kobayashi et al.,
2015b). In Arabidopsis, MYB3R4::GUS lines showed a GUS signal
in the vasculature, where a weak expression of MYB3R5::GUS was
detected. Following M. incognita infection, the MYB3R4::GUS line
exhibited GUS signal in the centre of 3, 5 and 7 dpi galls, while the
MYB3R5::GUS line showed two strands of signal surrounding the
centre of 3 and 5 dpi galls that decreased and became patchy at 7
dpi. In contrast, no signal was detected in the roots of the MYB3R3::
GUS line, whether infected or uninfected. The loss of function lines
myb3rl, myb3r5 and myb3r1/3/5 showed no effect on nematode
infection. In contrast, myb3r3, myb3r4, myb3rl/4 and myb3r3/5
showed a significant reduction in the number of galls compared to
wild type plants (Suzuki et al., 2021a; Table 1; Figure 2). It is known
that the myb3r1/4 mutant presents aberrant cytokinesis and down-
regulation of cell cycle genes (Haga et al.,, 2007, Haga et al., 2011),
and MYB3R4 is involved in endoreduplication, acting as an
activator or repressor depending on its phosphorylation state
(Chandran et al., 2010). In addition, MYB3Rs proteins can form
complexes during cell cycle progression. For example, MYB3R4
interacts with RBR1 (Retinoblastoma-related) and E2FB, while
MYB3R3 interacts with RBR1 and E2FC, which are necessary for
endoreduplication (Del Pozo et al., 2002, 2006). In this respect, as
mentioned before, the overexpression of a transcription factor of
the DP-E2F-like family (E2Fe/DEL1) that maintains the mitotic
state of proliferating cells, caused increased mitotic activity and
consequent endocycle inhibition in the galls formed by RKNs. Thus,
the feeding cells within the galls showed multiple nuclei and
inhibited cell expansion affecting nematode development (de
Almeida Engler et al,, 2012, de Almeida Engler and Favery,
2011).Therefore, although a direct interaction of MYB3Rs
proteins with E2F members has not yet been described in the
RKN interaction, the role of MYB3Rs activators in the RKNs-
interaction may be related to the regulation of key cellular processes
during cell cycle progression in galls/GCs development.

One of the characteristics observed in the transcriptomes of
Arabidopsis galls and micro-dissected GCs are the high number of
genes included in categories such as development or hormone
metabolism, both directly related (Barcala et al., 2010; Silva et al,
2022). Experimental data has confirmed that gall and GCs
formation share TFs that are molecular components of
transduction pathways involved in lateral root and callus
formation, as well as other plant developmental processes such as
tuberization, nodulation, fruit development, and flowering time
(Cabrera et al., 2014b; Medina et al., 2017; Diaz-Manzano et al.,
2018; Olmo et al,, 2019, Olmo et al,, 2020). One of the initial
examples discussed is LBD16, a member of the LATERAL ORGAN
BOUNDARIES-DOMAIN TF family. LBD16 is a crucial
component of the auxin pathway that leads to cell divisions in the
xylem pole pericycle, which are necessary for lateral root formation
(Goh et al,, 2019) and is also involved in pluripotency acquisition in
callus cells (Liu et al, 2018). LBDI6 is activated early during
nematode establishment in xylem pole pericycle cells near the
nematode head and by nematode secretions in protoplast. Within
the forming galls its expression was maintained till medium
infection stages (11 dpi) as indicated by a promoter-GUS fusion.
It also showed a crucial function during RKNs establishment, but
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not during the establishment of CNs as loss of function lines of
LBD16 (Ibdi6-1, 35S::LBD16-SRDX; pLBD16::LBD16-SRDX)
showed significant less infections by M. javanica than the control
wild type line. LBD16 is also important for the GCs and galls
development, as smaller galls and less expanded GCs were observed
than in Col-0 in some of those mentioned loss of function lines.
Interestingly, LBDI6 is regulated by auxins in galls as also described
during lateral root formation (Cabrera et al., 2014b; Table 1;
Figure 2). Unexpectedly, LBDI16 was locally induced in the
vascular tissue of leaves after RKNs infection, as it was proven
that M. javanica is able to establish, induce GCs, and reproduce in
in vitro cultured Arabidopsis leaves. LBD16 is also essential for
feeding site formation in leaves, as evidenced by the inability of
RKNs to establish in the 35S::LBD16-SRDX line, which contains the
LBDI6 coding sequence fused to the transcriptional repressor
domain SRDX driven by the 35S promoter (Olmo et al., 2017; see
Table 1). Thus, LBD16 appears to be a conserved molecular hub
connecting developmental signals with those necessary for RKNs
feeding site formation in Arabidopsis. A role for LBD16 in feeding
site formation induced by CNs has not been described. However,
LBDI6 is induced in a WOX11-dependent manner in the primordia
of adventitious lateral roots that are promoted after H. schchatii
infection (Willig et al., 2024). This finding connects the plant-
responses to both, RKNs and CNs, to the activation of critical
transducers of root developmental programs. ABERRANT
LATERAL ROOT FORMATION 4 (ALF4) is another gene
relevant to lateral root formation and gall development. It
encodes a nuclear-localized protein that is not a transcription
factor. However, due to its localization and participation
upstream of the auxin signaling pathways leading to lateral root
formation, we are mentioning it (DiDonato et al., 2004; Bagchi
et al., 2018). Tt is also involved in developmental processes such as
vascular vessels reconnection in grafting, hormone-induced callus
formation or de novo root organogenesis from leaf explants
(Sugimoto et al., 2010; Melnyk et al., 2015). ALF4 was induced at
very early infection stages of infection by M. javanica (1dpi), as
indicated by the activation of a pALF4:.GUS construct. The GUS
signal increased at 4 dpi and it was maintained at medium stages of
gall development (7-10 dpi), but disappeared at 14 dpi. ALF4 is
necessary for the proper development of galls and GCs formed by
Meloidogyne spp in Arabidopsis, as the mutant alf4-1 presents
aberrant galls and GCs with severe structural abnormalities that
cause a dramatic reduction in the nematode’s reproduction (Olmo
et al., 2019).

PUCHI, a member of the ERF Transcription factor family, is
also involved in the formation of new organs such as lateral roots or
floral formation (Hirota et al,, 2007; Karim et al,, 2009). It is
activated by auxin through LBDI16, controlling lateral root
primordium patterning (Hirota et al., 2007; Goh et al., 2019).
Interestingly, it is up-regulated in galls at early-mid stages (3, 5
and 7 dpi; Yamaguchi et al., 2017; Table 1; Figure 2) in line with its
promoter activity (Suzuki et al, 2021b; Table 1; Figure 2). The
expression peaked at 5 dpi, but there was no significant difference in
the number of galls at 2 dpi or the number of egg masses in the
mutant line puchi-1 compared to the control wild type line. These
results suggest that PUCHI does not play a significant role in
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nematode invasion, gall formation, or nematode reproduction
(Suzuki et al., 2021b; Table 1; Figure 2). However, the function of
PUCHI during nematode infection may be related to cell wall
morphology. This is suggested by the observation that the puchi-1
mutant line displayed aberrant giant cells (GCs) with dramatic
protrusions and invaginations containing thick cell walls that were
not present in galls from the wild type line (Suzuki et al., 2021b).
Trinh et al. (2019) reported that PUCHI controls the biosynthesis
pathway of very long-chain fatty acid (VLCFA) during lateral root
formation. Additionally, Uemura et al. (2023) found that VLCFAs
can modify the cell wall through the activation of MYB93, which
regulates cell wall genes. RNAseq and promoter:GUS activation
assays revealed up-regulation of genes encoding 3-KETOACYL-
COA SYNTHASE 1 (KCS1) and KCS20, enzymes implicated in
very-long-chain fatty acid (VLCFA) synthesis in galls. Their
expression peaked at around 5 dpi, similar to that of PUCHI
Additionally, GCs from the mutants kcs1-5 and puchi-1 exhibited a
similar phenotype with thicker walls and protuberances compared
to wild-type galls. Therefore, the observed phenotype in the puchi-1
mutant may be attributed to modifications in the VLCFA
composition of the cell wall and cell membrane of the GCs
(Suzuki et al, 2021b). However, PUCHI does not significantly
affect nematode infectivity or reproductive parameters.

The formation of galls by RKNs is a process of post-embryonic
new organogenesis as new structures specialized for nematode
nourishment are induced by the nematode into the vascular
cylinder of the host plant roots. The study of two TFs involved in
common signaling pathways for lateral root formation, AUXIN-
RESPONSIVE-FACTOR-5/ARF5, a key factor for root stem-cell
niche regeneration and lateral root initiation, and GATA-
TRANSCRIPTION FACTOR-23/GATA23 that specifies
pluripotent founder cells during lateral root formation (De Rybel
etal, 2010; De Smet et al., 2010; Efroni et al., 2016) shed light on the
plant transduction pathways used or hijacked by the nematode to
achieve those dramatic reprogramming events. The impact on
nematode infection, galls, and GCs development was significant
in the arf5-2 mutant, as well as in inducible knockout lines for
ARF5, and in a knockdown line of GATA23 as compared to wild
type lines. pGATA23::GUS, was induced at early infection stages, 3
dpi-7 dpi, but at 14 dpi no signal was detected, whereas ARF5::GUS
was active in a shorter window, i.e., at 3 dpi a clear signal was
detected that faded at 7 dpi, this confirmed their induction at early-
mid infection according to their putative roles during galls/GCs
formation (Olmo et al, 2020; Table 1; Figure 2). Therefore, the
results suggest that transient pluripotency reprogramming, which
leads to lateral root founder cell-like specification and root
regeneration, is also necessary for gall/GCs organogenesis. In
contrast, other TFs that are the main upstream transducers
during lateral root development, such as ARF7 and ARF19
(Okushima et al., 2007), did not exhibit a significant role or
specific expression pattern during gall/GCs formation (Olmo
et al., 2020; Table 1; Figure 2). However, the regulation of another
auxin TF in galls, ARF3, was also similar to that of lateral root
growth (Marin et al., 2010; Cabrera et al., 2016). ARF3 is a TF that
participates in a regulatory module. In this module, miR390a
controls the biogenesis of TAS3-derived tasiRNAs that regulate
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the auxin responsive factors ARF2, ARF3 and ARF4 by degrading
their transcripts and controlling lateral root growth (Marin et al,
2010). Two sensor lines (pARF3:ARF3-GUS and a tasiRNA-
resistant ARF3 line, pARF3:ARF3m-GUS) indicated the binding of
TAS3-derived tasiRNAs to the ARF3 sequence in galls. The results
strongly suggest that the promoters of miR390 and TAS3 are active,
and their products are functional in galls, repressing ARF3 (Cabrera
et al., 2016; Table 1). Therefore, silencing of ARF3 seems to be
important during gall development and establishment of RKNs.
Recently, other ARFs, such as ARF8A and ARF8B, have been
studied in tomato. These were induced during the early to mid-
infection stages (7-14 dpi) in galls and GCs of tomato transgenic
lines pARF8A:GUS and pARF8B:GUS. The up-regulation of ARF8A/
B transcripts in galls compared to uninfected roots in
transcriptomic analysis (RNAseq) is due to the high activity of
their promoter combined with reduced silencing by miR167.
Furthermore, the mutant lines slarf8a, slarf8ab, and slarf8ab
showed severely compromised infection and reproduction of M.
incognita. In addition, expression of ARF8A and ARF8B is required
for correct giant development as the former mutant lines showed
giant cells significantly smaller than in the wild type line
(Noureddine et al., 2023; Table 1; Figure 2). All these data,
support a key role for ARF8s in feeding site formation.

Following the robust hypothesis that gall/GCs formation is a
new organogenesis process, and the described similarities with
callus formation, it is important to note that callus formation
involves the differentiation of pericycle or pericycle-like cells in a
process that resembles root tip organization. Thus, crucial root
meristem (RAM) TFs marker genes, namely SHORTROOT/SHR,
SCARECROW/SCR, SCHIZORIZA/SCZ, and WUSCHELRELATED-
HOMEOBOX-5/WOXS5 are expressed (Sugimoto et al., 2010). It also
requires the ectopic activation of a lateral root developmental
program and consequently the expression of LBD genes
(Sugimoto et al, 2010). It is noteworthy that these genes were
induced very early during gall formation (2-5 dpi), but no signal was
detected 7-8 dpi and most of them also played important roles in
the establishment of RKNs. Thus, the activation of plant
developmental programs that promote transient pluripotency/
stemness leads to the generation of quiescent center and
meristematic-like cell identities within the vascular cylinder of
galls (Olmo et al.,, 2020; Table 1; Figure 2). Moreover, a process
of new organogenesis also involves revascularisation, which is
crucial for maintaining GCs growth as they are symplastically
isolated specialized transfer cells (Hoth et al., 2008; Rodiuc et al,
2014). Phloem formation is induced during gall development
(Bartlem et al., 2014). APL (Altered phloem development), a
MYB coiled-coil-type TF involved in phloem identity acquisition,
is expressed in protophloem, metaphloem and companion cells
(Bonke et al., 2003). It is induced early after infection with M.
incognita and M. javanica in Arabidopsis, as shown by an APL:
GUS line with a strand signal in 3 dpi galls that increases at 5 dpi
(Suzuki et al., 2021a; Table 1; Figure 2). However, functional tests
are still needed to confirm its role during gall formation.

It is known that the balance between cell proliferation and cell
differentiation in the procambium is regulated downstream of the
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receptor and kinase cascade by the WOX4 TF. Cyst nematodes have
been shown to modulate the procambial cell proliferation of feeding
cell formation probably by mimicking the plant B-type CLE TDIF
(tracheary element differentiation inhibitory factor) peptide that is
encoded by two genes CLE41 and CLE44 in Arabidopsis, and by
taking control of the (TDIF RECEPTOR/PHLOEM
INTERCALATED WITH XYLEM (TDR/PXY)-WOX4 signaling
pathway (Guo et al,, 2017). In this regard, WOX4 and ATHBS,
typical procambium marker genes, were induced in M. incognita
galls at 3, 5 and 7 dpi. However, the analysis of athb8-11 and wox4-1
loss-of-function mutants did not cause any visible effect on the
infection parameters or gall diameter. These genes usually function
redundantly; therefore, single mutations were probably not
sufficient to prevent procambial cell formation (Yamaguchi et al.,
2017; Table 1; Figure 2). Nevertheless, the connection between gall
formation and difterent developmental pathways is evident. The
riboregulator miRNA172 post-transcriptionally targets a small
group of regulatory repressor genes, including APETALA2 (AP2)
and AP2-like genes, such as TARGET OF EARLY ACTIVATION
TAGGED 1 (TOEI). These miRNA172-targeted AP2-like TFs are
involved in controlling several developmental processes, such as
plant aging, flowering time, tuber formation, fruit growth, and
nodulation (Martin et al., 2009; Zhu and Helliwell, 2010; Yan et al.,
2013; Wang et al., 2014; Ripoll et al., 2015). Functional analysis of
RKNs infective and reproductive parameters was conducted on
Arabidopsis lines with altered activities based on 35S::MIMICRY172
(MIM172), 35S8:TARGET OF EARLY ACTIVATION TAGGED 1
(TOE1)-miR172-resistant (35S:TOEIR) and mutant (flowering
locus T-10 (ft-10)) during gall and GCs development. The results
indicated that the regulatory module miRNA172/TOE1/FT plays a
crucial role during GCs and gall development (Diaz-Manzano et al.,
2018; Table 1; Figure 2). Therefore, the repression of TOEI by
miRNA172 is relevant for the normal establishment of RKNs and
the formation of galls/GCs.

Interestingly, the SPL7/MIR408-UCC2/MIR398-CSD1 copper
module (Griffiths-Jones et al., 2007) is also functional and active
within galls (Noureddine et al., 2022; Table 1; Figure 2). Loss of
function lines of miR398b/c and miR408 in Arabidopsis, resulted in
fewer galls and smaller infection sites as compared with the control
lines. These findings together with the expression data of two
microRNA families, miR398 and miR408, upregulated in galls,
similarly to that of the TF SLP7, strongly suggest that the expression
of MIR408 and MIR398B and -C is activated by SPL7 in response to a
decrease in copper concentration in galls (Noureddine etal., 2022). The
role of this module might be related to its involvement in lignin
metabolism (Reyt et al., 2020) as the cell wall suffer dramatic changes
during gall and GCs development and numerous cell wall modifying
enzymes are activated (Wieczorek, 2015). However, further research
will be needed to elucidate it.

Conclusion

Despite the abundance of DEGs encoding plant TFs during the
RKNs interaction in several plant species, that for example in the
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Arabidopsis transcriptomes cover most of the TFs families
identified within the genome (Figure 1), their biological function
during RKNs infection is still poorly understood. The functional
role of only around 40 TFs have been assessed (Table 1). Most of the
data was obtained from plant lines with altered expression for each
TF, mainly loss of function lines, that were infected, and significant
differences either in the infection rate, gall formation, gall or GCs
development compared to their control wild type lines were
encountered. As a result, a clear phenotype during RKNs
infection was identified. Two main groups of functionalities can
be identified: TFs related to plant defenses, whose downstream targets
are defense-related genes (see Table 1; Figure 2), and TFs involved in
plant developmental programs, such as lateral root and/or callus
formation, root apical meristem, or root regeneration. These are
presumably hijacked by nematodes for their own benefit, including
some TFs with a role in basic cellular functions, such as cell cycle
control (Table 1; Figure 2). Interestingly, there is increasing evidence of
the involvement of TFs with a dual role in plant development and
defense and/or as integrator hubs between stress signals and
developmental signals, such as DEL1, ERF109, ERF115, ERF114 and
ERF6 (Table 1; Figure 2). However, the signal transduction pathways
regulated by those TFs during RKNs infection are mostly unknown or
only partially understood. Nevertheless, few regulatory modules
involving TFs have been fully or partially proven in the interaction
between RKNs and plants. These include the miRNA172/TOE1/FT
module (Diaz-Manzano et al., 2018) and the SPL7/MIR408-UCC2/
MIR398-CSD1 copper module (Noureddine et al., 2022). Clearly,
further studies are needed to increase our knowledge in the
regulatory networks driven by plant TFs modified by the nematode
and as a plant response during the RKN interactions.
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A combination of plant-based
compounds and extracts acts
nematicidal and induces
resistance against Meloidogyne
Incognita in tomato

Eva Degroote'*?, Chloé Schoorens®, Stefaan Pockelé?,
Boris Stojilkovic¢?, Kristof Demeestere®, Sven Mangelinckx®
and Tina Kyndt™
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Ghent, Belgium, *Research and Development, Lima Europe NV, Rumst, Belgium, “Research Group
Environmental Organic Chemistry and Technology (EnVOC), Department of Green Chemistry and
Technology, Faculty of Bioscience Engineering, Ghent University, Ghent, Belgium

Considering the stricter European regulations for chemical pesticides (e.g.
abolishment of the use of chemical soil fumigation products, such as methyl
bromide), the need for more sustainable plant protection products is strongly
increasing. In this research, Product X, an innovative mixture of bio-nematicidal
compounds was developed and evaluated for efficacy. Product X showed a
direct nematicidal effect against the root-knot nematode Meloidogyne
incognita. In pot trials with tomato plants infected with M. incognita, Product X
treatment lead to a significant reduction in nematode-induced gall formation.
mMRNA-sequencing indicated alterations in phytohormone levels and ROS-
metabolism in tomato roots upon treatment with Product X, which was
subsequently biochemically validated. Increased levels of abscisic acid and
peroxidase activity seem to be the main factors in the response of tomato
plants to Product X. Long-term administration of Product X did not yield negative
effects on tomato growth or yield. In conclusion, Product X provides a new
interesting mix of bio-active compounds in the combat against root-
knot nematodes.

KEYWORDS

nematicide, salvia extract, salicylic acid, ascorbic acid, geraniol, garlic extract,
Meloidogyne incognita, Solanum lycopersicum

Abbreviations: AA, Ascorbic acid; ABA, Abscisic acid; DEGs, Differentially expressed genes; dpt, Day(s) post
treatment; ET, Ethylene; GO, Gene ontology; IAA, Indole-3-acetic acid; J2, Second stage juveniles; JA,
Jasmonic acid; KEGG, Kyoto encyclopedia of genes and genomes; MDA, Malondialdehyde; PCA, Principal
component analysis; PPP, Plant protection products; RNA, Ribonucleic acid; ROS, Reactive oxygen species;
SA, Salicylic acid; SAR, Systemic acquired resistance.
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1 Introduction

Climate change is altering the world at a quick pace, due to
global changes such as increased temperatures some plant
pathogens are becoming more abundant and more prevalent in
different crops and areas around the world (Dutta and Phani, 2023).
Additionally, sustainability gains importance throughout society.
The European Green Deal is an international initiative to improve
sustainability and resource-efficiency in the European Union
(European Commission, 2019). Within the European Green Deal,
the ‘Farm to Fork’ strategy aims to make food production systems
fair, healthy, and environmentally-friendly (European Commission,
2020). Additionally, ecologically harmful chemical pesticides are
progressively banned or put on a substitution list by the European
Food Safety Authority (EFSA). Products on the substitution list
need to be replaced when adequate alternatives become available.
This results in an urgent need for sustainable and innovative
pesticides and plant protection products (PPPs).

PPPs remain a valuable part of Integrated Pest Management
(IPM) programs to keep populations of e.g. damaging insects,
bacteria, fungi or nematodes under economic injury levels.
Although often not recognized as the main culprit due to their
generic symptoms and subterranean location, nematodes or
roundworms cause an annual worldwide average crop loss of
12.3% (Talavera-Rubia et al, 2022). Among the thousands of
plant-parasitic nematode species present in agricultural
ecosystems, root-knot nematodes (Meloidogyne spp.) are most
damaging to crop plants. They penetrate the plant root as
second-stage juveniles (J2) (Abad et al, 2008) and induce the
formation of a feeding site consisting of giant cells inside the
vascular tissue. Via the feeding sites, nematodes withdraw
nutrients from the host and interfere with water transport (Abad
et al., 2008). Root-knot nematode infection results in the formation
of so-called root-knots or galls, which are the most visible symptom
of the disease (Abad et al., 2008). Plant-parasitic nematodes are
often managed with chemical products (nematicides and
fumigants), some of which are harmful to the environment and
human health. Since many nematicides and fumigants have been
banned in the EU, there is a clear need for new nematicidal products
(Chen et al., 2020).

Various alternatives to chemical PPPs have been proposed. The
first possible alternative is the use of biopesticides, including PPPs
from botanical origin (reviewed in Ntalli and Caboni, 2012; Chen and
Song, 2021). Another option is to target host resistance instead of
directly targeting the PPN. This can be achieved through resistance
breeding (Milligan et al,, 1998), genetic modification (Dutta et al,
2015), or ‘induced resistance’. Induced resistance (IR) involves the
activation and priming of the immune system of the plant by an
external stimulus (Mauch-Mani et al., 2016; De Kesel et al., 2021).
Defense mechanisms will be activated faster and more intensively
upon pathogen attack compared to naive plants (Mauch-Mani et al.,
2016; De Kesel et al., 2021). For example, Benzothiadiazole (BTH), a
salicylic acid-analogue (Melillo et al., 2014) is a successful resistance
inducer against M. incognita in tomato. IR is a novel way of
protecting plants from pathogen attack that has also been proven
to be effective in the field (reviewed in Desmedt et al., 2021b).
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In this work, we report on a new nematode management
product consisting of ingredients of natural origin that combines
nematicidal and resistance-inducing activities. A thorough
literature study was done to select candidate bio-active
compounds. The selected active ingredients include geraniol,
rosemary and garlic extract, salicylic acid (SA), ascorbic acid
(AA), and chitosan. A vegetable oil mixture consisting of
sunflower, olive, and linseed oil was also added, which has both a
nematicidal activity and formulation properties. The optimized
mixture, together with emulsifiers and stabilizers, will henceforth
be called ‘Product X’. The aim of this study was to examine how
nematodes and plants react to this mixture. We investigated the
direct nematicidal effect of Product X on Meloidogyne incognita in
vitro and in planta in tomato (Solanum lycopersicum). Moreover,
the response of tomato plants to Product X treatment was examined
at a transcriptional and biochemical level. Finally, we investigated
the long-term effect of Product X application on tomato growth
and development.

2 Material and methods
2.1 Growing tomato plants

Tomato (Solanum lycopersicum L. ‘Moneymaker’) seeds were
sterilized before germination. Seeds were incubated for 2 minutes in
70% ethanol (Chemlab) after which they were incubated for 12
minutes in a 5% bleach (Guest Medical) solution with 0.0002 v%
Tween20 (Sigma Aldrich) and rinsed 5 times with sterile H,O. After
sterilization, seeds were put in moist potting soil (Structural
Universal Type 1, Snebbout) and incubated in a growth room at a
temperature of 24.5°C and light/dark regime of 16h/8h respectively.
Seeds were incubated for 7 days before transplanting them to a
sand:soil (1:1 v/v) mixture.

2.2 Culturing Meloidogyne incognita

Seeds of tomato plants were sterilized and germinated as
described above. Plants of one month of age were inoculated with
approximately 1000 Meloidogyne incognita ]2 per pot containing
three plants. These J2 originate from an in-house culture, initially
provided by Shahid Siddique. Watering with a fertilizing solution (1
g/L Soluplant NPK 19-8-16 + 4 MgO + ME (micro-elements),
Haifa Chemicals) happened twice per week depending on the age of
the plants (200 ml — 750 ml per pot), until their harvest at 4 to 6
months after inoculation. At harvest, the required amount of galled
roots (depending on the number of J2 needed per experiment) were
separated from the potting soil and put on a sieve (200 um pore
diameter) covered with moist paper tissues (Tork). This sieve was
put in a tray with tap water, allowing the nematodes to migrate from
the roots through the sieve into the water. After 3 days, nematodes
were collected by sieving the collection water over a sieve with pore
diameter of 20 pm (Whitehead and Hemming, 1965). The number
of nematodes in this solution was counted using a light microscope
(Leica S8 APO, Leica microsystems).
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2.3 Composition of Product X

Product X contains several components as listed in Table 1. Per
compound, a weight percentage and a concentration in mg/L and
mM (if possible) is displayed. The oil mixture makes up 20.5 wt% of
Product X and consists of 10.3 wt% linseed oil, 67.1 wt% sunflower
oil and 22.6 wt% olive oil.

2.4 Direct nematicidal testing

The direct nematicidal effect of Product X was evaluated in vitro
by incubating 50 M. incognita J2 in 500 pL of 0.2 v% Product X for
24 h or 48 h (Supplementary Figure 1A). As a negative control,
nematodes were incubated in sterile tap water. As a positive control,
0.2 v% of Vertimec (active ingredient: abamectin) was used (Li et al.,
2018). Nematodes were kept at room temperature and were counted
at 24 h and 48 h using a stereo microscope. Nematodes were
recorded as dead if they did not respond to prodding with a small
dissection needle. For every treatment, 6 technical replicates were
included. The experiment was repeated twice independently.
Mortality was calculated relative to the negative control using the
Schneider-Orelli equation (Schneider-Orelli, 1947).

2.5 Infection experiments

Plants were grown as described above. Two weeks after
transplant (BBCH 103), tomato roots were treated with 20 mL of
0.2 v% Product X, 20 mL of water (negative control) or 20 mL of 0.2
v% Vertimec (positive control) (Supplementary Figure 1B). Per
treatment, 8 plants were included. One or 3 day(s) after treatment,
250 J2 (M. incognita) per plant were inoculated on the plant roots.
During their growth, plants were supplemented 3 times per week
with 30 mL of a 1 g/L tomato fertilizer solution (Soluplant NPK 19-

10.3389/fpls.2024.1411825

8-16 + 4 MgO + ME, Haifa Chemicals). Plants were harvested 28
days post inoculation: shoots were cut, dried (65°C for four days)
and weighed, and roots were cleaned and stored in a 1:1 (v:v)
ethanol:glycerol solution before galls were counted for every root
system. After counting, roots were cleaned thoroughly, dried (65°C
for four days) and weighed to determine root dry weight. The
experiment was independently repeated two times.

2.6 mRNA-sequencing

Plants were grown as described above. After growing for two
weeks in a soil:sand mixture, roots were treated with 20 mL of a 0.2
v% Product X solution (Supplementary Figure 1C). Control plants
(roots) were treated with an equal amount of water. Every treatment
consisted of 3 biological replicates that were pools of 4 individual
plants. Plants were harvested 24 h after treatment, roots were
washed to remove substrate and they were flash frozen in liquid
N,. Samples were ground using a liquid nitrogen-chilled pestle and
mortar, after which RNA was extracted from 100 mg of ground root
tissue (RNeasy Plant Mini kit - Qiagen) with an extra sonication
step after adding the RLT buffer (3 times 10 seconds) (Ghaemi et al.,
2020). After extraction, RNA was washed to improve purity using
ethanol-sodium acetate precipitation. Briefly, 20 uL extracted RNA,
3 uL 2 M sodium acetate (Sigma Aldrich) and 50 pL of absolute
ethanol (Chemlab) were mixed and stored at -20°C overnight.
Samples were centrifuged (Eppendorf-Centrifuge 5417R) for 20
min at 4°C at 19930 g. The supernatant was discarded and 200 pL of
75% absolute ethanol in RNAse free water was added. After
centrifuging for 5 minutes at 4°C at full speed and removal of the
supernatant, the pellet was dried for 15 min at 37°C. The pellet was
redissolved in 20 uL RNAse free water. Quantity and purity were re-
assessed using NanoDrop 2000 (ThermoFisher Scientific).

Prior to sequencing of complete mRNA of the samples, an RNA
library was prepared using QuantSeq 3> mRNA-Seq Library Prep

TABLE 1 Composition of active ingredients of Product X in weight percentage, mg/L and - if possible — mM.

Active ingredient Weight % Manufacturer
Geraniol 22.1 450.8 2.92 Sigma Aldrich - Merck group
Garlic extract 3.1 63.2 NA Shaanxi Senlang Biochemical Co., LTD
Rosemary extract 1.4 28.6 NA Sigma Aldrich - Merck group
Oil mixture 20.5 418.2 NA

Linseed oil 10.3 43.1 NA Vandeputte Group s.a.

Sunflower oil 67.1 280.6 NA Group Vandamme NV

Olive oil 22.6 94.5 NA Bertolli s.a.
Salicylic acid 1.0 20.4 0.15 Sigma Aldrich - Merck group
Ascorbic acid 3.1 63.2 0.36 Sigma Aldrich - Merck group
Chitosan 2.3 46.9 NA Qingdao BZ oigo Biotech Co., LTD

For complex mixtures no molecular weight is known, hence the concentration in mM cannot be calculated (indicated with NA — not available). The oil mixture present in Product X consists of
linseed, sunflower and olive oil at a wt% of 10.3, 67.1 and 22.6, respectively. Emulgators and stabilizers used in the final formulation of Product X are not mentioned.
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Kit (Lexogen). Library quality was assessed using an Agilent
Bioanalyzer 2100. RNA was sequenced using an IlluminaNextSeq
500. Library preparation and sequencing was performed by the
NXTGNT facility (Ghent University, Belgium) (Ghaemi
et al.,, 2020).

Analysis of RNA sequencing data starts with quality control of
raw reads using FastQC (version 0.11.8) and Trimmomatic
softwares (version 0.38; Window size = 4:30). Using STAR
software (outFilterMultimapNmax = 1; outSAMtype = BAM
SortedByCoordinate), trimmed reads were mapped onto the
tomato reference genome (ITAG 4.0). Employing the
GenomicAlignments (version 1.36.0) and DESeq2 (version 1.40.2)
packages implemented in the Microsoft open R software (version
4.3) for quantifying read numbers (SummarizeOverlaps function)
and differential expression analysis (DESeq function), respectively,
differentially expressed genes (DEGs) were identified (FDR-
adjusted p-value < 0.10). Exploratory data visualization was done
via principal component analysis (PCA) using the rlog - for log2
transformation — and ggplot - for plotting — functions (DESeq2 and
ggplot2 packages respectively). The volcano plot was produced
using the R-package EnhancedVolcano (version 1.18.0). Gene
ontology analysis was done using PLAZA 5.0 (Ghaemi et al,
2020) and g:Profiler (Raudvere et al., 2019).

2.7 Hormone measurements

Plants were grown as described above. After growing for two
weeks in a soil:sand mixture, roots were treated with 20 mL of a 0.2
v% Product X solution (Supplementary Figure 1D). The control
plants were water-treated. Every treatment consisted of 5 pools of
tomato plants, with every pool containing material of 4 separate
plants. Plants were harvested 24 h, 48 h or 72 h after treatment, and
shoots and roots were crushed separately in liquid N, until a fine
grounded powder was obtained. Phytohormone extraction and
analysis was performed according to Haeck et al (Haeck et al,
2018). Therefore, 100 mg of homogenized plant material (5
biological replicates per treatment, each biological replicate
consists of 4 individual plants) was weighed in a 12 mL
polypropylene tube (Greiner Bio-One International B.V.B.A.),
and 5 mL of cold extraction buffer (approximately 4°C) was
added. This buffer consisted of 75:20:5 (v/v/v) methanol,
ultrapure water, and formic acid (Sigma Aldrich). Thereafter, the
sample was vortexed (Kisker Biotech GmbH & Co. KG, via
BaseClear Labproducts) for 30 s until all plant material was
homogenized into the extraction solvent, after which they were
shaken on ice for approximately 1 h. Subsequently, the samples
were stored at — 80°C overnight. After the cold extraction, 4 mL of
supernatant was transferred to a 30 kDa Amicon® Ultra centrifugal
filter unit (Merck Millipore), which was centrifuged for 30 min at
3900 rpm and 4°C in a SW9 R centrifuge (Froilabo). Afterwards, 2.5
mL of the purified extract was dried under N, at 10°C by means of a
Turbovap® LV automated concentration evaporator (Biotage) in a
silanized test tube. The extract was then redissolved with 0.5 mL
methanol/water (20:80, v/v) with 0.1% formic acid, establishing a 5-
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fold concentration. This final extract was vortexed for 1 min and
centrifuged for 2 min at 1000 rpm (EBA20, Andreas Hettich GmbH
& Co.KG). The sample was then transferred to a HPLC-vial, and
analyzed using an ultra-high performance liquid chromatography
system, coupled to a Q-Exactive' " bench top MS/HRMS
quadrupole-Orbitrap mass spectrometer, equipped with a heated
electrospray ionization (HESI) source, and operating in both the
positive or negative mode (Haeck et al., 2018). Xcalibur ™' and
TraceFinder (version 4.1) software (Thermo Scientific) were used
for data processing, targeted plant hormone screening
and quantification.

2.8 Peroxidase assay

Plants were grown as described above. After treating tomato roots
with 20 mL of 0.2 v% Product X or 20 mL water for negative control
plants, plants were harvested at 1, 2 and 3 days after treatment
(Supplementary Figure 1E). For 1 day post treatment (dpt), every
treatment consisted of 5 pools of tomato plants with every pool
containing material of 4 separate plants. For 2 and 3 dpt, every
treatment consisted of 10 pools of tomato plants with every pool
containing material of 3 separate plants. Plant roots were crushed in
liquid N, and ground into a fine powder. Based on the protocol of
MacAdam et al. (1992), using a photospectral method, 50 mg of
crushed material was used to determine peroxidase levels per sample.
First, an extraction buffer that consisted of 100 mM potassium buffer
(K,HPO, and KH,PO,; pH = 6, VWR), 0.8 M KCl (Sigma Aldrich)
and 80 mg/mL polyvinylpolypyrrolidone (Sigma Aldrich) was made.
Second, the assay buffer consisting of 100 mM potassium phosphate
buffer (K,HPO, and KH,PO,, pH = 6.0, VWR), 0.4 mM hydrogen
peroxide (Sigma Aldrich) and 3.3 mM guaiacol (Sigma Aldrich) was
prepared. The sample was suspended in 8 pL extraction buffer/mg
sample, vortexed and centrifuged at 19930 g for 10 minutes at 4°C
(Eppendorf-Centrifuge 5417R). Further steps were performed on ice.
Ten pL of extract was transferred to a cuvette (disposable polystyrene
cuvette, VWR) and 990 pL of assay buffer was added. After pipetting
and measuring baseline absorbance at 436 nm, absorbance was
measured at 30 s intervals for 3 minutes (VWR UV1600P).

Next, the total protein concentration in the sample was
evaluated using a Bradford assay. In a 96-well plate, a
combination of 20 pL extract and 180 L of 1:5 diluted Bradford
(Sigma Aldrich) reagent was measured at 595 nm after a 30 minute
period of incubation at room temperature in the dark. Protein
concentration can be calculated as the difference between the
absorbance of the sample and the absorbance of the blank divided
by 0.0014 (MacAdam et al., 1992). The peroxidase activity was then
normalized by the total protein concentration per sample.

2.9 Malondialdehyde measurements
Plants were grown as described above. Every treatment

consisted of 5 pools of tomato plants with every pool containing
material of 4 separate plants (Supplementary Figure 1D). Plant
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material was ground in liquid nitrogen and 100 mg was used for
executing malondialdehyde measurements. Ten pL/mg material of
cold 5% w/v trichloroacetic acid in distilled water was added to each
sample. After briefly vortexing, samples were centrifuged for 15 min
at 13 000 rpm and 4°C. The supernatant was divided in 2 aliquots of
250 pL. After making a 2% w/v butylated hydroxytoluene in ethanol
solution, 0.01% v/v of this solution was added to 20% w/v
trichloroacetic acid in distilled water. 250 pL of this solution was
added to one of the aliquots of sample supernatant. To the other
aliquot, the same solution was added with the addition of 0.65% w/v
thiobarbituric acid. Samples were heated in a hot water bath (95°C)
for 30 minutes and then placed on ice to halt the reaction. After
centrifuging at 4°C for 10 min, 100 pL of each sample was added to
a 96 well plate and the malondialdehyde content was determined
using a plate reader at 440, 532 and 600 nm and the formulas listed
in Hodges et al (Hodges et al., 1999).

2.10 Long-term administration of
Product X

The roots of two infected tomato plants (as described above)
were cut and mixed with a potting soil and sand mixture (2:1, v/v).
This mixture was moistened with tap water and incubated for 2
days at 25°C. The inoculated soil was treated with 500 mL water or
with 500 mL 0.2 v% of Product X (Supplementary Figure 1B). After
incubating for another 3 days at 25°C, 5 week old tomato plants
were planted in the inoculated and treated soil. Per treatment, 8
plants were used. Plants were treated 7 times with 50 mL Product X
or water as a control treatment with 2 week intervals. After 4
months, plants were harvested. The amount of tomatoes was
counted, the biomass of plants was measured, and the efficacy of
Product X treatment was assessed by scoring root galling using the
Zeck scale (Zeck, 1971b). This experiment was independently
repeated two times.

2.11 Statistical analysis

All data-analyses (statistical testing and graphical visualization)
were done using Microsoft Open R software (version 4.3). Statistical
tests were selected from the ‘stats’ package, while graphics were
made using the ‘ggplot2’ package. P-values lower than 0.05 were
regarded as statistically significant. Data-analysis of transcriptome
data was already described earlier. Other data were first checked for
normality with the Shapiro-Wilk test. Homoscedasticity of the data
was checked using diagnostic plots. Both conditions were met for
short-term infection experiments testing of Product X, student’s t-
tests were performed between control and Product X-treated plants.
Data of nematicidal assays (in vitro testing) of Product X were
assessed using a generalized linear binomial model (GLM),
combined with a Tukey range test. Differences between all
treatments (water-treatment, Product X-treatment and Vertimec-
treatment) were evaluated.
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Data that did not adhere to normality or homoscedasticity were
subjected to non-parametric testing. Data of hormone
measurements, peroxidase and MDA-assays and long-term effects
on yield were checked for significance by applying a Wilcoxon-
Mann-Whitney test. Differences in median between values rendered
by control-treated plants and Product X-treated plants
were assessed.

3 Results

3.1 Product X has a direct nematicidal
effect against root-knot nematodes and
protects tomato plants from infection

In vitro nematicidal potential of Product X was tested against
Meloidogyne incognita. Exposure to Product X leads on average to
70.0 or 82.3% mortality of M. incognita after 1 day or 2 days,
respectively (p-values < 0.001) (Figure 1A).

Next, the product was tested for its potential as nematicidal
product in a pot trial with Solanum lycopersicum infected by M.
incognita. Plant roots were treated with water or Product X, and
inoculated with M. incognita juveniles 1 or 3 days later (Figure 1B
and Supplementary Figure 1, respectively). After one growth cycle
of the nematodes (28 days), root galls were counted and root and
shoot dry weight were assessed. When inoculation was executed 1
dpt (dpt; Figure 1B), the number of galls per mg dried root tissue
was significantly lower compared to water-treated plants (p-value =
0.0063). An average increase of 10% in root dry weight was
observed compared to water-treated plants (p-value = 0.044),
while the shoot dry weight of Product X-treated plants was not
significantly affected (p-value = 0.21). When inoculation was done
at 3 dpt (Supplementary Figure 1), a significant reduction in galls
per mg of dried root was observed (p = 0.011), while no differences
in root and shoot dry weight were detected (p-values = 0.60 and
0.76, respectively).

3.2 Product X induces transcriptional
changes related to induced resistance in
tomato at one dpt

Product X contains ingredients such as salicylic acid that could
potentially elicit induced resistance in treated plants. An mRNA-
sequencing experiment was performed to evaluate this hypothesis,
by monitoring gene expression in roots at 1 dpt. An exploratory
principal component analysis (PCA) (Supplementary Figure 3)
clearly separated water-treated and Product X-treated samples. A
volcano plot (Figure 2A) reveals the general transcriptional
response of all detected tomato genes in response to Product X
treatment. Genes were considered as differentially expressed in
response to Product X if the Log2FC was below 0.25 or above
-0.25 and the adjusted p-values was below 0.10. An overview of all
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FIGURE 1

(A) Efficacy of Product X as a direct nematicidal agent. Vertimec (commercial formulation of abamectin) was used as a positive control. Product X as
well as Vertimec were used at 0.2 v%. Nematode mortality was corrected to the negative control (not shown) using the Schneider-Orelli equation
(Schneider-Orelli, 1947). Two independent repeats were performed. (n = 2x6). (B) Normalized gall number, root and shoot dry weight of plants
inoculated with M. incognita at one day post treatment with Product X or water. Two independent repeats were performed. (n=2x8).

DEGs can be found in the Supplementary Information. Gene
ontology and KEGG enrichment analyses were performed on up-
or downregulated DEGs (significance level of 0.10) using g:Profiler
(Figure 2B) (Raudvere et al.,, 2019). A complete overview of GO-
terms in significantly up- and downregulated genes can be found in

E3 water B3 ProductX

Supplementary Information (Supplementary Table 1 and
Supplementary Figure 4). GO terms such as Hydrogen peroxide
catabolic/metabolic process, Response to oxidative stress, Reactive
oxygen species metabolic process and Peroxidase activity are
significantly enriched in the list of highly induced genes,
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FIGURE 2

(A) Volcano plot of gene expression in roots treated with Product X. Horizontal line indicates threshold of a p-adjusted value higher than 0.10, while
vertical lines indicate Log2FC of more than 0.25 (right, red) and lower than -0.25 (left, blue). Every point represents one gene. Upper left quadrant
indicates genes with a p-adjusted value < 0.10 and Log2FC < -0.25, while the upper right quadrant indicates genes with a p-adjusted value < 0.10
and Log2FC > 0.25. Genes with the most extreme p-adjusted values are labeled. Their function is described in Table 2. (B) GO-analysis of
significantly upregulated genes in roots treated with Product X. Top 20 gene ontology terms are displayed. Lighter colors indicate lower p-values,
the size of the dots corresponds to the number of genes present in each category.
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indicating that ROS metabolism is significantly altered in roots of
Product X-treated tomato plants.

Next, a more in-depth analysis of up- and downregulated genes was
performed, focusing on ROS metabolism and phytohormone pathways,
well-known hallmarks of induced resistance (De Kesel et al., 2021)
(Table 2). Several peroxidase-encoding genes were upregulated, as the
GO-analysis already suggested. Most genes associated with
phytohormone signaling and/or biosynthesis were downregulated.
Interestingly, an abscisic acid 8-hydroxylase CYP707A2
(Solyc08g005610.3) was downregulated, indicating that the abscisic
acid (ABA) level in roots treated with Product X might be elevated.

TABLE 2 A selection of differentially expressed genes (DEGs) related to
ROS-metabolism and phytohormones.

Gene ID Function Log2FC
Solyc08g036640.3 | JAZ9 -2.75
Solyc01g108240.4 | Ethylene Response Factor D3 -2.05
Solyc09083360.3 Basic hf:lix:loop—helix protein - 2.02
DNA binding
Solyc04g079730.1 | Allene oxide synthase 1 -1.81
Solyc03g097050.3 | Cellulose synthase-like protein -1.59
Solyc034093080.3 zyy‘l;:ii:::’; endotransglucosylase/ 146
Solyc08g005610.3 Abscisic acid 8’.-hydr0xylase CYP707A2 133
(ABA degradation)
Solyc03g095770.3 | WRKY70 -0.78
Solyc03g122340.3 | lipoxygenase D (wound and JA-response) -0.76
Solyc08g077020.1 | Small auxin upregulated RNA 79 -0.69
Solyc05g046010.4 | Peroxidase 0.49
Solyc06g051360.3 = Gibberellin 2-beta-dioxygenase 1 0.56
Solyc07g047740.3 = Peroxidase 0.57
Solyc01g015080.3 | Peroxidase 0.58
Solyc02g092580.3 | Peroxidase 0.59
Solyc01g108320.3 | Peroxidase 0.72
Solyc03g080150.3 | Peroxidase 0.76
Solyc02g087070.4 = Peroxidase 0.83
Solyc12g005790.2 = Peroxidase 1.05
Solyc01g006310.3 | Peroxidase 1.06
Solyc01g105720.2 | Unknown function 1.12
Solyc03g096540.3 = Wound/stress protein 117
Solyc05g008150.3 | Metallocarboxypeptidase inhibitor 2.27

DEGs were identified by comparing expression in roots of Product X-treated tomato plants
versus control plants.

The eight genes with the lowest p-adjusted values were also incorporated based on the
Volcano plot (Figure 2A). DEGs were identified based on adjusted p-values < 0.10. Log2FC
(Log-2 fold change) value indicates a Log2 transformed change in gene expression of Product
X-treated roots versus water-treated roots. Negative values indicate downregulation, while
positive values signify upregulation. A complete overview of DEGs can be found in
Supplementary Information.
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3.3 Phytohormone levels in roots and
shoots are altered upon Product
X application

Phytohormone measurements were performed at three different
timepoints, i.e. at 1, 2 and 3 dpt with Product X or water (negative
control) and in both roots and shoots (summarized in Table 3 and
in more detail in Supplementary Figures 5-8). For JA a transient
decrease over time was observed in roots (p-values = 0.056 and
0.0079, respectively), but not in shoots. Similarly, a strong but
transient decrease of SA was observed in root tissue at 1 and 2 dpt
with Product X (both p-values = 0.0079), but no differences in shoot
tissue. ABA level increased strongly in the roots at 1 and 2 dpt, but
decreased after three days (p-values = 0.016, 0.0079 and 0.0079,
respectively). In the shoots treated with Product X, an increase in
ABA was observed at all three timepoints (p-values = 0.0079, 0.0079
and 0.016, respectively). For TAA, a decrease at 2 and 3 dpt was
detected in root tissue (p-values = 0.0079 and 0.016).

3.4 ROS-metabolism is altered by Product
X treatment

Based on the sequencing data and the composition of Product
X, it was hypothesized that ROS-metabolism could be altered upon
Product X treatment. To confirm this hypothesis, peroxidase levels
in the roots (Figure 3A) and malondialdehyde (MDA) levels, in the
roots (Figure 3B) and shoots (Figure 3C) of treated plants were
measured at 1, 2 and 3 day(s) post treatment.

For peroxidase levels in roots, an increase at 1 dpt followed by a
decrease at 2 dpt was observed (p-values = 0.055 and 0.0015).
However, at 3 dpt, the effect leveled out, and both Product X and
water treated plants displayed the same peroxidase activity in the
roots (p-value = 0.58).

MDA is a product of lipid peroxidation and is considered as an
approximation for endogenous ROS levels and oxidative stress in
plants (Morales and Munne-Bosch, 2019). In roots, no significant
difference in MDA was detected between Product X-treated and
water-treated plants both at 1 and 2 dpt (p-values = 0.28 and 0.34
respectively). However, in shoots, an increase in MDA-levels in
Product X-treated plants was observed at 2 dpt (p-value = 0.0079),
while this was not the case for 1 dpt (p-value = 1.0). At 3 dpt, no
significant changes were observed for both root and shoot
MDA content.

3.5 No negative effects on plant growth
and yield were observed upon treating

plants with Product X throughout their

growth season

During prolonged administration (8 times over the course of 4
months) of Product X to tomato plants, no negative but rather
positive effects were observed on growth or development (Figure 4).
The biomass (shoot weight) and number of tomatoes of treated
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TABLE 3 Summarized overview of fold changes in phytohormone levels
in roots and shoots of Product X-treated plants compared to water-
treated plants (negative control).

Root Shoot

1 P

dpt dpt e

1 dpt

2 dpt

3 dpt

Fold change was calculated as the quotient of medians of phytohormone levels of Product X-
treated compared to water-treated material (shoot or root). A fold change > 1 means an
increase in phytohormone level in Product X-treated plants versus water-treated plants.
Similarly, a fold change < 1 means a decrease. Values in bold indicate a significant difference
between medians of phytohormones in Product X-treated and water-treated plants. NA
indicates that phytohormone levels were below the limit of detection. Actual hormone levels
(ng.mg' fresh weight) and data visualization in figure format are represented in
Supplementary Information (Supplementary Figures 5-8).

plants was significantly increased compared to control plants (p-
values of 0.034 and 0.046, respectively). Additionally, Zeck-scale
(Zeck, 1971a) evaluation of nematode infestation revealed a
decrease of approximately 40% in treated plants compared to
untreated plants (p-value = 0.0022). This could possibly explain
the increase in biomass and number of tomatoes in treated
plants (Figure 4).

4 Discussion and conclusions

4.1 Product X has a direct and indirect
effect on Meloidogyne incognita

Product X was tested for its direct nematicidal activity against
Meloidogyne incognita. After 48 h, nematode mortality amounted to
over 80% (Figure 1A). Next to that, Product X reduces galling in
tomato plants infected by M. incognita (Figure 1B and
Supplementary Figure 1, Figure 4). Several components included
in Product X have previously described in vitro and in vivo
nematicidal properties, namely geraniol, garlic and rosemary
extracts, salicylic acid and linseed oil. For every compound, the
concentration reported in literature was here converted to the
equivalent in mg/L (between brackets and italics) to ensure ease of
comparison between studies.

First, geraniol was previously reported to be nematicidal against
several nematodes and was included in Product X at a
concentration of 451 mg/L. Geraniol belongs to the group of
monoterpenes, which are produced by plants as secondary
metabolites. Monoterpenes contain several well-known
compounds such as geraniol, menthol and citral. Geraniol in
particular has been attributed antitumor and antidiabetic
activities (Lei et al., 2019), as well as broad-spectrum nematicidal
activity. Tsao and Yu tested several monoterpenoid compounds
against Pratylenchus penetrans and found an in vitro nematicidal
activity of geraniol of 43% at a concentration of 250 pug/mL (250 mg/
L) (Tsao and Yu, 2000). Antinematode activity against M. incognita
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was evaluated by Echeverrigaray et al. by investigating egg hatching
ability and J2 mobility in vitro. Both parameters were reduced by
more than 90% compared to the control treatment after 48 h, at a
concentration of 500 mg/L geraniol (Echeverrigaray et al., 2010).
Next to that, geraniol concentrations of 100 and 250 mg/kg
substrate (1996 and 4990 mg/L, respectively), significantly reduced
galling of tomatoes planted in nematode infected and geraniol
treated substrate (Echeverrigaray et al., 2010). Similar studies
were performed to evaluate the effect on M. javanica and
Ditylenchus dipsaci (Nasiou and Giannakou, 2018; Stavropoulou
etal, 2021). After 48 h, no nematode mobility could be observed for
M. javanica at a geraniol concentration of 500 ppm (499 mg/L)
(Nasiou and Giannakou, 2018). For D. dipsaci, a concentration of
2000 pL/1 (1778 mg/L) rendered on average 40% nematode
immobility after 48 h (Stavropoulou et al.,, 2021). The
concentration of geraniol in Product X is 451 mg/L, which is in
the range of other studies reported here. The observed activity is
hence in line with other studies.

Second, an extract of garlic is included in Product X at a
concentration of 63.2 mg/L. Nematicidal effects of garlic extracts
have been reported at different timepoints and concentrations.
D’Addabbo et al. found an in vitro mortality of 100% for
Xiphinema index — the California dagger nematode - after 8 h of
exposure at a concentration of 0.5 mL/L (390 mg/L) Nemguard, a
commercially available garlic extract-based nematicide (D’ Addabbo
et al., 2023). The same concentration leads to 50% reduction of the
X. index soil population (D’Addabbo et al, 2023). Similarly, a
watery extract (10 g FW/100 mL H,O) of fresh garlic leaves
reduces M. incognita viability in vitro by 22% and in soil by
almost 60% (Abo-Elyousr et al., 2009). M. incognita galling was
reduced by almost 60% under greenhouse conditions when the
treatment was applied twice with a 20 day interval (Abo-Elyousr
etal,, 2009). However, when compared to the results of Abo-Elyousr
et al., the in vitro effectivity of Product X is higher than that of pure
garlic extract (Abo-Elyousr et al., 2009). The nematicidal activity of
garlic extract has been attributed to diallyl polysulfide compounds
(Block et al., 1993), bio-active molecules that are derived from
sulfur-containing amino acids by enzymatic transformation (Block
et al, 1993). For example, pure allicin displays 100% mortality
against M. incognita after 48 h of in vitro exposure at a
concentration of 12.5 mg/L (Block et al, 1993; Gupta and
Sharmaj, 1993). Although similar results have been regularly
reported in literature, small differences could be due to differences
in concentrations (D’Addabbo et al., 2023), susceptibility of
different nematodes (D’Addabbo et al., 2023), application
methods (Abo-Elyousr et al,, 2009), or the use of a pure active
compound versus an extract (Gupta and Sharmaj, 1993).

Third, an essential oil derived from Salvia rosmarinus was
included in Product X at a concentration of 28.6 mg/L. According
to literature, the effect of S. rosmarinus is two-fold, ie. both
nematicidal and inducing plant resistance. During a two-year field
trial, oil derived from S. rosmarinus was observed to protect Pisum
sativum against M. javanica (Mattei et al., 2014), although only in
one of the two trials. A concentration of 3% (27 240 mg/L) rendered
approximately 50% reduction in gall number (Mattei et al., 2014).
Essential oil extracted from S. rosmarinus at a concentration of 1.5 v
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(A) Peroxidase levels in root material treated with Product X at one (n=5), two (n=10) and three (n=10) days post treatment. At one dpt 5 pools of 4
plants were used, while at two and three dpt 10 pools of 3 plants were assessed. (B, C) MDA content (nmol MDA/(ml*g fresh sample weight) in root
(B) and shoots (C) in water-treated and Product X-treated plants. Water treatment was used as a negative control treatment. Each biological
replicate consists of a pool of 4 plants. (n=5). Per timepoint comparisons were made between control and Product X-treated plants. Statistical
significance is indicated with a/b for 1 dpt, A/B for 2 dpt and o/ for 3 dpt. Different letters indicate statistical significant comparisons.
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% (6.81 mg/L) causes an in vitro nematicidal effect of 100% against
Meloidogyne sp. after 50 h of exposure (Iler-Iler et al., 2017). The
first study used a significantly higher amount of S. rosmarinus
extract than the concentration in Product X, while the latter only
tested the in vitro effect of the S. rosmarinus extract.

A fourth compound present in product X, salicylic acid (SA,
20.4 mg/L), has been reported to have nematicidal properties. In
vitro SA had an LC50 value of 46 mg/L on Meloidogyne incognita
(Wuyts et al., 2006). The low pH of this solution (3.0), could partly
explain its nematicidal effect. However, the activity of SA as
stimulus of induced resistance is well-known (Corina Vlot et al,,
2009; Liu et al., 2019; Saleem et al., 2020).

Finally, a concentration of 1 mL/L (930 mg/L) linseed oil
reduces the nematode population in pepper plants by 36-50%
depending on the used cultivar (Eldeeb et al., 2022). Formulated
linseed oil was tested against M. incognita infecting tomato plants
and 26% less galls were observed at a dose of 0.3 mL formulated
linseed oil/kg substrate (Radwan et al., 2007). Product X contains
43.1 mg/L linseed oil, which is remarkably lower compared to
literature values. The addition of (linseed) oil has a dual function,
combining nematicidal activity with positive effects on
product stability.

Several components present in Product X have been reported to
hold anti-nematode activity in vitro and/or in vivo. However, all
these compounds were tested as standalone treatments in previous
studies. This sometimes limits the concentration range in which a
product can be used, because of issues of phytotoxicity
(Echeverrigaray et al, 2010). Combining different components
with similar activities can render an additive effect in the
combined mixture, without exceeding phytotoxic concentrations
for any individual compound, allowing to work with lower
concentrations of active compounds in mixtures versus single
molecules. Probably, geraniol, garlic extract, rosemary essential oil
and linseed oil contribute to the anti-nematode activity observed in
this work (Figure 1A).

4.2 Product X induces transcriptional and
biochemical changes in roots and shoots
of tomato

To investigate the hypothesis that plant defense mechanisms
would be activated upon Product X treatment in tomato,
transcriptional analyses linked with biochemical validation
were performed.

An mRNA-sequencing experiment was performed on Product
X-treated and water-treated plants to assess transcriptional changes.
Principal component analysis (PCA) revealed a clear separation
between Product X-treated and water-treated tomato plants
(Supplementary Figure 3), indicating that transcriptomic changes
occur in Product X-treated plants. Gene ontology enrichment
analysis revealed significant enrichment of GO-terms related to
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ROS metabolism among the DEGs (Figure 2B). Appropriately
timed and localized ROS bursts play an important role in plant
defense (Balmer et al., 2015). Other hallmarks of plant defense
activation include altered phytohormone homeostasis, cell wall
reinforcement via (often ROS- and peroxidase-dependent)
mechanisms such as callose deposition, oxidative cross-linking
and lignification (Balmer et al., 2015; Liu et al., 2015, 2018).

Among the DEGs, a large group of genes is related to
phytohormone- and ROS-metabolism. Genes related to
phytohormones (JA, ethylene (ET), SA and auxin) are generally
downregulated. However, an ABA hydroxylase, which is related to
ABA degradation, is downregulated (Table 2). This was confirmed
by phytohormone measurements in roots, where ABA levels
increase at 1 dpt and rise further at 2 dpt with Product X
(Table 3). At 3 dpt with Product X, root ABA levels decrease,
probably because of a negative feedback mechanism. In shoots,
ABA levels increase at all three timepoints (Table 3). Iriti and Faoro
showed that ABA plays a role in chitosan-induced resistance against
tobacco necrosis virus (Iriti and Faoro, 2008). ABA levels inside the
plant increased three-fold upon application of chitosan (Iriti and
Faoro, 2008). The observed endogenous ABA increase could be
induced by the presence of chitosan in Product X.

ABA is commonly associated with responses to abiotic stress
such as drought, salinity and cold (Finkelstein, 2013), but also plays
an important but complex role in plant immunity that is highly
dependent on concentration, pathosystem and environment
(Mauch-Mani and Mauch, 2005). Based on the observed
endogenous ABA increases in tomato roots, we hypothesize that
Product X can also protect plants from abiotic stresses. Although
not studied in this work, this could render new and exciting
research opportunities.

Next to that, levels of JA and SA decrease strongly at 1 and 2 dpt
in root tissue (Table 3). It has been shown by Nahar et al. that
exogenously applied ABA can interfere with JA, SA and ET pathways
increasing susceptibility of Oryza sativa for Hirschmanniella oryzae
(Nahar et al., 2012). At 3 dpt, the levels of SA and JA have returned to
basal levels in Product X treated roots. In shoots, no differences in JA
or SA levels were detected at any time point (Table 3). Similarly,
combined foliar application of COS-OGA - chitosan oligomers and
pectin-derived oligogalacturonides - has been shown to induce
resistance in rice against Meloidogyne graminicola independently of
JA or SA (Singh et al,, 2019). Instead, the phenylpropanoid pathway
was a main player in the induced resistance (Singh et al., 2019). This
was also the case in tomato where 0.3 mM (49.8 mg/L) piperonylic
acid induced resistance against Meloidogyne incognita via the
phenylpropanoid pathway, independent of JA- or SA-levels
(Desmedt et al,, 2021a). Similarly, the phenylpropanoid pathway
may play a role in Product X-treated plants (Figure 2B).
Phenylalanine ammonia-lyase (PAL) and Cinnamoyl-COA
reductase encode important enzymes early in the phenylpropanoid
pathway and, seeing that these genes are upregulated, this could have
downstream effects in the phenylpropanoid pathway.
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SA was strongly reduced in roots at 1 and 2 dpt with Product X
(Table 3). It is important to note that SA is present in Product X at a
concentration of 20.4 mg/L. This hormone has been implicated in
several plant physiological processes including but not limited to
flowering, disease resistance as well as tolerance to certain abiotic
stresses (Corina Vlot et al.,, 2009; Liu et al., 2019; Rhaman et al.,
2021; Barwal et al, 2023). SA plays a major role in Systemic
Acquired Resistance (SAR), which is a form of induced resistance
(De Kesel et al,, 2021). In addition, SA affects the plant antioxidant
system by regulating key enzymes such as dehydroascorbate
reductase and glutathione reductase (Mustafa et al., 2018; Yan
et al,, 2018; Saleem et al., 2020). Reduction of SA levels in roots
could be caused by a negative feedback loop that is activated because
of the presence of SA in Product X.

Indole-3-acetic acid (IAA), the principal auxin, was less abundant
in roots at 2 and 3 dpt (Table 3). IAA is elevated locally during
nematode infection, and required for successful giant cell
development (Oosterbeek et al., 2021). The lower endogenous TAA
content in Product X treated roots could hamper nematode infection
and/or alter their post-invasion development. Although IAA plays
important roles in plant growth and development (Gomes and
Scortecci, 2021), tomato plants do not seem to suffer from repeated
Product X application, while on the contrary minor positive effects
were observed (Figures 1B, 4).

In this work, we observed an upregulation of genes encoding
peroxidases in roots treated with Product X (Table 2). The
disturbance of ROS homeostasis in treated plants could be linked
to the presence of SA and AA, which both act as antioxidants
(Cheng et al., 1996). Confirming mRNA-sequencing results,
peroxidase levels were increased at 1 dpt in treated roots, while a
decrease was observed at 2 dpt. At 3 dpt, levels of treated and
untreated roots converged to the same level (Figure 3A). Next to
that, MDA content, considered as a proxy for lipid peroxidation and
linked to cell wall degradation, was determined in roots and shoots
treated with Product X (Figures 3B, C). While no significant
difference in MDA levels was observed in roots (Figure 3B),
shoots contain significant higher MDA-levels at 2 dpt with
Product X (Figure 3C). The lack of strong effect in MDA levels
could be due to the presence of both SA and AA as antioxidants.
Free ROS could also be used for cell wall modifications by the
elevated peroxidase activity. This could explain why even though
transcriptional and biochemical changes in peroxidase activity were
observed, clear signs of oxidative stress were not observed in the
roots of treated plants. Furthermore, it should be taken into account
that when MDA levels are measured on complex plant mixtures,
interfering agents such as carbohydrates or anthocyanins could be
present (Morales and Munneé-Bosch, 2019).

4.3 Product X shows no negative effects
upon long-term application

Product X influences phytohormone homeostasis - SA and JA -
and ROS metabolism which are both considered hallmarks of plant
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defense (De Kesel et al, 2021). However, influencing and/or
activating pathways in planta can bring about a certain fitness
cost that has a negative effect on plant growth and development (De
Kesel et al.,, 2021). Next to that, geraniol and SA have been reported
to cause phytotoxicity when used at high concentrations (>250 mg/
kg and 276.24 mg/l respectively) (Echeverrigaray et al, 2010;
Tripathi et al., 2019; Koo et al., 2020).

To assess whether this occurs at the concentrations used,
Product X was repeatedly applied to infected tomato plants over a
prolonged period of time. No negative effect on growth or
development could be observed (Figure 4). On the contrary, plant
biomass and number of tomatoes increased.

In this research, we demonstrate that Product X has a
nematicidal effect on the root-knot nematode M. incognita. Next
to that, transcriptional and biochemical analyses revealed that
Product X influences phytohormone levels and ROS metabolism
in planta. This suggests that Product X can activate plant defense
mechanisms that help protect tomato against M. incognita.
Furthermore, ABA was strongly induced in Product X-treated
plants, with potential benefits for abiotic stress tolerance that
should be investigated in future research. This work indicates that
there is an additive effect of the compounds in Product X. Finally,
no negative long-term effects of repeated product X administration
on tomato growth and development were observed. This renders
Product X an interesting candidate to be included in IPM strategies
to control parasitic nematodes.
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The Mi-1.2 gene confers resistance to a wide range of Meloidogyne species,
being the most important resistance factor employed in tomato breeding so far.
However, many aspects related to the interaction of Mij-1.2-carrying tomato
cultivars and virulent/avirulent Meloidogyne populations have not yet been
clarified. Herein, comparative histopathological analyses were carried after
inoculation of the homozygous (Mi-1.2/Mi-1.2) tomato rootstock ‘Guardido’
and the susceptible cultivar ‘Santa Clara’ (mi-1.2/mi-1.2) with virulent and
avirulent populations of M. javanica. In the susceptible control, it was possible
to visualize second stage juveniles (J2) of avirulent population and feeding sites
from 2 to 30 days after infection (DAI) with females reaching maturity at 24-34
DAIl. In the resistant rootstock, the Mi-1.2 gene-mediated resistance was related
mainly to early defense responses (pre-infection and hypersensitive reaction),
which led to an immunity-like phenotype that completely prevented the
reproduction of the avirulent Meloidogyne population. On the other hand, J2s
of the virulent M. javanica population were able to penetrate roots much more
than the avirulent population, migrated and developed normally, showing intense
and similar pattern of penetration from 4 to 34 DAl in the root tissues of both
resistant and susceptible tomato genotypes. The total numbers of J2, J3, J4, and
females counted in ‘Santa Clara’ for the virulent population of M. javanica were
higher than in ‘Guardiao’.

KEYWORDS

Solanum lycopersicum, S. peruvianum, Mi-1.2 gene, hypersensitivity reaction. HR :
realce, root-knot nematode
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Introduction

The root-knot nematodes (RKN), genus Meloidogyne Goldi,
1887 have a cosmopolitan distribution, inducing severe damages in
a wide range of economically important host plants (Maleita et al.,
2011). In several crops, including Solanaceae species, the problems
induced by Meloidogyne species can be controlled through
resistance genes (Williamson and Kumar, 2006; Fuller et al,
2008). Resistance to RKNs in tomato is conferred by a single
dominant gene, Mi-1.2, located on chromosome 6, which
originated from the wild tomato species Solanum peruvianum L
(Smith, 1944). The Mi-1.2 gene confers resistance against
populations of 13 Meloidogyne species occurring in Brazil: M.
javanica (Treub, 1885) Chitwood, 1949, M. incognita (Kofoid &
White, 1919) Chitwood, 1949, M. arenaria (Neal, 1889) Chitwood,
1949, M. morocciensis Rammah & Hirschmann, 1990, M. ethiopica
Whitehead, 1968, M. inornata Lordello, 1956, M. luci Maleita,
Esteves, Cardoso, Cunha, Carneiro & Abrantes, 2018, M.
konaensis Eisenback, Bernard & Schmitt, 1994, M. paranaensis
Carneiro, Carneiro, Abrantes, Santos & Almeida, M. izalcoensis
Carneiro, Almeida, Gomes & Hernandez, 2005, M. petuniae
Charchar, Eisenback & Hirschmann, 1999 and M. exigua Goldi,
1887 (Gabriel et al., 2020).

RKNs induce substantial modifications of root ultrastructure and
morphology, resulting in the formation of giant cells and galls
(Huang and Maggenti, 1969). By blocking nematode development
in the roots, the Mi-1.2 gene prevents these disturbances. However, in
a few specific situations, the gene may lose its effectiveness. In
particular, at continuous soil temperatures above 28°C (Holzmann,
1965), or when virulent populations are present (Castagnone-Sereno
et al, 1994a; Roberts, 1995; Ornat et al., 2001; Devran and Sogiit,
2010). Furthermore, the heterozygous versus homozygous allelic state
(allelic dosage) of the Mi-1.2 gene was shown to reduce the level of
resistance expression (Jacquet et al., 2005; Maleita et al, 2011;
Tberkleid et al,, 2014; Gabriel et al, 2024). The mechanisms of
plant resistance to nematodes can occur during pre-penetration or
post-penetration. Pre-penetration resistance mechanisms prevent the
invasion of plant roots by the nematodes. During this phase, the
production of chemical substances in root exudates inhibits
nematode attraction, or the reinforcement of physical barriers via
the accumulation of cell wall-strengthening compounds such as
lignin and callose (Mitsumasu et al., 2015) block nematode entry in
root tissues. In the post-penetration resistance mechanisms, the
invasion of J2s triggers a cascade of both local and systemic
physiological and molecular processes in the host plant, including
increased calcium flux, a burst of reactive oxygen species and defence
gene expression (Williamson and Kumar, 2006; Sato et al, 2019;
Rutter et al,, 2022). These mechanisms act to impede or delay the
migration or development of the nematode, thereby inhibiting the
formation of feeding sites and/or limiting the reproduction of females.

The reproduction of Meloidogyne spp. virulent populations in
resistant tomato cultivars bearing the Mi-1.2 gene has been
reported across several countries, leading to a limitation of this
strategy of control. Such nematode populations can be naturally
virulent, that is, without the selection pressure exerted by previous
exposure to a resistant cultivar (Ornat et al., 2001; Silva et al., 2019;
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Gabriel et al., 2022), or after repeated exposure to resistant cultivars
in the field (Devran and Sogiit, 2010; Tzortzakakis et al., 2014;
Gabriel et al., 2022) or under controlled conditions (Castagnone-
Sereno et al., 1994b; Williamson, 1998).

Some resistance mechanisms have been observed in plants
parasitized by RKNs, including the hypersensitive reaction (HR)
due to the accumulation of phenolic compounds and the formation
of phytoalexins and the activity of phenylalanine ammonia-lyase
(PAL) related enzymes, b-glucanase, peroxidase, and polyphenol
oxidase, among others (Sato et al., 2019). This is the case of tomato
plants carrying the Mi-1.2 gene, where the primary resistance
mechanism takes place in the first days after nematode infection,
triggering the HR and working as a biochemical barrier blocking the
development of second-stage juveniles (J2s) (Dropkin, 1969; Schaff
et al, 2007). To the best of our knowledge, most of the information
available on the histological features associated to the breaking of
tomato resistance by RKN relate to the species M. incognita. The
objective of the present study was to provide and analyse
comparative data on nematode infection and the plant anatomical
responses induced by avirulent and virulent populations using the
tomato/M. javanica pathosystem. For that purpose, we developed
two complementary experimental approaches: (i) the quantification
of nematode penetration and development of avirulent and virulent
M. javanica populations inoculated to susceptible and resistant
tomato plants; (if) the analysis of the histopathological changes
associated with infection by avirulent and virulent populations of
M. javanica into resistant and susceptible tomato cultivars.

Materials and methods
Nematode populations

Two populations of M. javanica sampled on tomatoes in Brazil
were used in the study, one virulent to the Mi-1.2 gene from
Frederico Westphalen, RS (27° 21’ 32” §/53° 23’ 38” O,
cv.’Guardidao’) and the other avirulent from Rodeio Bonito, RS
(27° 28 15” §/53° 10” 08” O, cv. Kada). They were previously
identified by esterase phenotype Est J3 by Gabriel et al. (2022) and
confirmed using the same enzymatic characterization, according to
the methodology described by Carneiro and Almeida (2001).

Plant material

The susceptible tomato (Solanum lycopersicum L.) cv. ‘Santa
Clara’(mi-1.2/mi-1.2) and the resistant rootstock cv. ‘Guardido (Mi-
1.2/Mi-1.2), homozygous for the Mi-1.2 gene were studied
previously (Gabriel et al., 2022) and used in the experiments.
Seeds were purchased at Vegetal AgroNegocio in Brasilia, DF.

Inoculum preparation

The nematode populations were multiplied on cv. ‘Santa Clara’
and kept in a greenhouse under temperatures ranging from 23 °C to
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28 °C. The suspension of eggs from each population was obtained
according to the methodology of Hussey and Barker (1973) by
grinding the roots in a blender with 0.5% sodium hypochlorite for
approximately 30 seconds. The juveniles used as inocula in
histopathological studies were obtained by hatching of nematode
eggs in modified Baermann funnels collected for one week under
25° C (Flegg, 1967). The inoculum is counted using a Peter’s slide
and calibrated with dilutions.

Quantification of nematode penetration
and development

Experiments were conducted in a greenhouse under
temperatures ranging from 24 to 28°C in 2 L pots, using fine
sand texture. The substrate was sterilized using autoclave at 120°C
for 2 hours. To study the penetration and development of the two
nematode populations inside the roots of the susceptible and
resistant cv. ‘Santa Clara’ and ‘Guardiao’, respectively. Tomato
plants were cultivated in pots containing sterilized sand and
fertilized with Forth Cote (15-09-12). Fifteen days after
emergence, the seedlings were inoculated with the two
populations separately. For this, 10,000 second-stage juveniles
(J2s) were placed in four holes close to the stem of each plant,
2,500 in each hole. Plants of each cultivar (three replicates) were
carefully removed from the pots at 2, 4, 7, 9, 11, 13, 16, 21, 27, and
34 days after inoculation (DAI). Their roots were carefully washed
with tap water and stained with acid fuchsin, as described by Byrd
etal. (1983). Subsequently, 40 stained root segments were cut under
a stereomicroscope to observe and quantify the penetration and
localization of J2s and to follow the subsequent development of the
nematodes inside of the the roots (J3, J4, females and males). Root
fragments showing infection by nematodes were mounted on slides
for examination under an optical microscope and photographed
(AxioPhot; Zeiss). The statistical analyses of the two experiment
were performed using the SISVAR system, for each sample, the
number of individuals was transformed to V(x+1) to normalize data
and, after analysis of variance, the means were compared using

10.3389/fpls.2024.1425336

Scott-Knott’s test at the 5% probability level (Scott and
Knott, 1974).

Histopathological studies

In parallel, three other root systems of each combination
nematode population/tomato cultivar were sliced in thin sections
of 2.5um using a Leica ultracut UCT. Unstained root fragments,
either showing galls or thickening or without symptoms were cut
under a stereomicroscope. Approximately 60 root tips per DAI were
analyzed at different times per treatment, and then fixed and
embedded in Technovit 7100 epoxy resin (Kulzer Friedrichsdorf),
as described by Pegard et al. (2005), and following manufacturer’s
recommendations. Unstained root sections were mounted on glass
slides, and fluorescence was observed under ultraviolet (UV) light,
using a filter of 365-395 nm. The same sections were stained (1 min.
at 60°C) with 0.5% toluidine blue in 0.1 M sodium phosphate buffer,
pH 5.5, and observed using alight microscopy (AxioPhot, Zeiss).
More than 5,000 sections of each treatment were visualized
and documented.

Results
Avirulent Meloidogyne javanica

Inoculation with the avirulent M. javanica population
confirmed the host status of both tomato genotypes: nematodes
could massively invade and develop in the roots of the susceptible
cv. ‘Santa Clara’, while their penetration and further development
were almost totally impaired in the roots of the resistant cv.
‘Guardidao’ (P < 0.05; Table 1). Very few J2 were observed in the
roots of the resistant cultivar (two and three at 4 and 7 DAI,
respectively), and no other developmental stages could be detected,
excepted three females without egg-masses at 34 DAI (Table 1). In
the susceptible cultivar, the major steps of nematode development
kinetics were observed as follows: J2 from 4 to 16 DAI; J3 from 11 to

TABLE 1 Number of second-stage juveniles (J2) penetration and development of third (J3) and fourth (J4) nematode stages, of avirulent Meloidogyne
Jjavanica population in 40 sections of three tomato roots repetitions of the cultivar ‘Santa Clara’ and rootstock ‘Guardido’ inoculated with 10,000 J2.

4° 7° 9° 11° 13° 16° 24° 34° Nema-
DAI* DAI DAl DAI DAI DAI DAl DAI todes **
]2 Guardiao 2 3 0 0 0 0 0 0 5b
S. Clara 96 259 274 123 55 31 1 1 840 a
J3 Guardiao 0 0 0 0 0 0 0 0 0b
S. Clara 0 0 0 229 192 56 50 16 543 a
J4 Guardiao 0 0 0 0 0 0 0 0 0b
S. Clara 0 0 0 6 154 383 147 156 846 a
Females
without Guardiao 0 0 0 0 0 0 3 0 3b
egg mass S. Clara 0 0 0 0 0 0 498 445 943 a
(Continued)
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TABLE 1 Continued

13°
DAI
Females
laying eggs Guardido 0 0 0 0 0 0 0 0 0b
S. Clara 0 0 0 0 0 0 0 63 63 a
Male Guardido 0 0 0 0 0 0 0 0 0
S. Clara 0 0 0 0 0 0 0 0 0

* DAL Days after ]2 inoculation; ** Means of total nematodes followed by the same lowercase letter for different RKN stages in the column do not differ statistically from each other according to
the Scott-Knott test at 5% probability (P < 0.05). Cv = 28.1 (virulent population) and Cv = 26.4 (avirulent population).

34 DAI; J4 from 13 to 34 DAI females without egg-masses from 24 Observation of the roots of the susceptible cv. ‘Santa Clara’
to 34 DAI and females starting to lay eggs at 34 DAI respectively  stained with acid fuchsin at 4-16 DAI revealed the presence of
(Table 1). No males were observed in the roots of either the  numerous ]2 (Figure 1A) in the cortical region with some of them in
susceptible or the resistant tomatoes ‘Santa Clara’ and the vascular cylinder (a location compatible with the initiation of
‘Guardiao’, respectively. feeding sites) (Figures 1A, B). Light microscopic observations of

7 DAI 7 DAI 4 DAI

FIGURE 1

Compatible interaction observed in the susceptible tomato plant. Roots of cv. Santa Clara (control) infected with avirulent Meloidogyne javanica.

(A, B, E, G, 1) in light microscopy (LM) observations of root fragments stained with acid fuchsin. Sections (C, D, F); and H = roots stained with
toluidine blue. (A) = second-stage juveniles (J2s) in the cortex and vascular cylinder, and (B) = swollen J2s into vascular cylinder. (C) = sections
showing the beginning of giant cell formation at 4 DAI; (D) = third-stage juvenile (J3) next to giant cells; (E) = third-stage juvenile (J3) in the vascular
cylinder and root enlargement; (F) = giant cells formed next to J4; (G) = young females; (H) = adult female and giant cells with multiple nucleus and
thick cell wall and (I) = egg mass at 34 DAI. DAI, days after inoculation; N, nematode; GC, giant cell; IGC, initial giant cell; EG, egg mass; YF, young
female; CC, vascular cylinder.
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root sections stained with toluidine blue at 4 DAI confirmed this
time point as the beginning of giant cell formation in the vascular
tissue, as observed in longitudinal sections (Figure 1C). At 11 DAI,
giant cells were observed next to third-stage juveniles (J3;
Figure 1D), along with root enlargement (Figure 1E), and next to
fourth-stage juveniles (J4), with cell wall thickening noticed
between giant cells (Figure 1F). At 24 DAI, young females were
clearly visible in acid fuchsin stained tissues (Figure 1G) and at 34
DALJ, adult females were observed next to multinucleate giant cells
in the vascular cylinder, together with egg-masses extruded outside
the root (Figures 1H, I respectively), thus completing the nematode
life cycle.

The roots of the highly resistant rootstock cv. ‘Guardiao’,
stained with acid fuchsin, showed that very few avirulent M.
javanica J2 could penetrate the roots at 4-7 DAI (Figure 2A).
Through sections visualized under ultraviolet light (UV), obtained
at 7 DAI, it was possible to observe a hypersensitive reaction (HR)
at several locations in the cortical region: epidermis,
parenchymatous cortex (Figures 2B, C) close to the vascular
cylinder. When stained with toluidine blue, these sections
appeared strongly stained at the same sites (Figure 2D), a signal
characteristic of cell death. Despite numerous observations from 4
to 34 DAJ, it was not possible to detect any other nematode stages
within the vascular cylinder cells in the root tissues of the resistant
rootstock, suggesting an early resistance mechanism closely
related to immunity.

10.3389/fpls.2024.1425336

Virulent Meloidogyne javanica

As expected, the M. javanica virulent population was able to
infect, develop and reproduce on the resistant rootstock cv.
‘Guardiao’, as well as on the susceptible cv. ‘Santa Clara’. After
staining the roots with acid fuchsin, monitoring of inoculations
revealed identical development kinetics on both cultivars (P < 0.05;
Table 2), and very similar to that previously observed for the
avirulent population on the susceptible cultivar (Table 1). In
terms of nematodes counted in the roots, significantly higher
cumulative numbers of individuals were found in the susceptible
cv. ‘Santa Clara’ compared with the resistant cv. ‘Guardiao’ for the
J2,J3 and female with egg mass stages, and equivalent numbers for
the other developmental stages (P < 0.05; Table 2). Some males were
observed on both cv. from 21 to 27 DAL

Examinations of roots and root sections of the susceptible cv.
‘Santa Clara’ and the resistant cv. ‘Guardiao’ stained with acid
fuchsin showed that the virulent nematode population was equally
able to penetrate roots and complete its development cycle up to the
production of egg-masses by adult females on both cultivars.
(Figures 3A, C, D, F, H, I and Figures 4A, C, F, G, respectively).
The only notable difference was the presence of numerous males on
‘Guardido’ at 27 DAI Males were observed releasing themselves
from J4 cuticles inside the roots at 34 DAI (Figures 4H, I).

Histological observations revealed numerous feeding sites in
both the susceptible and the resistant cultivars, with the formation

FIGURE 2

Incompatible interaction observed in roots of the resistant hybrid tomato plant ‘Guardido’ infected with avirulent Meloidogyne javanica. (A) = light
microscopy observations of root fragment stained with acid fuchsin. (B, C) = unstained sections visualized under UV light; (D) = section stained with
toluidine blue, showing cell death (CD). (A) = second-stage juvenile (J2) inside the root; (B) and (C) = hypersensitivity reaction (HR). DAI, days after

inoculation; V, vessel.
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TABLE 2 Number of second-stage juveniles (J2) penetration and development of third (J3) and fourth (J4) nematode stages, of virulent Meloidogyne
Jjavanica population in 40 sections of three tomato roots repetitions of the cultivar ‘Santa Clara’ and rootstock ‘Guardido’ inoculated with 10,000 J2.

27° 34° Nematodes

Guardiao 2 253 444 322 134 65 21 1 3 10 1255 b
J2
S. Clara 4 374 540 424 236 110 6 3 8 34 1739 a
Guardido 0 0 0 8 410 379 258 116 21 10 1202 b
J3
S. Clara 0 0 0 4 463 417 335 149 26 21 1415 a
Guardiao 0 0 0 0 4 199 389 187 116 14 909 a
J4
S. Clara 0 0 0 0 2 230 434 286 52 10 1014 a
Females Guardiao 0 0 0 0 0 2 205 317 428 116 1068 a
without
egg mass S. Clara 0 0 0 0 0 0 305 382 365 56 1108 a
Guardido 0 0 0 0 0 0 0 0 481 576 1057 b
Females
laying eggs S. Clara 0 0 0 0 0 0 0 0 608 830 1438 a
Guardiao 0 0 0 0 0 0 0 0 9 64 73
Male
S. Clara 0 0 0 0 0 0 0 9 14 8 31

*DAI, Days after ]2 inoculation; ** Means of total nematodes followed by the same lowercase letter for different RKN stages in the column do not differ statistically from each other according to
the Scott-Knott test at 5% probability (P < 0.05). Cv = 28.1 (virulent population) and Cv = 26.4 (avirulent population).

of giant cells initiated in the vascular cylinder region at 7 DAI  turn initiates programmed cell death within the host, a pathway
(Figures 3B, 4B) and illustrated further at 13 and 27 DAL in roots of ~ designated as effector-triggered immunity (ETI). In particular,
‘Santa Clara’ (Figures 3E-G) and at 11 and 13 DAI in ‘Guardido’  nucleotide-binding and leucine-rich repeat (NB-LRR) genes
(Figures 4D, E). The histological changes observed in the root cells ~ constitute most of known ETI R genes against RKN in
of both the resistant and susceptible cultivars when parasitized by ~ dicotyledones, in both annual and perenial crops, e.g., Mi-1.2 in
the virulent population of M. javanica exhibited a high degree of  tomato (Milligan et al., 1998) or Ma in plum (Claverie et al., 2011).
similarity. Additionally, these changes closely resembled those Previous histopathological studies of tomato plants harboring the
observed in roots of the susceptible cv. parasitized by the  Mi-1.2 resistance gene have indicated that it mediates defense
avirulent population of M. javanica. responses to M. incognita associated with the induction of an
hypersensitive reaction (HR), which prevents the development of
giant cells by blocking the parasite’s penetration in the root and the
Discussion completion of its life cycle (Melillo et al., 2006). Here, our results
showed that two different mechanisms might be involved in the
Plant resistance responses to RKN are diverse and can occur  expression of resistance of the tomato rootstock ‘Guardido’ and an
either before or after pre-parasitic juveniles have penetrated root  avirulent M. javanica population. The first mechanism occurred as a
tissues (Rutter et al., 2022). The structure of the root itself can actas  strong pre-infection defense response that prevented the nematodes
a physical barrier to J2 penetration, as has been observed in many  from penetrating the root epidermis, suggesting a potential
plant species, e.g., in pepper (Pegard et al., 2005) or rice (Cabasan  association with physical or biochemical barriers. Although we did
etal., 2012). However, it is often difficult to separate the early effects ~ not observe any anatomical reinforcement of the root epidermis in
of these physical barriers to nematode penetration from the  the resistant plants, additional experiments are needed to specify
chemical defense responses that the host will initiate following  more precisely which of these two mechanisms acts as a barrier to J2
RKN infection, thus leading to plant immunity. In the case of basal ~ penetration, or whether they act in combination. This early defense
immunity, the plant recognizes nematode-derived molecules layer proved to be powerful and blocked about 99% of the ]2
referred to as pathogen-associated molecular patterns (PAMPs)  penetration compared to susceptible plants. Such barriers were
and activates a series of both local and systemic defense responses  previously suggested to occur in various crops, e.g., grape (Anwar
that include callose deposition, a burst of reactive oxygen species  and McKenry, 2000) or cotton (Anwar et al, 1994) One of the
(ROS), and activation of defense gene expression, all these  resistance mechanisms of tomato related to Mi-1.2 gene to RKN is
mechanisms being collectively known as PAMP - detected  inhibiting the penetration of juvenile (J2) during invasion. However,
immunity (PTI) (Goode and Mitchum, 2022; Siddique et al,  there is variation in numbers of penetrating J2, depending on the
2022). When the plant harbours dominant resistance (R) gene(s), = nematode population and tomato genotype but the reason is not clear
nematode effectors are triggered by intracellular receptors, whichin ~ (Wubie and Temesgen, 2019).
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4 DAl

FIGURE 3

Compatible interaction. Roots of tomato plant cv. 'Santa Clara’ susceptible, infected with virulent Meloidogyne javanica. (A, C, D, F, H, 1) = light
microscopy observations of root fragments stained with acid fuchsin. (B, E, G) = sections stained with toluidine blue. (A) = second stage juveniles
(J2) inside the roots at 4 DAI; (B) = initial giant cell formation in the vascular cylinder; C = third-stage juvenile (J3); (D) = fourth-stage juvenile (J4) in
the vascular cylinder. (E) = large number of giant cells in the vascular cylinder; (F) = young female feeding in the vascular cylinder in a well-
thickened root; (G) = well-formed giant cells; (H) = males in large numbers and () = adult female with egg-mass. DAI, days after inoculation; GC,

giant cell; M, male; F, female; CC, vascular cylinder; N, nematodes.

Complementary, a second resistance mechanism occurred as a
post-infection defense response at 4-7 DAI, soon after J2
penetration in the root tissues, with HR-cell death observed in the
cortex and vascular cylinder regions of the root, as has been
observed in some tomato genotypes resistant to RKN (Dropkin,
1969; Regaieg and Horrigue-Raouani, 2012). This mechanism was
described in several plant species hosts for other RKN species,
including pepper (Pegard et al., 2005), cotton (Mota et al., 2012;
Lopes et al., 2020), coffee (Lima et al., 2015) and rice (Mattos et al.,
2019). Overall, very few J2s were able to penetrate the tomato roots,
and were further blocked due to the HR. But this phenomenon was
much less intense than the non-penetration of J2s into the roots,
which may result from various, non-exclusive pathways: either the
roots did not attract or even repelled J2s, or J2 penetrated then
rapidly left the roots, although we could not get strong anatomical
evidence for the latter option. For example, such protection was
shown for Cucumis sativus L., in which the triterpene cucurbitacin
isolated from root exudates repelled J2s (Hayne and Jones, 1976).
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Similarly, amino acids exuded from Sesamum indicum L. roots have
a nematostatic effect on Meloidogyne J2 (Tanda et al., 1989). In the
past decades, much emphasis has been given to the mechanisms
linked to HR, but studies related to physical and chemical defense
layers have been rather neglected, probably due to the technical
difficulties in identifying plant molecules that modulate nematode
behavior in soil (Siddique et al., 2022).

As expected, the penetration experiment and the
histopathological observations of tomato roots inoculated with
the M. javanica virulent population agree with the in vivo
infection test we previously conducted with the same plant
genotypes (Gabriel et al., 2024). The nematode established feeding
sites and maintained healthy giant cells, containing several nuclei
and thickened cell walls in roots of resistant tomato plants, similar
to those observed in the susceptible cultivar ‘Santa Clara’. The
ability of virulent RKN to induce feeding sites and complete their
life cycle has been reported previously on tomato cultivars
harbouring the Mi-1.2 resistance gene (e.g., Regaieg and
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27 DAI

FIGURE 4

Compatible interaction. Tomato roots of ‘Guardian’ rootstock infected with virulent Meloidogyne javanica. (A, C, F, G, H, 1) = light microscopy
observations of a root fragment stained with acid fuchsin. (B, E) = sections stained with toluidine blue. D = unstained sections viewed under UV; (A)
= second-stage juvenile (J2) in the apical region of the root; (B) = giant cell in formation; (C) = third and fourth-stage juveniles (33/34) in the
vascular cylinder; (D) = well-formed feeding site without the presence of HR; (E) = thick-walled giant cells; (F) = female feeding into the vascular
cylinder; (G) = eggs; (H) = male emerging from the J4 cuticle layers and (I) = a large number of males in different regions of the root: cortex and
vascular cylinder. GC, giant cell; F, female; EG, eggs inside egg mass; HR, hypersensitivity reaction; N, nematodes.

Horrigue-Raouani, 2012; Iberkleid et al., 2014; Ploeg et al., 2023).
Here, we showed that the same observation can be done on a
resistant rootstock. Variability in the level of reproduction of
virulent RKN on resistant tomato has been documented, and
possibly correlated to a dosage effect of the Mi-1.2 gene when it is
present in hetezygous allelic state (Tzortzakakis et al., 1998; Jacquet
et al., 2005; Iberkleid et al., 2014). Better results were observed in
our previous study where heterozygous tomato rootstocks were
classified solely as resistant rather than as highly resistant in
homozygous plants (Gabriel et al., 2024).

In summary, our findings indicate that the resistance to M.
javanica conferred by the tomato Mi-1.2 gene results in early plant
responses involving both pre-infection mechanisms and HR, which
ultimately prevent the nematode from completing its development
cycle. In addition, we also demonstrated that nematodes virulent to
this resistance gene are able to develop normally on both susceptible
and resistant plants, and induce in both cases feeding sites identical
to those observed in a compatible interaction between a susceptible
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tomato and an avirulent nematode. To our knowledge, this is the
first report of an in-depth histological characterization of a M.
javanica population able to overcome the resistance conferred by
the tomato Mi-1.2 gene. The broad implication of the present
research is that virulent M. javanica populations may represent a
major agronomic risk if widely dispersed in tomato crops. Since the
long-term use of both homozygous and heterozygous resistant crop
genotypes can lead to the emergence of virulent nematode
populations, management of resistance genes in the field is of
utmost importance to promote their durability. In particular,
pyramiding of two different resistance genes in one genotype or
alternating different resistance genes in rotation are strategies that
suppressed or reduced the emergence of virulent RKN isolates, as
demonstrated in sweet pepper (Djian-Caporalino et al., 2014). To
that respect, combining the use Mi-1.2 with other natural RKN
resistance genes that have been identified in tomato (El-Sappah
etal, 2019) is clearly a challenge for the future. In complement, the
association of host resistance to other management practices, such
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as solarization, organic matter, wet fallow, and biological control,
among others, will undoubtedly increase the control of RKN and
consequently the long-term sustainability of tomato production.
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Diversity of microbial, biocontrol
agents and nematode
abundance on a susceptible
Prunus rootstock under

a Meloidogyne root

gradient infection

Ilenia Clavero-Camacho™?, Alba N. Ruiz-Cuenca®?,
Carolina Cantalapiedra-Navarrete®, Pablo Castillo* and
Juan E. Palomares-Rius™

!Institute for Sustainable Agriculture (IAS), Spanish National Research Council (CSIC), Cordoba, Spain,
2Instituto de Estudios de Postgrado, Departamento de Agronomia, Universidad de Cdrdoba,
Cordoba, Spain, *Departament of Animal Plant Biology and Ecology, Universidad de Jaén, Jaén, Spain

Root-knot nematodes (RKNs) of the genus Meloidogyne are one of the most damaging
genera to cultivated woody plants with a worldwide distribution. The knowledge of the
soil and rhizosphere microbiota of almonds infested with Meloidogyne could help to
establish new sustainable and efficient management strategies. However, the soil
microbiota interaction in deciduous woody plants infected with RKNs is scarcely
studied. This research was carried out in six commercial almond groves located in
southern Spain and infested with different levels of Meloidogyne spp. within each grove.
Several parameters were measured: nematode assemblages, levels and biocontrol
agents in Meloidogyne's eggs, levels of specific biocontrol agents in rhizoplane and soil,
levels of bacteria and fungi in rhizoplane and soil, fungal and bacterial communities by
high-throughput sequencing of internal transcribed spacer (ITS), and 16S rRNA gene in
soil and rhizosphere of the susceptible almond hybrid rootstock GF-677 infested with
Meloidogyne spp. The studied almond groves showed soil degradation by nematode
assemblies and fungi:bacterial ratio. Fungal parasites of Meloidogyne eggs were found
in 56.25% of the samples. However, the percentage of parasitized eggs by fungi ranged
from 1% to 8%. Three fungal species were isolated from Meloidogyne eggs, specifically
Pochonia chlamydosporia, Purpureocillium lilacinum, and Trichoderma asperellum.
The diversity and composition of the microbial communities were more affected by the
sample type (soil vs rhizosphere) and by the geographical location of the samples than
by the Meloidogyne density, which could be explained by the vigorous hybrid rootstock
GF-677 and a possible dilution effect. However, the saprotrophic function in the
functional guilds of the fungal ASV was increased in the highly infected roots vs the
low infected roots. These results indicate that the presence of biocontrol agents in
almond fields and the development of new management strategies could increase
their populations to control partially RKN infection levels.
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1 Introduction

Almond (Prunus dulcis) is a representative tree of the
Mediterranean countryside and Spain. In terms of extension, the
area dedicated to almond cultivation in Spain is around 744,000 ha,
with more than 30% of this area located in Andalusia, Southern
Spain (MAPA, 2022). Behind this crop, there is a whole industry of
great economic importance that has led Spain to be the second
largest producer of almonds in the world (FAOSTAT, 2021). In the
last decades, almond consumption has increased worldwide due to
its high nutritional and eating quality. The growing demand for
almonds worldwide has promoted the expansion of intensive
almond groves characterized by a high density of trees per
hectare, irrigation, fertilization, new cultivars and rootstocks from
breeding programs, new pruning systems, and pest and disease
management (Micke, 1996). The key to success of the establishment
of the new intensive almond groves was strongly supported by the
selection of new rootstocks with higher tolerance to iron chlorosis
and greater resistance/tolerance to pests and diseases, and self-
compatible cultivars (Ortega and Dicenta, 2003; Jiménez et al., 2008;
Rubio-Cabetas et al., 2017). Rootstocks play an essential role in the
successful establishment and maintenance of an almond grove, as
tolerance to soil-borne diseases depend upon them. The main soil-
borne pathogens that can compromise tree growth and grove yield,
even causing the death of young trees, include the fungi Armillaria
mellea and Phytophtora spp. and plant-parasitic nematodes (PPNs)
(Nyczepir, 1991; Baumgartner et al., 2011; Browne, 2017). Four
nematode genera have been reported as major diseases causing
severe losses in yield and quality in Prunus spp. grove, specifically
root-knot (Meloidogyne spp.), root-lesion (Pratylenchus spp.),
dagger (Xiphinema spp.), and ring (Criconemoides spp.)
nematodes (Nyczepir, 1991). Rootstock breeding programs have
focused on three species of Meloidogyne (Meloidogyne arenaria,
Meloidogyne incognita, and Meloidogyne javanica) and one of
Pratylenchus (Pratylenchus vulnus), which can become important
limiting factors for this crop in warm environments (Alcaniz et al.,
1996; Pinochet et al., 1996; Esmenjaud et al., 1997).

Focusing on root-knot nematodes (RKNs) (Meloidogyne spp.),
these are obligate plant parasites with a worldwide distribution and
a wide host range (Jones et al., 2013). These nematodes are
sedentary endoparasites characterized by inducing the formation
of galls on the roots of susceptible plants (Moens et al., 2009). The
nematode parasitism causes stunted plant growth, reduced fruit
quality, and lower yields. In the Mediterranean region, the most
widespread RKNs are Meloidogyne arenaria, M. incognita, and M.
javanica, although other species have also been reported affecting
Prunus groves. Specifically, Meloidogyne floridensis (Handoo et al,
2004)), Meloidogyne hispanica (Hirschmann, 1986), and
Meloidogyne morocciensis (Rammah and Hirschmann, 1990) were
described parasitizing peach in Florida, Spain, and Morocco,
respectively. Recently, M. floridensis was reported infecting
almond groves in California (Westphal et al., 2019). As for other
PPN, control methods and management strategies against RKNs
include prevention measures and methods to reduce nematode
population, such as crop rotation, solarization, nematicides,
resistant/tolerant rootstocks, and biological control (Verdejo-
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Lucas and Talavera, 2009). However, some of these methods have
limitations due to the wide host range of most PPN affecting
almond groves and the fact that woody crops remain for decades
in the same field. Moreover, in Spain, there are no authorized
nematicides for use on Prunus crops (MAPA, 2023). To establish a
plantation, resistant rootstocks to RKNs are the most economical,
sustainable, and effective method to manage the most harmful
Meloidogyne spp (Saucet et al, 2016). In Spain, the most
commonly used rootstock is the hybrid GF-677 (Prunus dulcis x
Prunus persica), which adapts well to edaphic and climatic
conditions, although it is susceptible to Meloidogyne spp.
Intensive and high-density plantations are gaining ground
because of the high yields and cost reduction, as well as organic
almond groves, due to growing consumer demand for sustainable
agriculture and food safety. Integrated management based on pest
identification, progress monitoring, and agronomic practices, such
as efficient use of water, cover crops, rootstocks, and biological
control, is essential to ensure high yields and economic and
environmental sustainability of the crop in the long term.

Plants live in close association with the microorganisms that
inhabit the soil, which make up the plant microbiota (Trivedi et al,,
2020). The rhizosphere is a natural reservoir of microorganisms,
some of which can act as biological control agents (BCAs) by
protecting the plant directly or indirectly against pathogens (Kohl
et al,, 2019). Bacteria, collembola, fungi, predatory nematodes, mites,
and protozoans have been reported as BCAs against PPNs, with
bacteria and fungi considered to be the most extended and effective
nematode antagonists (Stirling, 2014). Some genera of rhizospheric
bacteria, such as Pseudomonas, Bacillus, and Pasteuria, have shown
efficacy for PPN control (Chen and Dickson, 1998; Abd-El-Khair
etal, 2019; Migunova and Sasanelli, 2021). Likewise, nematophagous
fungi, such as Arthrobotrys spp., Trichoderma spp., Hirsutella
rhossiliensis, Pochonia chlamydosporia, and Purpureocillium
lilacinum, are well-known BCAs against nematodes (Kiewnick and
Sikora, 2006; Zhang et al., 2006; Singh et al., 2007; Escudero and
Lopez-Llorca, 20125 Pocurull et al, 2020). Additionally, of these
specific BCAs against plant-parasitic nematodes, the rhizospheric
microbiome plays an important role in plant health. Recent studies
have showed that transplanting the rhizospheric microbiome from
one plant to another significantly alleviated M. incognita and
Pratylenchus penetrans infections (Elhady et al, 2018; Zhou et al,
2019). However, many of these interactions were difficult to study
because the majority of the soil microbiota are difficult or impossible
to culture using laboratory methodology. In recent years, massive
parallel sequencing has allowed us to increase our knowledge of the
soil microbiome. Specifically, several studies have analyzed the
occurrence of taxonomic groups of bacteria and fungi, including
BCAs, in nematode-infested soils and different crops, such as potato,
banana, soybean, and tomato (Castillo et al., 2017; Toju and Tanaka,
2019; Zhou et al, 2019; Ciancio et al., 2022). Since intensive
production practices can decrease the occurrence of BCAs,
integrated pest management practices and soil microbiota should
be considered to increase the efficacy and persistence of beneficial
microorganisms (Abd-Elgawad, 2021). Recent studies of the response
of soil microbiota in almond crops under different management

practices showed changes in the microbial community (Ozbolat et al.,
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2023; Camacho-Sanchez et al,, 2023). However, the knowledge of the
microbiota associated with almond crop, as well as the interaction of
Meloidogyne spp. with the almond rhizosphere microbiota and native
BCAs, is still limited. Moreover, the severity of damage caused by
Meloidogyne spp. depends on several factors, including crop, season,
soil type, and initial inoculum density (Jones et al, 2013). Thus,
knowledge of soil and rhizosphere microbiota associated with
almond crops, as well as their interaction with Meloidogyne spp., is
essential to establish sustainable pest management strategies. The
main hypothesis of this research is to know if the increase in root-
knot nematode egg levels (and nodulation-root damage) in roots
changes the soil ecology, including potential Meloidogyne biocontrol
agents, in a susceptible hybrid rootstock in commercial almond
plantations. Specifically, we analyzed soil and rhizosphere microbial
and nematode communities and BCAs associated with the
susceptible Prunus rootstock (GF-677) in a Meloidogyne gradient
infection in almond groves. Therefore, six commercial groves with
different Meloidogyne population densities were selected in order to
(i) characterize fungal and bacterial communities of a hybrid
rootstock (GF-677) using a metabarcoding approach; (ii) determine
the presence of potential indigenous BCAs; (iii) evaluate the effect of
different infection root levels of Meloidogyne on soil (soil close to the
roots), rhizosphere microbiota (soil attached to the roots), and BCAs;
and (iv) compare nematode communities between different levels of
Meloidogyne spp. root infected in different areas of Southern Spain.

2 Materials and methods
2.1 Study area and sample collection

In a previous survey, the PPN community associated with the
rhizosphere of Prunus rootstocks was studied in the main stone-
production areas in Spain (Clavero-Camacho et al., 2022, 2024).
From this study, the groves where selected based on the presence of
Meloidogyne spp. and with different infection levels throughout the
field. Six commercial almond groves in which a Meloidogyne root
gradient infection was detected in that previous study were
considered (all of them in Andalusia, Southern Spain)
(Supplementary Figure 1). These commercial groves are managed
with similar agronomic practices, specifically irrigation, tilling,
herbicide application, and the same rootstock [GF-677,
susceptible Prunus rootstock to Meloidogyne spp (Esmenjaud
et al, 1997)]. To study different Meloidogyne population levels,
two to three samples were collected in each grove resulting in a total
of 16 sampling points (Table 1). Soil and root samples were
collected from the rhizosphere of GF-677 rootstock using a shovel
and considering the upper 5- to 40-cm depth of soil from four to
five trees randomly selected and mixed to constitute a sampling
point in each sampling site. The samples were put into polythene
bags, transported in coolers to the laboratory, and stored at 4°C
until processed. Roots were separated from the soil and divided into
two subsamples, one for the extraction of root-knot nematodes
(Meloidogyne spp.) and the other for rhizosphere microbiota
extraction. Homogenized soil was divided into three subsamples,
one of which was used for the nematode extraction, another for the
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physicochemical properties analysis, and the other was frozen at
-30°C for total DNA extraction directly from soil (soil microbiota).

2.2 Nematode extraction and identification

Total soil nematodes were extracted from 500-cm® subsamples of
soil by the centrifugal-flotation method (Coolen, 1979) and
visualized at x10-x20 or x40-x100 magnification. To assess
nematode density and prevalence, nematodes extracted from soil
were counted and identified at genus level using an integrative
taxonomic approach as described by Clavero-Camacho et al.
(2024). Then, nematodes were classified into five trophic groups
(bacterivores, fungivores, herbivores, omnivores, and predators)
according to Yeates et al. (1993). Prevalence was computed by
dividing the number of samples in which a nematode genus was
detected by the total number of samples and expressed as percentage
(Boag, 1993). For each identified genus, nematode density was
calculated as the number of individuals of a particular nematode
genus per 500 cm® of soil (Boag, 1993). Two ecological indices
[maturity index (MI) for free-living nematodes and plant-parasitic
index (PPI)] and three functional indices [channel index (CI),
enrichment index (EI), and structure index (SI)] were calculated
using the web application Nematode Join Indicator Analysis (NINJA)
(Sieriebriennikov et al., 2014) and analyzed with R software 4.3.1 (R
Core Team, 2023). After identification and counting, the nematode
suspensions were allowed to settle to reduce the volume and frozen at
—-80°C prior to total DNA extraction for detection of target
nematophagous fungi by real-time qPCR.

Regarding RKN, females were collected directly from galled
almond roots, while males, second-stage juveniles (J2), and eggs were
extracted from roots by blender maceration in a 1% sodium
hypochlorite solution (Hussey and Barker, 1973) followed by
centrifugal-flotation method (Coolen, 1979). The molecular
identification of Meloidogyne species was conducted using a
multiplex PCR assay from 10 individuals per sample extracted
separately in different nematode stages (females, males, and
juveniles), which allows the identification of the three most
predominant species, specifically, M. arenaria, M. incognita, and M.
javanica (Kiewnick et al, 2013) and allowed us to detect species
mixtures in the groves. Specifically, multiplex PCR was performed
with species-specific primers as follows: Far (5-TCGGCGATAGA
GGTAAATGAC-3') and Rar (5'-TCGGCGATAGACACTACAACT-
3') (Zijlstra et al,, 2000) for M. arenaria, Mi2F4 (5'-ATGAAGCTAAG
ACTTTGGGCT-3") and MilR1 (5-TCCCGCTACACCCTCAA
CTTC-3") (Kiewnick et al, 2013) for M. incognita, and Fjav (5'-
GGTGCGCGATTGAACTGAGC-3") and Rjav (5'-CAGGCCCTT
CAGTGGAACTATAC-3") (Zijlstra et al., 2000) for M. javanica. The
multiplex PCR cycling profile consisted of 15 min 95°C and 40 cycles of
30 s at 94°C, 1 min at 57°C and 2 min at 68°C, with a final extension
cycle of 9 min at 68°C. Amplifications were carried out in a final
volume of 20 pl using primer concentrations as described by Kiewnick
et al. (2013). RKN density in root was calculated as the number of
individuals of each Meloidogyne species per gram of root. To study the
effect of different infection root levels of Meloidogyne on soil and
rhizosphere microbial communities, RKN density in the roots was
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TABLE 1 Nematode population density (nematodes per gram of root) and prevalence (%) of root-knot nematodes (Meloidogyne spp.) found

parasitizing roots of almond in Andalusia (southern Spain).

Meloidogyne spp./g of root

Almond
groves Locality M. arenaria M. incognita M. javanica
PRI13 1 Cordoba 37.82357778 ~4.88607530 < - 1,209
PRI15 1 Cordoba 37.82357778 ~4.88607530 - - 465
PR25A 2 Carmona (Sevilla) 37.51301330 —5.74003634 - 508 -
PR25B 2 Carmona (Sevilla) 37.51301330 —5.74003634 - 639 -
PR25C 2 Carmona (Sevilla) 37.51301330 —5.74003634 - 303 -
3 Los -
PR61A - 220
Palacios (Sevilla) 37.14548089 -5.86129138
3 L -
PR61C s - 446
Palacios (Sevilla) 37.14548089 —5.86129138
PR74A 4 Marmolejo (Jaén) 38.01327995 —4.19168131 139 139 -
PR77A 4 Marmolejo (Jaén) 38.02284420 —4.20999267 1,113 - -
PR78B 4 Marmolejo (Jaén) 38.02078401 —4.17746518 - 448 448
PROOA 5 Alcala del 24
Rio (Sevilla) 37.51437691 ~5.97160655
PROOB 5 Alcala del 2,052
Rio (Sevilla) 37.51437691 ~5.97160655
PROOE 5 Alcala del 265
Rio (Sevilla) 37.51437691 ~5.97160655
PR231B 6 Alcolea (Cordoba) 37.93704798 —4.659543894 - 4,127 -
PR233A 6 Alcolea (Cordoba) 37.93704798 —4.659543894 - 3,588 -
PR234 6 Alcolea (Cordoba) 3.793968296 —4.652517177 - 449 -
Global
Prevalence® 12.50 62.50 37.5
Density® 626 1,087 744
v (139-1,113) (139-4,127) (24-2,052)

“Prevalence = percentage of samples in which a Meloidogyne spp. was detected with respect to the total number of samples processed.
"Nematode density = mean of nematodes of each species per gram of root in all sampling points where that genus was detected (mean, minimum, and maximum).

€~ Not detected.

categorized into two categories: low (<600 eggs per g of root) and high
(>600 egg per g of root). In addition, Meloidogyne eggs extracted from
roots were used to evaluate fungal egg parasitism.

2.3 Analysis of physicochemical
soil properties

Prior to physicochemical analysis, the rhizosphere soil was air
dried and sieved (2-mm mesh size). These analyses were conducted
by the Agri-food Laboratory from Cordoba (Cordoba, Spain).
Cation exchange capacity (CEC) was determined using the
ammonium saturation method (Bower et al., 1952). The
concentration of calcium (Ca) and magnesium (Mg) was
measured using the titration method (Diehl et al, 1950). The
concentration of sodium (Na) and potassium (K) were
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determined using the flame photometer method (Richards, 1954).
The relative proportion of sand, silt, and clay particles was
determined by the Bouyoucos method (Day, 1965), and these
data were used to estimate texture according to the USDA soil
texture classification. Available phosphorus (P) was measured using
the Olsen method (Olsen, 1954). The carbonate content was
determined by volumetric method (Allison and Moodie, 1965).
Electrical conductivity (EC) and pH of soil were measured in a 1:5
and 1:2.5 soil/water extract, respectively, using a conductivity/pH
meter. The percentage of organic matter (OM) was determined by
potassium dichromate oxidation (Jackson, 1958) and organic
nitrogen content by the Kjeldahl digestion (Bremner, 1965). With
these data, the carbon-to-nitrogen (C:N) ratio was calculated.
Differences of physicochemical measurements between the six
almond groves were tested with ANOVA, followed by Tukey’s
honest significant difference (HSD) at p = 0.05.
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2.4 DNA extraction and quantification

To characterize the fungal and bacterial community associated
with Meloidogyne-infected almond groves, total genomic DNA was
extracted from soil nematodes, soil (soil associated with roots from
rhizosphere), and rhizosphere samples (soil and microbes attached
to roots and extracted using a specific protocol below). All DNA
extractions were performed using DNeasy PowerSoil Pro Kit
(Qiagen) according to the manufacturer’s instructions, except that
soil DNA was extracted from 500 mg instead of 250 mg. Prior to the
rhizosphere DNA extraction, we followed the protocol described by
Aranda et al. (2011) to obtain from roots a suspension that includes
bacteria and fungi from the rhizoplane adhered soil. Subsequently,
3 ml of each rhizosphere suspension was centrifuged at 11,000 rpm
for 4 min and the recovered precipitate was used for rhizosphere
DNA extraction. Total DNA from nematodes with adhering
microorganisms was extracted using DNeasy PowerSoil Pro Kit
(Qiagen) and the FastPrep-24 Instrument (MP Biomedicals, Inc.
France) for 40 s at high speed to efficiently disrupt bacterial and
fungal cells. All DNA samples were quantified using a Qubit
dsDNA HS Assay Kit (Thermo Fisher Scientific) and stored at
—20°C until metabarcoding and real-time qPCR analysis.

2.5 Fungal egg parasitism

To assess the occurrence and isolate Meloidogyne spp. fungal egg
parasites, we used the protocol described by Gine et al. (2016) with
some modifications. Egg masses could not be handpicked because of
the hardness of the woody roots of Prunus. In total, 100 pl of eggs’
suspension extracted as mentioned above were spread onto Petri dishes
(9-cm diameter) that contain a growth-restricted medium (1% agar;
Rose Bengal 50 mg L chloramphenicol, 50 mg LY chlortetracycline,
50 mg L™'; streptomycin, 50 mg L™"; Triton, 50 mg L™"). For each
sample, three replicated Petri dishes were prepared with approximately
1,000 eggs per plate. Petri dishes were incubated at 25°C in darkness,
and parasitism was evaluated after 48 h under a Leica DMil inverted
microscope. In each Petri dish, 100 eggs were randomly selected for
parasitism visual classification, and the number of parasitized eggs
(with fungal hyphae inside) was counted and expressed as percentage
of parasitism. At least 20 parasitized eggs per sampling points were
individually transferred to potato dextrose agar (PDA) to establish pure
cultures. Plates were incubated at 25°C in darkness for 3 to 5 days.
Subsequently, morphological and molecular identification of the
isolates were performed. Fungal isolates were identified by PCR
amplification and sequencing of the ITS region (ITS1-5.8S-ITS2).
Fungal DNA extraction was carried out using i-genomic plant DNA
extraction mini kit (Intron Biotechnology). The ITS1-5.8S-ITS2 rDNA
was amplified using primers ITS5 (5'-GGAAGTAAAAGTC
GTAACAAGG-3') and ITS4 (5-TCCTCCGCTTATTAGATATGC-
3’) (White et al., 1990). The PCR cycling conditions were as follows: 95°
C for 15 min, followed by 35 cycles of 94°C for 30 s, 52°C for 30 s, and
68°C for 1 min, and a final extension cycle of 68°C for 7 min. PCRs
were performed in a final volume of 20 pl, containing 3 pl of 5x HOT
FIREpol Blend Master Mix (Solis Biodyne, Tartu, Estonia), 0.3 uM of
each primer, 2 pl of template DNA, and 13.8 pl of ultrapure water.
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After amplification, PCR products were purified using ExoSAP-IT
(Affimetrix, USB products, Kan-del, Germany) and used for direct
sequencing in both directions. The resulting products were purified and
run in a DNA multi-capillary sequencer (Model 3130XL Genetic
Analyzer; Applied Biosystems, Foster City, CA, USA) using the
BigDye Terminator Sequencing Kit v.3.1 (Applied Biosystems) at the
Stab Vida sequencing facility (Caparica, Portugal). Species
identification was implemented by comparison of DNA sequence
data obtained in this study with those available in the GenBank
database using the basic local alignment search tool (BLAST) at the
National Center for Biotechnology Information (NCBI).

2.6 Identification of target nematophagous
fungi by real-time qPCR

DNA extracted from nematode samples were used to study the
occurrence of target organisms by real-time qPCR. A total of six
nematophagous fungi (NF) belonging to the three main NF groups
(Nordbring-Hertz et al., 2011) and with a different way of nematode
parasitism were screened: nematode-trapping (Arthrobotrys
dactyloides, A. oligospora, and Gamsylella gephyropagum),
endoparasitic (Catenaria sp. and Hirsutella rhossilliensis), and
egg-parasitic fungi (Pupureocillium lilacinum). qPCR assays were
performed with species-specific primers and Tagman probes. All
real-time qPCR assays were performed on an CFX Connect Real
Time PCR System (Bio-Rad Laboratories, Inc.) in hard-shell PCR
plates 96-well, thin well (Bio-Rad Laboratories, Inc.). These target
organisms were detected in independent runs with negative (no
sample) controls in all plates, with three technical repetitions per
sample. Reactions were performed in a final volume of 20 ul and
contained 1x iTaq Universal Probes Supermix (Bio-Rad
Laboratories, Inc.), 300 nM BSA (New England BioLabs, Inc.),
and 2 ng of DNA per reaction. The specific primers and probes used
in this study are shown in Table 2. Primer and probe concentrations
as well as qPCR conditions were as described by Atkins et al. (2005);
Pathak et al. (2012); Campos-Herrera et al. (2019), and Zhang et al.
(2006). Purpureocillium lilacinum and Arthrobotrys dactyloides had
been previously isolated and maintained in pure cultures in PDA
(Difco Laboratories) at 25°C in darkness. Thus, these fungi could be
quantified by real-time qPCR with a standard curve. To do this,
DNA was extracted from these pure cultures with i-genomic plant
DNA extraction mini kit (Intron Biotechnology) and used to
prepare the standard curves. To develop the standard curve, the
DNA was diluted in serial 10-fold dilutions from 0.01 to 107 ng
ul™' concentration. For quantification, individual reactions per
species were carried out including the standard curve (5 points)
and a negative control, each sample per triplicate, following MIQE
guidelines (Bustin et al., 2009). For the rest of the target fungi, only
their occurrence was studied.

2.7 Bacterial and fungal quantification

Soil and rhizosphere associated with rootstock GF-677 were
evaluated for DNA copy number of bacterial/fungi ratio using real-
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TABLE 2 Specific primers and Tagman probes used to detect/quantify nematophagous fungi in nematode samples.

References for primers/probe con-
centration and qPCR conditions

Organism

Sequence primers and probe (5'-3’)

Arthrobotrys dactyloides F: AGGTCGGTTTTGAGCTGGCTTA

R: CCACCCCACCTAGAACAAGTATGT Pathak et al., 2012; Campos-Herrera et al., 2019

P: FAM-ACCCAAGCCGGTTTTAAAGT-MGB
Arthrobotrys oligospora F: CGGTTTGCTGTTGCAGCTTGTT
R: GGTTCACAAAGGGTTTACCAGG Pathak et al., 2012; Campos-Herrera et al., 2019

P: FAM-CTGTCTTCCGGTTGGTAAGC-MGB

Catenaria sp. F: GCCGTGTAGGCAAAAATTCCGACT

R: GCAGCCTGGATTGTTTGATGGCCT Pathak et al., 2012; Campos-Herrera et al., 2019

P: FAM-TGCTCAACGTCACGAGTAAACCAACA-MGB

Hirsutella rhossiliensis F419: TGCGCAGTAGCTCCCAGAG

R480: TTGTTTTACGGCGTGACCG

P442: FAM-TCGCACCGGAAACGCGGAG-TAMRA

Zhang et al., 2006; Campos-Herrera et al., 2019

Gamsylella gephyropagum

F: GTCGTAACAAGGTTTCCGTAGG

R: TTGTAAAATGGGTGCCAGCG

Pathak et al., 2012

P: FAM-CCAAAACATAGCTGTCGGGT-MGB

Purpureocillium lilacinum

PLrtR: AGATCCGTTGTTGAAAGTTTTGATTCATTTGTTTTG

PLrt P: FAM-CCGGCGGAATTTCTTCTCTGAGTTGC-TAMRA

(F, forward primer; R, reverse primer; P, probe).

time qPCR following the bacterial protocol and primer
concentrations of Jorgensen et al. (2012) with the primers 341F
(5'-CCTACGGGNGGCWGCAG-3’) (Herlemann et al., 2011) and
519R (5'-GWATTACCGCGGCKGCTG-3') (Engelbrektson et al.,
2010) in the 16S rRNA and the fungal protocol and primer
concentrations of Thrmark et al. (2012) with the primers gITS7
(5'-GTGAATCATCGAATCTTTG-3’) (Ihrmark et al., 2012) and
ITS4 (5'-TCCTCCGCTTA TTGATATGC-3") (White et al., 1990)
in the ITS2 region. Real-time qPCR assays were conducted in
polypropylene 96-well plates on an CFX Connect Real Time
qPCR System (Bio-Rad Laboratories, Inc.). iQTM SYBR® Green
Supermix (Bio-Rad Laboratories, Inc.) with 5 ng of DNA/reaction
in a final volume of 20 pl. Each sample was quantified in a triplicate
reaction. Control samples without DNA template (NTC) were
included in each plate in triplicate. Bovine serum albumin (BSA)
(New England BioLabs, Inc.) was added at a final concentration of
300 nM to reduce the potential inhibition of humic acids and other
compounds present in soil (Kreader, 1996). Melting curve analysis
of the PCR products was conducted following each assay to confirm
that the fluorescence signal originated from specific PCR products
and not from primer dimers or other artifacts. Standard curves were
constructed using purified PCR products from the 16S rRNA of
Escherichia coli using the primers 8F and 1492R (Turner et al,
1999) and ITS products from Rosellinia necatrix using the primers
ITS1f (Gardes and Bruns, 1993) and ITS4. PCR products were
purified using GeneClean® Turbo Kit (MP Biomedicals), and the
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PLrtF: GACCCAAAACTCTTTTTGCATTACG

Atkins et al., 2005

molecular weight of each purified DNA fragment was calculated
based on the number of bases of the DNA fragment. Estimation of
gene-copy number in each representative purified DNA fragment
was based on the molecular weight in accordance with DNA Copy
Number and Dilution Calculator (ThermoFisher Scientific), with
copy number adjusted in a 10-fold dilution series used to generate
standard curves for real-time experiments. The calibration curves
were linear over eight orders of magnitude (100-10°). Optical data
was visualized and analyzed in CFX Maestro' " Software v. 1.1 (Bio-
Rad Laboratories, Inc.). Differences of fungal:bacterial ratio, ITS and
16S copy numbers between sample type (rhizosphere, soil) and
between Meloidogyne density (low, high) were evaluated (Wilcoxon,
p < 0.05).

2.8 DNA metabarcoding library preparation
and sequencing

Rhizosphere and soil samples were analyzed to study the bacterial
and fungal diversity using a metabarcoding sequencing approach.
DNA metabarcoding analyses were carried out by AllGenetics &
Biology S.L. (La Corufa, Spain) (www.allgenetics.cu). The DNA
extracted from soil and rhizosphere samples was adjusted to 10
ng wl ™" and used to amplify the V3-V4 region of bacterial 165 rRNA
gene and the internal transcribed spacer 2 (ITS2) region of fungi.
The PCR of the 16S rRNA region was carried out with the primers
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341F (5'-CCTACGGGNGGCWGCAG-3") (Herlemann et al,
2011) and 805R (5-GACTACHVGGGTATCTAATCC-3)
(Herlemann et al,, 2011) to amplify a fragment of approximately
420 bp. The primers ITS86F (5-GTGAATCATCGAATCT
TTGAA-3’) (Turenne et al., 1999) and ITS4 (5'-TCCTCC
GCTTATTGATATGC-3") (White et al, 1990) were used to
amplify the complete fungal ITS2 region of approximately 300 bp.
All primers were modified to include Illumina adapters to their 5’
ends. To prevent the amplification of the host Prunus DNA, a
blocking primer was included in the library preparation. The
blocking primer BP_Bakt805R_prunus (5'-CTAATCCCA
TTTGCTCCCCTAGCTTTCGTCT-3’) was previously designed
following the approach of Vestheim and Jarman (2008) with
Prunus sp. chloroplast 16S sequences deposited in GenBank and
using Geneious 11.1.5. Blocking primers were modified with a C3 (3
hydrocarbons) at the 3’ end to prevent elongation of Prunus sp.

For bacteria, PCRs were performed in a final volume of 12.5 pl
containing 1.25 pl of template DNA, 300 nM of the primers, 6 uM
of the blocking primers, 3.25 ul of Supreme NZYTaq 2x Green
Master Mix (NZYTech), and ultrapure water up to 12.5 ul. The PCR
conditions were as follows: 95°C for 5 min, followed by 20 cycles of
95°C for 30 s, 50°C for 45 s, 72°C for 45 s, and a final extension step
at 72°C for 7 min. The oligonucleotide indices that are required for
multiplexing different libraries in the same sequencing pool were
attached in a second amplification step with identical conditions but
only 5 cycles and 60°C as the annealing temperature. A negative
control with water instead of DNA template was included in every
PCR round.

For fungal library preparation, two amplification steps were also
performed. First, amplifications of ITS2 region were carried out in a
final volume of 12.5 pl, containing 3.25 pl of template DNA, 0.5 uM
of each primer, 10 uM of the blocking primers, 3.25 pl of Supreme
NZYTaq 2x Green Master Mix (NZTYech), and ultrapure water up
to 12.5 pl. PCR amplifications consisted of a 5-min denaturation at
95°C, followed by 35 cycles of 30 s at 95°C, 45 s at 49°C, 45 s at 72°C,
and a final extension of 7 min at 72°C. The oligonucleotide indices
that are required for multiplexing different libraries in the same
sequencing pool were attached in a second amplification step with
identical conditions but only 5 cycles and 60°C as the annealing
temperature. Negative control (no template DNA) were included in
all PCRs.

To verify the fungal and bacterial libraries size, the PCR
products were run on 2% agarose gels stained with GreenSafe
(NZYTech). Libraries were purified using the Mag-Bind RXNPure
Plus magnetic beads (Omega Biotek) following the manufacturer’s
instructions. Then, libraries were quantified using a Qubit dsDNA
HS Assay (Thermo Fisher Scientific), and equimolar amounts from
each individual sample were pooled and sequenced in a fraction of a
NovaSeq PE250 flow cell (Illumina) at the AllGenetics and Biology
SL facilities (La Corufa, Spain).

2.9 Sequence processing

The quality of the FASTQ files was checked with the software
FastQC (Andrews, 2010), and the output was summarized with
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MultiQC (Ewels et al., 2016). The tool DADA2 (Callahan et al,,
2016a), implemented in QIIME2 (Bolyen et al., 2019), was used to
trim primers, filter reads according to their quality, denoise using
the parametric error model, merge the forward and reverse reads,
remove the chimeric reads, and cluster the resulting sequences into
amplicon sequence variants (ASVs). In the case of fungi, due to the
high length variability of the ITS2 region, together with the fact that
the sequencing reads were longer than the amplicons, non-
biological DNA (primers or sequencing adapters) could appear at
the ends of the reads. Therefore, Cutadapt (Martin, 2011) was used
to remove primer and/or adapter sequences. After checking the
quality, reads were truncated at position 249 for forward reads, and
at position 240 for reverse reads, for bacteria. In the case of fungi,
reads were truncated at position 248 for forward reads and at
position 249 for reverse reads. After processing the reads with
DADA2, a table with the occurrences of each observed ASV in each
sample was created. The taxonomic assignment of each ASV was
conducted using a pre-trained classifier of the SILVA reference
database (Quast et al., 2012) for bacteria, and the UNITE v8.3
reference database (Abarenkov et al., 2020) for fungi, using, in both
cases, the feature-classifier classify-sklearn approach implemented in
QIIME2 (Bokulich et al., 2018). A final OUT table for each
combination of target region (ITS2 or 16S) and sample type (soil
or rhizosphere) was generated excluding Singletons, eukaryotic
sequences of chloroplast and mitochondrial origin, unidentified
sequences, ASVs occurring at a frequency below 0.01% in each
sample, and sequences assigned only at kingdom level. The final
filtered ASV table was converted into a Biological Observation
Matrix file (.biom) that was imported into R software 4.3.1 (R Core
Team, 2023) using the phyloseq package (v1.44.0) (McMurdie and
Holmes, 2013) for further analyses.

To construct the ASV-based phylogenetic trees, ASV sequences
after the filtering process were aligned using MAFFT (v7.490)
(Katoh and Standley, 2013). The alignment was used to generate
a maximum likelihood tree in IQ-TREE (v2.2.0) (Minh et al., 2020)
with 1,000 ultrafast bootstrap replicates and the SH-like
approximate likelihood ratio test (Guindon et al., 2010). The best-
fit models were selected by jModelTest (Darriba et al, 2012)
according to the Bayesian information criterion (BIC). The model
for the bacterial ASVs was GTR+F+I+G4 and for the fungal ASVs
was GTR+F+G4, the GTR model with base frequencies empirically
computed from the MSA (+F), with invariant sites allowed, with
four categories of site-rate heterogeneity under the Gamma mode.
Subsequently, phylogenetic trees were rooted at their midpoint
using the midpoint.root function in the phytools R package
(v1.9.16) (Revell, 2012).

Finally, we synthesized all data generated (ASV table, taxonomy
table, phylogenetic tree, and sample data) into one phyloseq object
for bacterial ASVs and another object for fungal ASVs, in R using
the phyloseq package. The sample data set included sample
information, such as locality, sample type (soil or rhizosphere),
fungal:bacterial ratios, soil physicochemical properties, and
abundance data of the identified nematode genera.

Data processing was done in AllGenetics & Biology S.L. (La
Coruna, Spain) and the supercomputing platform in High
Performance Computing Cluster provided by the Centro
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Informatico Cientifico de Andalucia, Junta de Andalucia. The
original raw sequences have been deposited in the NCBI SRA
archive (Bioproject: PRJNA993485).

2.10 Fungal and bacterial diversity

After taxonomic assignment of each ASV, we checked that all
ASVs were assigned to phylum level and applied prevalence filtering
(Callahan et al,, 2016b). First, we determined the prevalence, i.e., the
fraction of total samples in which an ASV was observed, and
defined a prevalence threshold of 6.25% to retain phyla detected
in at least two of the samples analyzed. We also removed ASVs for
which no class could be assigned. Subsequently, analyses of the
composition, diversity, and functions of the microbial communities
were performed using R software version 4.3.1.

To explore the composition of the fungal and bacterial
communities in soil and rhizosphere, bar plots were generated
using the microbiome package (1.22.0) (Lahti and Shetty, 2012-
2019) to show all phyla, orders, and families with >1% relative
abundances, while phyla, orders, and families with <1% relative
abundance were grouped as “other.” Alpha diversity measurements,
including the number of observed ASVs, Shannon diversity index,
and Faith phylogenetic diversity, were calculated using the packages
phyloseq (1.44.0) and picante (1.8.2) (Kembel et al., 2010). Statistical
significance of differences in diversity estimates in soil and
rhizosphere were tested by Wilcoxon rank-sum tests, and data
were not transformed. Principal coordinate analysis of Bray-Curtis
and weighted Unifrac distance matrices were used to evaluated
differences among microbial communities according to sample type
(soil or rhizosphere). To understand the relationship between
fungal and bacterial communities in rhizosphere and soil, PCoA
plots were generated using the ordinate and plot_ordination
functions in phyloseq, and data were not transformed. To test the
effect of sample type in community composition, Bray—-Curtis and
weighted Unifrac distance matrices were subject to permutational
analysis of variance (PERMANOVA) with 999 random
permutations using the adonis2 function within the vegan
package (2.6.4) (Oksanen et al,, 2007). We chose this statistical
analysis because it is a powerful statistical technique to detect
changes in community structure (Anderson and Walsh, 2013).
Analysis of the homogeneity of variance among sample type
groups was performed using the betadisper function in the vegan
package. According to the relative abundance of genera in the
fungal and bacterial community compositions, the top ranked 25
genera were selected to construct a clustering heatmap. Heatmaps
were performed using the microbiomeutilities package (1.0.17)
(Shetty and Lahti, 2023).

The linear discriminant analysis effect size (LEfSe) algorithm
(Segata et al.,, 2011) was carried out to identify taxa, at genus level or
above, that significantly differed between low and high Meloidogyne
densities in roots. Rhizosphere and soil samples were analyzed
separately. Analyses were performed using the lefser package
(1.10.1) (Khleborodova, 2023). The threshold for the logarithmic
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linear discriminant analysis (LDA) score was set at 2.0 and the
Wilcoxon p-value at 0.05. Results with p < 0.05 between groups
were considered statistically significant and represented in bar plots.

The ecological guild information was extracted for each fungal
ASV based on their taxonomic assignment using the FUNGuild
database (Nguyen et al, 2016) with the FUNGuildR package
(0.2.0.9) (Furneaux and Song, 2021). The assignments classified as
“probable” and “highly probable” in the confidence ranking were
selected and grouped into eight categories based on trophic groups and
guilds: animal pathogen, arbuscular mycorrhizal, ectomycorrhizal,
endophyte, endophyte-plant pathogen, fungal parasite, plant
pathogen, and saprotroph. Regarding the functional analysis of
bacterial communities, the software PICRUSt2 (Douglas et al., 2020)
was used to perform functional predictions based on 16S rRNA gene
sequencing data. Predicted Kegg Ortholog (KO) abundance data was
imported into R and converted to KEGG pathway abundances using
the ggpicrust2 package (1.7.3) (Yang et al,, 2023). Then, a differential
abundance analysis was performed using the ALDEx2 method to
determine if microbial communities in soil and rhizosphere samples
from almond groves with low Meloidogyne densities in roots differed
functionally from samples with high Meloidogyne densities in the
roots. The KEGG pathways were also mapped to primary and
secondary pathways. The primary pathways were classified into six
fundamental metabolic categories: cellular processes, environmental
information processing, genetic information processing, human
diseases, metabolism, and organismal systems.

3 Results

3.1 Nematode community assessment and
ecological analysis

A total of 41 nematode genera belonging to 27 families were
identified in the rhizosphere of the six commercial almond groves
studied (16 samples). The total prevalence and density of these genera
are shown in Supplementary Figure 2 and Supplementary Table 1.
Nematodes reported in this study belong to five trophic groups, with
bacterivores and herbivores being the most diverse, both with 13 genera,
followed by fungivores and predators both with 7 genera, and
omnivores with only 1 genus. Bacterivores and herbivores were the
most abundant trophic groups, followed by fungivores. Specifically, in
four of the six almond groves, herbivores were the most abundant, and
in the remaining two groves, bacterivores were the most abundant
(Figure 1). Besides Meloidogyne spp., 12 other genera of PPNs
(herbivores) were found in almond rhizosphere, including
Paratylenchus, Pratylenchus, and Xiphinema. From these 12 genera,
Paratylenchus was the most prevalent, found in 62.5% of the samples,
followed by Helicotylenchus, Merlinius and Tylenchorhynchus, all three
in 31.25% of the samples. Within bacterivores, Cephalobus,
Mesorhabditis, Chiloplacus, Acrobeles, and Stegelletina were the most
widespread genera, detected in 81.25%, 75.00%, 62.50%, and 56.25% of
the samples, respectively. Regarding fungivores, Filenchus,
Aphelenchoides, and Aphelenchus were the most prevalent, which
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were identified in 87.50%, 75.00%, and 56.25% of the samples,
respectively. Although Aporcelaimus, Discolaimus, and Aporcelaimellus
were present in 56.25%, 31.25%, and 25.00% of the samples, predators,
along with omnivores, were the least abundant trophic groups.

The MI and PPI are indicators of the ecological successional
status of a soil community. The MI varied from 2.36 to 1.88. No
differences (p > 0.05) were found between localities (Supplementary
Figure 3A). Likewise, PPI did not show significant differences
between localities, with values ranging from 3.16 to 2.5
(Supplementary Figure 3B). For the CI, significant differences
were observed between the commercial almond groves located in
Carmona and Los Palacios. The CI, indicators of organic matter
decomposition mediated by fungi, ranged from 100% (in Carmona)
to 17.78% (in Los Palacios) (Supplementary Figure 3C). Neither SI,
indicator of soil food web complexity, nor the EI, indicator of
organic matter decomposition mediated by bacteria, significantly
changed between localities. The EI and SI are descriptors of food
web condition; a diagram representing these indices classified soils
as maturing, disturbed, and degraded. The majority of the soil
samples were in the disturbed N-enriched quadrant (n = 6) and
degraded-depleted quadrant (n = 6) and the other samples in the
4) (Figure 2A). Only all
sampling points were in the quadrant degraded and depleted

maturing N-enriched quadrant (n =
Carmona field, and all points of Cordoba field were in the
disturbed and N-enriched quadrant. Sample distribution in this
graph was not associated to Meloidogyne density in roots
(Figure 2B). Additionally, MI, PPI, and CI were not statistically
different among the low and high Meloidogyne densities in roots
(Supplementary Figure 4).

10.3389/fpls.2024.1386535

3.2 Physicochemical soil properties

The commercial almond groves showed statistically significant
differences in several of the soil physicochemical properties studied
(Supplementary Table 2). Soil pH, cation exchange capacity, as well
as concentration of calcium, magnesium, potassium, and sodium,
were lower in the samples located in Carmona (PR25A-PR25C)
than the other sampling groves. Specifically, the soil pH in Carmona
was 5.6, while in the rest of the samples, the pH was approximately
8.6. The percentage of organic matter (OM), phosphorous content
(P), and carbon to nitrogen (C:N) ratio were similar in the six
groves (Supplementary Table 2).

3.3 Egg-parasitic fungi isolated against
Meloidogyne spp.

After spreading eggs extracted from almond roots in Petri dishes
containing a growth-restricting medium, fungal parasites of
Meloidogyne eggs were found in 56.25% of the samples (Table 3).
The percentage of parasitized eggs by fungi ranged from 1% to 8%.
Three fungal species were isolated from Meloidogyne eggs, specifically
Pochonia chlamydosporia, Purpureocillium lilacinum, and Trichoderma
asperellum (Figure 3). All sequences obtained for these species matched
well with the accessions from the same species deposited in GenBank,
showing 99%-100% similarity. In addition, the morphology of these
fungal isolates agreed with that described in literature (Samson, 1974;
Samuels, 1996; Evans and Kirk, 2017). The most frequent fungal
species isolated was P. chlamydosporia, which was found in three of
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the six commercial almond groves, specifically in Alcala del Rio,
Carmona, and Marmolejo, while P. lilacinum and T. asperellum were
only isolated in one grove, both in Carmona. In this study, five P.
chlamydosporia sequences, four P. lilacinum sequences, and seven T.
asperellum sequences were deposited in the GenBank database
(OR801652-OR801667).

3.4 Fungal and bacterial quantification by
real-time qPCR

The microbial communities were quantified by real-time gPCR
of the 16S rRNA gene and ITS region. Total bacteria were
quantitatively similar between rhizosphere and soil samples, with
a mean abundance of 1,153,500 + 453,021 and 1,306,000 + 460,084
16S rRNA gene copies per 1 ng of DNA, respectively, while the
fungal ITS gene copy numbers were significantly higher in
rhizosphere samples (54,213 + 46,634) than in soil samples
(12,266 + 11,226). Likewise, the fungal:bacterial ratio showed a
similar trend; rhizosphere samples had a significantly higher ratio
than soil samples (Supplementary Figure 5). No significant
differences were found when comparing fungal and bacterial

quantification data between low and high Meloidogyne densities
(p > 0.05) (Supplementary Figure 5).

3.5 Detection of nematophagous fungi by
real-time qPCR

Four of the six nematophagous fungi screened were detected in
the nematode samples by real-time qPCR as follows: Arthrobotrys
dactyloides, A. oligospora, Catenaria sp,. and Purpureocillium
lilacinum (Table 3). Purpureocillium lilacinum was the most
widespread nematophagous fungi, detected in 15 of the 16
sampling points. Arthrobotrys dactyloides was detected in three
sampling sites, in three different almond groves, while A. oligospora
was detected in two sampling points in the same almond grove.
Catenaria sp. was detected only in one sample.

3.6 Metabarcoding analyses

Rarefaction curves of ITS region and 16S rRNA sequencing for
all samples were constructed to assess species richness and

TABLE 3 Percentage of parasitized eggs of Meloidogyne spp. and samples in which target nematophagous fungi were detected by real-time qPCR.

Fungal egg
parasitism (%)

Locality

PR13 1
PR15 1
PR25A 2
PR25B 2
PR25C 2

Cordoba
Cordoba
Carmona (Sevilla)
Carmona (Sevilla)

Carmona (Sevilla)

Arthrobotrys  Arthrobotrys = Catenaria = Purpureocillium
oligospora dactyloides sp. lilacinum
- _ +
- +° + +
- - - +
- - - +
- - - +
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TABLE 3 Continued

10.3389/fpls.2024.1386535

Locality ja g Artljrobotrys Arthrobc_)trys Catenaria Purp_urepcillium
parasitism (%) oligospora dactyloides sp. lilacinum
PR61A 3 Los Palacios (Sevilla) + - - +
PR61C 3 Los Palacios (Sevilla) + - - +
PR74A 4 Marmolejo (Jaén) - - - +
PR77A 4 Marmolejo (Jaén) - - - +
PR78B 4 Marmolejo (Jaén) - - - _
PR90A 5 Alcala del Rio (Sevilla) - + - +
PR90B 5 Alcala del Rio (Sevilla) - - - +
PRIOE 5 Alcala del Rio (Sevilla) - - - +
PR231B 6 Alcolea (Cordoba) - - - +
PR233A 6 Alcolea (Cordoba) 0 - - - +
PR234 6 Alcolea (Cordoba) 0 - + - +

“—: Not detected.
°1: Detected.

estimated the sequencing depth (Supplementary Figure 6).
Rarefaction analysis of 16S rRNA sequences showed that two
rhizospheric samples, PR74Ar and PR78Br, did not reach the
plateau in species richness (Supplementary Figure 6C) and were
therefore removed from the ASV table. A total of 1,932,009 and
3,091,470 reads remained for the fungal and bacterial libraries,
respectively. For fungal data set, the number of sequences in each
sample ranged from 14,709 to 116,075, with an average of 60,375

FIGURE 3

Morphological characteristics of Pochonia chlamydosporia (A), Purpureocillium lilacinum (B), and Trichoderma asperellum (C) colonies on PDA and

Meloidogyne eggs parasitized by these fungi.
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(standard deviation, s.d.: 22,081). After the quality and prevalence
filtering steps, a total of 1,194 ASVs for ITS and 8,644 ASVs for 16S
were obtained. For the bacterial data set, the number of sequences in
each sample ranged from 19,051 to 206,974, with an average of
103,049 (s.d.: 28,813).

The 1,194 fungal ASV's were assigned to 13 phyla, 35 classes, 80
orders, 162 families, 301 genera, and 377 species. Ascomycota was
the most abundant phylum with a relative abundance of 81.44% and
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88.25% in rhizosphere and soil samples, respectively. Basidiomycota
was the second phylum most abundant in both rhizosphere
(16.31%) and soil (10.06%) samples, while the remaining 11 phyla
together accounted for less than 3% of the relative abundance
(Figure 4A). At the order level, eight orders accounted for almost
90% of the relative abundance, with Hypocreales being the most
abundant in both rhizosphere (54.10%) and soil (51.70%)
(Figure 4B). In the rhizosphere, the next seven most abundant
orders were as follows: Agaricales (6.72%), Capnodiales (6.63%),
Polyporales (4.29%), Sordariales (3.57%), Branch06 (3.43%),
Pleosporales (3.34%), and Eurotiales (2.29%), whereas in soil, the
next seven most abundant orders were as follows: Sordariales
(10.02%), Capnodiales (8.03%), Agaricales (5.60%), Pleosporales
(4.96%), Eurotiales (4.16), Glomerellales (3.23%), and Tremellales
(1.70%). In both rhizosphere and soil samples, Nectriaceae was the
most dominant fungal family with a relative abundance of 36.43%
and 37.65%, respectively (Figure 4C). In soil, Chaetomiaceae
(8.17%) and Cladosporiaceae (6.56%) were the second and third
most abundant families, although the relative abundance of both
families decreased in the rhizosphere to 2.31% and 5.04%,
respectively. In contrast, the relative abundance of Bionectriaceae
increased from 3.30% in the soil to 6.41% in rhizosphere
samples (Figure 4C).

Regarding bacterial community composition, the 8,644 ASVs
were assigned to 36 phyla, 93 classes, 216 orders, 334 families, 609
genera, and 370 species. In both sample types, Proteobacteria and
Actinobacteriota were the most abundant phyla (Figure 4D).
However, the relative abundance of Proteobacteria was higher in
the rhizosphere (58.04%) than in the soil (27.94%) in contrast with
Actinobacteriota, whose relative abundance was lower in
rhizosphere samples (12.47%) than in soil samples (21.06%). Both
phyla accounted for around 70% of the relative abundance in the
rhizosphere. Firmicutes and Acidobacteriota were the third and
fourth most abundant phyla in the soil; however, their relative
abundance decreased in the rhizosphere from 12.05% to 1.99%, and
from 10.17% to 4.50%, respectively (Figure 4D). In the rhizosphere,
Sphingomonadales (11.91%), Rhizobiales (11.63%), and
Burkholderiales (9.82%) were the most abundant orders. While
the three most abundant orders in soil samples were as follows:
Bacillales (9.58%), Gemmatimonadales (6.67%), and Rhizobiales
(6.61%) (Figure 4E). At the family level, Sphingomonadaceae
(11.96%) was the most abundant family in rhizosphere samples,
followed by Steroidobacteraceae (5.65%), Rhizobiaceae (4.65%),
Chitinophagaceae (4.35%), and Comamonadaceae (4.23%). In
contrast, these families showed a relative abundance of less than
2% in the soil (Figure 4F). In the soil, the most abundant families
were as follows: Bacillaceae (8.63%), Gemmatimonadaceae (6.71%),
Rubrobacteriaceae (2.25%), Nitrosomonadaceae (2.21%), and
Microscillaceae (2.17%) (Figure 4F). In both soil and rhizosphere,
most orders and families showed a relative abundance of less than
1%, so these were merged into the “other” category for graphical
representation of fungal and bacterial community composition.

Fungal and bacterial alpha diversity, including observed ASVs,
Shannon diversity, and Faith’s phylogenetic diversity (Faith’s PD)
indices, decreased significantly (p < 0.05) in rhizosphere samples
compared to soil samples (Figure 5). Rhizosphere samples have
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significant lower fungal species richness (142 + 60.64) than soil
samples (229 + 64.17) measured by the observed number of ASVs.
Likewise, fungal community diversity, measured by Shannon index
and Faith’s PD, decreased in the rhizosphere. Shannon diversity
index for fungi in rhizosphere samples ranged from 1.19 to 4.27
(average 2.87 + 0.85), while in soil samples, this index ranged from
2.11 to 4.31 (average 3.43 + 0.59). Faith’s PD ranged from 11.59 to
48.94 (average 30.82 * 10.49) in rhizosphere samples, and in soil
samples, this index ranged from 21.74 to 61.62 (average 42.20 +
8.94) (Figure 5A). Regarding bacterial community diversity, it was
observed that rhizosphere samples have lower bacterial diversity
than soil samples (Figure 5B). For the Shannon diversity index, the
value of rhizosphere samples (5.88 + 0.77) was lower than that of
soil samples (6.72 + 0.42). Likewise, Faith’s PD was lower in
rhizosphere samples (171 + 42.23) than in soil samples (214 +
35.26). Additionally, rhizosphere samples (171 + 72) have lower
bacterial species richness than soil samples (1,581 + 339). Statistical
comparison between low and high Meloidogyne densities in soil and
rhizosphere samples showed no difference in any of the alpha
diversity indices studied (Supplementary Figure 7).

The Bray-Curtis and weighted Unifrac distances between
rhizosphere and soil samples were visualized with a principal
coordinate analysis (PCoA) (Figure 6). Bray-Curtis based on
PCoA showed that fungal communities were grouped according
to the type of sample (Figure 6A). However, the phylogenetic
diversity of the rhizosphere fungal community was not
statistically different from that of the soil fungal community.
UniFrac-based PCoA showed that the rhizosphere and soil fungal
communities overlapped (Figure 6B). Considering weighted
UniFrac distance and Bray-Curtis dissimilarity, PCoA analyses
showed a separate cluster between rhizosphere bacterial
community and soil bacterial community (Figures 6C, D).

The top 25 fungal and bacterial genera with the highest relative
abundance were shown in the heatmaps (Figure 7) to identify
similarity and differences between microbial communities
according to sample type and Meloidogyne densities. With respect
to fungi, Fusarium, Cladosporium, and Neocosmospora were the most
relatively abundant genera. Rhizosphere fungal communities were
not observed to form two different clusters between rhizosphere and
soil samples (Figure 7A). Regarding bacteria, Bacillus and
Steroidobacter were the most relatively abundant bacterial genera.
Hierarchical clustering showed that rhizosphere samples tended to
cluster together, separating the rhizosphere bacterial community
from the soil community, with the exception of Carmona samples
(field PR25) (Figure 7B). Some bacterial genera, such as
Novosphingobium, Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, and Sphingomonas, showed a higher relative abundance
in rhizosphere samples than in soil samples, whereas other bacterial
genera had a lower relative abundance in rhizosphere samples than in
soil samples, including Skermanella, JG30-KF-CM45, Rubrobacter,
MB-A2-108, Gaiella, Vicinamibacteraceae, RB41, bacteriap25, and
MNDI. The genera Acidocella and Burkholderia-Caballeronia—
Paraburkholderia are clearly associated with acidic soil in Carmona
(field PR25).

To identify fungal and bacterial taxa associated with Meloidogyne
densities, LEfSe analyses were conducted. Different fungal and
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Fungal and bacterial community composition. Relative abundances of fungal phyla (A), orders (B), and families (C) pooled by sample type (soil and

rhizosphere). Relative abundances of bacterial phyla (D), orders (E), and families (F) grouped by sample type (soil and rhizosphere). Phyla, orders, and
families with a relative abundance greater than 1% are shown, while those with a relative abundance less than 1% are merged as “others.”.

bacterial taxa were detected characterizing samples with low and high
Meloidogyne density depending on the type of sample, rhizosphere, or

samples with low Meloidogyne densities, whereas one genus
(Cephaliophora) and one order (Tremellales) were significantly
soil. In the rhizosphere, no fungal taxon was selected as differentially ~ more abundant in samples with high Meloidogyne densities
abundant between samples with low and high Meloidogyne  (Supplementary Figure 8A). The rhizosphere of samples with low
densities. In soil samples, two fungal genera (Mycosphaerella and  Meloidogyne densities was characterized by the predominance of five

Sporobolomyces) and one class (Sordariomycetes) were enriched in  bacterial genera (Arthrobacter, PAUC26f, Planctomycetales, Tagaea,
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Alpha diversity. Box plots illustrating the differences in the three metrics of alpha diversity (observed ASVs, Shannon diversity index, and Faith’s
phylogenetic diversity index) of the fungal (A) and bacterial (B) communities between soil and rhizosphere samples. Wilcoxon rank-sum tests
between soil and rhizosphere samples are shown. All comparisons were statistically significant by Wilcoxon rank-sum tests (p < 0.05).

and Virgisporangium) and one family (Xanthomonadaceae), while
three bacterial genera (Aestuariicella, Cellvibrio, and Prosthecobacter)
were enriched in the rhizosphere of samples with high Meloidogyne
density (Supplementary Figure 8B). Finally, only two bacterial genera
(Clostridium sensu stricto 8 and Nitrososphaeraceae) were identified as
predominant in soil samples with low Meloidogyne density, whereas
the soil of samples with high Meloidogyne density was characterized by
the abundance of seven bacterial genera (Dyadobacter, Fluviicola, Niabella,

Frontiers in Plant Science

Permianibacter, Polyangium brachysporum group, Promicromonospora,
and Pseudogulbenkiania) (Supplementary Figure 8C).

The nematophagous fungi detected by real-time qPCR and
isolated from Meloidogyne eggs (Table 3) were compared with those
identified by high-throughput sequencing (Supplementary Figure 9).
Arthrobotrys dactyloides, A. oligospora, Catenaria sp., and P. lilacinum
were detected in the same samples by both real-time qPCR and
metabarcoding. Purpureocillium lilacinum and Pochonia
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distance beta diversity measure for fungal communities was not statistically significant (p = 0.233 by PERMANOVA). Both beta diversity measures for
bacterial communities were statistically significant (p = 0.001 by PERMANOVA).

chlamydosporia were isolated from Meloidogyne eggs in one and three
almond groves, respectively, although both species were detected in all
almond groves by metabarcoding, such as Trichoderma asperellum,
which was identified parasitizing Meloidogyne eggs in one almond
grove, but it was detected in three groves by metabarcoding. It should
be noted that T. asperellum was isolated from Meloidogyne eggs in the
almond grove where a higher abundance of reads assigned to this
species was detected, while the other two almond groves where this
species was detected by metabarcoding showed a lower abundance of
reads (Supplementary Figure 9).

3.7 Functional analyses

A total of 830 fungal ASVs (69.51% of the total filtered ASVs)
were assigned to any guild and trophic mode. After excluding
assignments with a confidence of “possible,” 565 ASVs (47.32% of
the total filtered ASV's) were considered. These ASV's were assigned
to seven trophic modes and 42 guilds, which were merged into eight
fungal functional guilds: animal pathogen, arbuscular mycorrhiza,
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ectomycorrhiza, endophyte, endophyte-plant pathogen, fungal
parasite, plant pathogen, and saprotroph. Among the eight guilds
defined here, most fungi were classified into the saprotroph guild,
indicating a higher ecosystem function related to decomposition
(Figure 8). Saprotrophs were the most abundant guild with a
relative abundance from 17.37% to 95.49% (average 55.46%),
followed by endophytes (relative abundance from 0% to 48.35%,
average 13.87%), plant pathogens (relative abundance from 0.09%
to 52.31%, average 10.63%), endophyte-plant pathogens (relative
abundance from 0.07% to 25.52%, average 8.27%), and animal
pathogens (relative abundance from 0.09% to 30.58%, average
14.51%), while fungal parasites, ectomycorrhizae, and arbuscular
mycorrhizae were found in low frequency, with relative abundances
of 0%-18.09% (average 3.97%), 0%-10.94% (average 1.07%), and
0%-4.82% (average 0.48%), respectively. Saprotrophs showed an
increasing trend with Meloidogyne density. The relative abundance
of saprotrophs was higher in samples with high Meloidogyne
densities, whereas plant pathogens and endophyte-plant
pathogens showed higher relative abundance in samples with low

Meloidogyne density (Figure 8).
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abundance of each taxon across all samples.

Functional gene annotations predicted by PICRUSt2 identified
a total of six primary pathways and 41 secondary pathways. The
relative abundance of KEGG primary pathways are shown in
Supplementary Figure 10, which illustrates that the predicted
functions at all samples were dominated by metabolism-related
pathways. Specifically, metabolism-related pathways exhibited a
relative abundance from 68.53% to 71.08% (average 70.01%). In
particular, within the primary metabolism-related pathway,
carbohydrates and amino acid metabolism pathways were the
dominant secondary pathways. The second and third most
abundant primary pathways were those related to genetic
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Heatmap of relative abundance (log;o transformed) of the 25 most abundant taxa at the genus level of fungal (A) and bacterial (B) microbiota
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information processing (relative abundance from 11.93% to
14.76%, average 13.43%) and environmental information
processing (relative abundance from 8.79% to 10.77%, average
9.82%), while pathways related to cellular processes (relative
abundance from 3.45% to 4.63%, average 3.87%), human diseases
(relative abundance from 1.30% to 2.25%, average 1.69%), and
organismal systems (relative abundance from 1.12% to 1.27%,
average 1.18%) accounted less than 10% of relative abundance.
No trend was observed in the relative abundance of the bacterial
functional predictions with respect to Meloidogyne density levels
(low-high). The differential abundance analysis performed with
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the ggpicrust2 package revealed no statistically significant
differences (p > 0.05) in KEGG pathways between low and high
Meloidogyne densities.

4 Discussion

Control methods and management strategies against RKNs
include prevention measures, methods to reduce nematode
populations, such as crop rotation, solarization, nematicides,
resistant/tolerant rootstocks, and biological control. Knowledge of
soil and rhizosphere microbiota associated with almond crops, as
well as their interactions with Meloidogyne spp., is essential to
stablish new sustainable pest management strategies. Only a few
researches are trying to understand the relationships of soil and root
microorganisms (bacterial and fungi) with Meloidogyne plant
infection from different point of views, such as temporal
(Yergaliyev et al., 2020), nematode density (Zhou et al., 2019; Lu
et al., 2023), and microbiomes in the root, soil, and nematode (Cao
et al,, 2015; Tian et al., 2015; Toju and Tanaka, 2019; Lamelas et al.,
2020; Masson et al., 2020; Yergaliyev et al., 2020). Yergaliyev et al.
(2020) found that bacterial gall communities differed from root
segments lacking the gall in eggplant, and this structure is
maintained throughout the crop season. These bacteria were
modulated in connection with root structure modifications,
polysaccharide metabolism, and chitin metabolism (Yergaliyev
et al,, 2020). Bacteria in the gall are often found in hypotoxic and
anaerobic environments, and this could lead to infective juveniles to

10.3389/fpls.2024.1386535

select uninfected root regions (Yergaliyev et al., 2020). The diversity
of the rhizospheric bacteria gradually changed with the increasing
severity of RKN infection in tobacco plants (Lu et al, 2023).
However, all of these studies are based on herbaceous plants
(many of them using tomato). This research provides some new
insights into the Meloidogyne and plant relationships in mature
deciduous woody trees (almond grafted into the hybrid rootstock
GF-677) with different levels of Meloidogyne density in roots and
their interaction with soil microbiota, which has not been explored
to our knowledge. Deciduous woody trees have some different
ecological traits vs horticultural crops, such as negligent root
growth during a period of time (winter) and pushes of root
growth during spring and summer. Additionally, rootstocks are
classified by vigor, and the main susceptible hybrid rootstock used
in Spain (GF-677) is classified as vigorous. The holistic point of this
paper (soil nematode, fungal and bacterial soil and rhizosphere
densities, bacterial and fungi diversity, and percentage of different
taxa using metabarcoding, specific real-time qPCR to detect and
quantify biocontrol agents in soil nematodes and parasitism
levels in eggs of our samples) gives data and cues about the
processes occurring in the rhizosphere and soil niches among
different microorganisms.

Our selected almond groves showed soil degradation in the
majority of sampling points based on the data obtained analyzing
the nematode communities. Nematodes represent several trophic
groups, fulfill important roles in ecosystem processes, and respond
rapidly to environmental disturbance with good ecological indices
for their analysis (Neher, 2001; Du Preez et al., 2022). In this sense,
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the densities of predatory nematodes were not related with the
levels of Meloidogyne in soil or in the roots. This could be related to
more susceptibility to these K-strategist nematodes with a longer
generation time of months, producing few but large eggs, and they
cannot rapidly respond numerically to new food resources (Bongers
and Bongers, 1998). In this case, the soil movement in the grove to
create flattening and grooves and the intensification of the almond
crop with irrigation and high amounts of fertilizers and chemicals
through drip irrigation for several years (during the tree life) could
change the soil ecosystem for these sensitive microorganisms and
other microbes in the soil (i.e., BCAs). Additionally, the biocontrol
effects in perennial crops must be maintained during long periods of
time, and in some cases, these crops have deeper root distribution
than annuals, which means that BCAs need to operate deeper
complicating the action of some biocontrol agents (Stirling, 2014).
In this sense, the levels of fungal parasites of Meloidogyne eggs were
found in a good prevalence (56.25% of the samples), but in a low
incidence parasitizing eggs in the roots (from 1% to 8%). This low
level of egg infections has been related with the size of the gall and
the root infection levels, in which bigger galls creates a more
protected environment for eggs in the egg mass than in smaller
galls with more exposed egg masses to the soil (Kerry, 2000), or the
depth at which the Prunus rootstock roots are found maybe are not
coupled with these biocontrol agent’s requirements. Additionally, in
all groves, the drip irrigation is the way to irrigate and fertilize
plants and where high concentrations of chemicals could be found,
which could affect the establishment of these biocontrol agents. In
some fewer intensive crops in the area of study, such as olive, the
irrigation increased the abundance (not the presence) of P.
lilacinum and Hirsutella rhossiliensis (Campos-Herrera et al,
2022). Stirling et al. (1979) found that Dactylella oviparasitica
controlled the infection of Meloidogyne spp. in the rootstock
Lovell in California. In our sampling, the fungal egg parasitism
was conducted by P. chlamydosporia, P. lilacinum, and Trichoderma
asperellum. The most frequent fungal species isolated was P.
chlamydosporia, which was found in three of the six (50%)
commercial almond groves. Surprisingly, even with the prevalence
of P. lilacinum in all sampled fields and at different Meloidogyne
levels detected by real-time qPCR in the extracted soil nematodes,
the controlling effect in Prunus rootstock-embedded Meloidogyne
egg masses was low. Pupureocillium lilacinum has been effective
using 7.5 x 10%> or 1 x 10* chlamydospores gram of soil in pot
experiments from a strain isolated in peach against an inoculum of
second-stage juveniles of M. javanica (Saced et al., 2023). We could
suggest that P. lilacinum did not colonize the Prunus trees, or other
consortia of microorganisms reduce the ability to infect egg masses
and nematodes. As mentioned before, the position of the egg masses
in woody plants could differ and reduce the penetration efficacy.
Ratios between fungi and bacteria are also showing a bacterial-
dominated environment in Prunus groves managed conventionally,
with the exception of Carmona grove, which has a very low pH and
high levels of sand, which could induce the presence of a more
dominating fungi environment.

According to the nematode community analysis, most of the
soils sampled were classified as disturbed or degraded soils. Another
measure that can be used as indicator of soil status is the fungal:
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bacterial ratio. The low fungal:bacterial ratio of our samples
(ranging from 0.0034 to 0.092) would also indicate the low soil
quality of the sampled almond groves. Fungal-dominated
ecosystems can sequester more carbon (C) than bacterial-
dominated communities and have been associated with a
qualitative and quantitative enhancement of organic matter and
greater self-regulation (Bardgett and McAlister, 1999; Six et al,
2006). Therefore, these results and those of a previous study
(Clavero-Camacho et al., 2024) showed that the intensification of
the almond crop in recent years could increase the damage of PPN
and reduce the soil quality. To improve the soil quality of almond
groves in Spain, practices, such as reduced tillage or no-tillage,
reduction of agrochemicals, introduction of organic farming
practices, or cover crops, are needed to increase the microbial
biomass toward a fungal-dominated community and thus
increase C sequestration (Six et al., 2006).

The molecular tools used in this study, including real-time
qPCR and metabarcoding by high-throughput sequencing, allowed
the identification of nematophagous fungi in the rhizosphere and
soil of GF-677 almond rootstocks, and with both techniques, we
obtained identical results. Some of these fungi were isolated from
Meloidogyne eggs, thus confirming that these can act as parasites of
root-knot nematodes. The presence in rhizosphere and soil samples
of fungi isolated by spreading Meloidogyne eggs on a growth-
restricting medium was confirmed by molecular tools. However,
some nematophagous fungi were identified in some samples by
real-time qPCR and metabarcoding, but these were not isolated
from Meloidogyne eggs. This could be due to the extraction process
of Meloidogyne eggs, as the egg masses cannot be handpicked
because of the hardness of the woody roots of Prunus. On the
other hand, fungi, such as P. chlamydosporia and P. lilacinus, are
saprophytes, so these can grow on a wide range of organic materials
(Stirling, 2014). Therefore, the study of the parasitism of
Meloidogyne eggs may be useful to confirm that these fungi act as
nematophagous fungi.

There are important diversity and composition differences
between the rhizoplane and the soil microbiota in the sampled
groves. The lower diversity found in the rhizoplane could be
associated to a selection of microorganism by the root and the
bigger soil amount included in the soil sample (approximately
0.5 g). Additionally, the majority of the ASVs are shared between
the rhizoplane and the soil suggesting that additionally, through the
selection by the plant, many of the microbial species came from the
nearby soil (Berg and Smalla, 2009). The fungal phyla Ascomycota
and Basidiomycota and bacterial phyla Proteobacteria,
Actinobacteriota, Acidobacteriota, and Bacteroidota were
dominant in both soil and rhizosphere. These results are in
agreement with those reported in a previous study on the soil
microbial community of almond crops under different management
strategies (Camacho-Sanchez et al., 2023). The fungal orders
Hypocreales, Capnodiales and Sordariales, and fungal families
Nectriaceae, Cladosporiaceae, and Chaetomiaceae were also
dominant in this previous study (Camacho-Sanchez et al,, 2023),
while the dominant bacterial orders and families found in our study
differ from those reported by Camacho-Sanchez et al. (2023). In our
research, the bacterial orders Rhizobiales, Burkholderiales,
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Sphingomonadales, and Bacillales, and bacterial families
Sphingomonadaceae, Bacillaceae, and Gemmatimonadaceae stood
out, whereas the orders Vicinamibacterales, Gemmatimonadales,
and Chitinophagales, and the families Gemmatimonadaceae,
Vicinamibacteraceae, and Chitinophagaceae were reported as
dominant by Camacho-Sanchez et al. (2023). Our sampling is
geographically wider than that of Camacho-Sanchez et al. (2023),
which could also explain the difference patterns in the levels and
prevalence of some microbial interacting with Prunus roots. Our
results showed a significant variation in fungal and bacterial
diversity, both alpha and beta diversity, that could be attributed
to the type of sample (rhizosphere or soil). The geographical
location of the samples probably affects the diversity and
composition of fungal and bacterial communities more than the
Meloidogyne density. PCoA analyses showed that samples of the
same almond groves tended to cluster together. In particular,
Carmona samples (PR25) appear separated from the rest of the
samples, which could be due to the different soil psychochemical
properties. In addition, these samples showed differences in
community composition, specifically, some bacterial genera were
more abundant (Acidocella and Burkholderia-Caballeronia-
Paraburkholderia) and associated with acidic soils (Kishimoto
et al., 1995; Hetz and Horn, 2021), while other genera presented a
low abundance (SWB02, PLTA13, Chryseolinea, Skermanella, JG30-
KF-CM45, Rubrobacter, MB-A2-108, Gaiella, Vicinamibacteraceae,
RB41, bacteriap25, and MNDI) in these samples. Additionally, for
the vigorous hybrid rootstock GF-677 that could tolerate better the
Meloidogyne parasitism than other horticultural crops, such as
tomato, our sampling is based on natural infected roots in which
different infection timings could dilute the response to the plant
and, in this sense, affect the plant response, which could conduct
different exudates and relationships with the soil microbiota.
However, several fungal and bacterial taxa, and different fungal
functions could be found as differential in low and high levels of
Meloidogyne eggs in the root. The increase in saprotrophic function
in fungal community in soil and rhizosphere at high levels of
nematodes infecting the roots (with the exception of rhizosphere
in acidic soils in Carmona samples and similar levels of this
function in the soils of Marmolejo samples) indicates that the
plant is increasing the levels of nutrients in the roots, and the
nematode feeding sites are creating a sink for photoassimilates.
Carbon partitioning analysis showed that nematodes are strong
metabolic sinks and significantly change the carbon distribution
pattern in soybean Meloidogyne-infected plants (Carneiro et al,
1999). However, this differential response of different functions is
not retained for bacteria in low and high levels of Meloidogyne in
the roots. Only a few fungi and bacterial differential taxonomic
groups were found associated with different levels of Meloidogyne in
the rhizosphere and the soil. The highly different microbiota found
between the sampled groves (Figure 6) could make this analysis
difficult to find differential genera between high and low levels of
Meloidogyne. However, this specific data about taxa differentiation
is difficult to explain because we could not find a clear trend in the
large diversity of functions found in these fungi and bacteria
taxonomic groups. Specifically, ecological constraints or

Frontiers in Plant Science

10.3389/fpls.2024.1386535

competence among other species in the ecosystem for each
species could influence in their selection.

In conclusion, this work explores the effects of soil microbiota,
nematodes, and BCAs in several almond fields infected with different
gradient of Meloidogyne infecting almond roots. The data showed the
scarce impact of BCAs and predator nematodes in conventional
almond production to the regulation of Meloidogyne in the field, even
with their presence in the field. The data also showed that
Meloidogyne infection does not change dramatically the root
microbiome in adult trees, probably because of the vigorous growth
of the susceptible hybrid rootstock GF-677. However, fungal
saprotrophism function in the microbiome is altered by the
infection of the nematode at high levels in rhizosphere and soil.
This study reveals the soil complexity in field experiments and the
need for a better understanding of the underground relationship
between plant-fungi-bacteria-nematodes to choose better practices
than promote biocontrol of Meloidogyne in the field.
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Research on the mechanism of
Bacillus velezensis A-27 in
enhancing the resistance of red
kidney beans to soybean cyst
nematode based on TMT
proteomics analysis

Yi Hu?, Yibing Ma*, Liyi Wang*, Qingqing Luo®, Zengqi Zhao?,
Jianming Wang* and Yumei Xu**

tLaboratory of Nematology, Department of Plant Pathology, College of Plant Protection, Shanxi
Agricultural University, Jinzhong, China, ?Inveterate Group, Systematics, Manaaki Whenua-Landcare

Research, Auckland, New Zealand, *Shanxi Key Laboratory of Integrated Pest Management in
Agriculture, Shanxi Agricultural University, Taiyuan, China

Soybean cyst nematode (SCN) poses a significant challenge to red kidney beans
cultivation, resulting in yield losses and quality deterioration. This study
investigates the molecular mechanisms using Tandem Mass Tag (TMT) based
proteomics technology to explore how the plant growth-promoting
rhizobacterium (PGPR) Bacillus velezensis A-27 enhances the resistance of red
kidney beans against SCN. The results revealed that out of 1,374 differentially
expressed proteins (DEPs) in the red kidney beans roots, 734 DEPs were
upregulated and 640 DEPs were downregulated in the A-27 + J2 vs J2
treatment group. KEGG analysis revealed that 14 DEPs were involved in the a-
LeA metabolic pathway, crucial for the biosynthesis of jasmonic acid (JA) in
plants. Quantitative real-time PCR (qRT-PCR) confirmed the upregulation of 4
key genes (PLAL, AOS, AOC, ACX) in the JA biosynthesis pathway, while enzyme-
linked immunosorbent assay (ELISA) demonstrated a significant increase in JA
content in the roots. The study demonstrates that B. velezensis A-27 stimulates
induced systemic resistance (ISR) in red kidney beans, and induce JA biosynthesis
by regulating the expression of key enzymes in the a-LeA metabolic pathway.
This enhances the plant's defense against SCN, providing a theoretical
foundation for the potential use of B. velezensis A-27 as a biocontrol agent for
managing SCN in leguminous crops.

KEYWORDS

red kidney bean, SCN, Bacillus velezensis A-27, JA biosynthesis, TMT, induced systemic
resistance (ISR)
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1 Introduction

Red kidney bean (Phaseolus vulgaris L.) is a cultivated variety of
common bean, from the legume family, with a dwarf erect plant.
Introduced to Lan county, Shanxi Province from Italy in 1992, it has
become a extensively cultivated cereal crop in the region (Han et al.,
2016). Originally from Mexico and Argentina, this crop is highly
popular among consumers locally and globally due to its economic
value. By 2018, the planting area in Lan county alone had reached
8,667 hm?, ranking first nationwide in cultivation and export scale.
Apart from Shanxi Province, red kidney beans are also grown in
Heilongjiang, Shaanxi, Yunnan, and other regions in China (Hao
et al.,, 2019).

In recent years, the extensive cultivation and field management
practices have led to a significant issue with soybean cyst nematode
(SCN), which has become a major limiting factor affecting the yield
and quality of red kidney beans. SCN infestation can cause yield
reductions of 20% to 30% in mild cases and complete crop failure in
severe instances. Additionally, the feeding site created by SCN can
pave the way for root rot pathogens to invade, resulting in compound
infections that severely hinder the development scale and export
quality of the red kidney bean industry (Duan et al.,, 2011).

Plant growth-promoting rhizobacteria (PGPR), such as Bacillus
firmus (Terefe et al, 2009), have demonstrated potential as
biocontrol agents against plant-pathogenic nematodes (PPNs)
(TarigJaveed et al., 2021). Studies have shown that B. firmus (Seo
and Lee, 2004), Klebsiella pneumoniae (Kang et al., 2018; Liu et al,
2018), B. amyloliquefaciens (Jamal et al., 2017), B. subtilis (Cao et al.,
2019), B. atrophaeus (Ayaz et al., 2021), B. cereus (Yin et al., 2021),
and B. altitudinis (Jiao et al., 2022) can stimulate plants to develop
induced systemic resistance (ISR), thereby enhancing their defense
against PPNs. Bacillus velezensis, as PGPR, dedicates over 9% of its
genome to the synthesis of various metabolic intermediates (Adeniji
et al., 2019), which include antibiotics, antioxidants, antifungal
factors, and growth promoters. The antimicrobial compounds
produced by B. velezensis consist mainly of bacteriocins,
polyketides, and lipopeptides (Jamal et al., 2017; Rabbee et al,
2019; Heo et al, 2022). These compounds not only inhibit the
growth of certain bacteria by disrupting their cell walls or
membranes but also suppress the growth of pathogenic fungal
hyphae and spore germination (Rabbee and Baek, 2020). Flagellin
or secondary metabolites from B. velezensis can trigger ISR in plants
(Tian et al, 2022), enhancing their defensive capabilities against
pathogenic microbes and nematodes, thus reducing plant diseases.
These compounds can bind to receptor proteins on the cell
membrane, initiating primary signals that activate systemic signal
transduction pathways (JA, ethylene and SA pathway). This
stimulation leads to the production of defense responses in plants
such as the secretion of antimicrobial enzymes, reinforcement of
cell walls, secretion of plant defense compounds, and activation of
the lipoxygenase pathway. These responses help plants in
combating pathogen infection (Ayaz et al., 20215 She et al,, 2021).

Jasmonates (JAs) are lipid-derived stress hormones synthesized
by plants, playing a crucial role in regulating plant responses to
biotic stresses, including defense against pathogen infection and
herbivore damage (Wasternack and Hause, 2013; Kammerhofer

Frontiers in Plant Science

10.3389/fpls.2024.1458330

et al,, 2015; Wasternack and Strnad, 2016). The biosynthesis of JAs
begins with alpha-linolenic acid (co-LeA) through the octadecanoid
pathway (Kombrink, 2012). In plastids, o-LeA is initially produced
through the coordinated actions of fatty acid desaturase (FAD) and
phospholipase Al (PLA). It is then converted to 13-hydroxy-
9,11,15-trienoic acid (13-HPOT) by 13-lipoxygenase (LOX),
followed by transformation into 12,13-epoxy-9,11,15-trienoic acid
(12, 13-EOT) through the activities of allene oxide synthase (AOS)
and hydroperoxide dehydratase (HPL). Subsequently, it is
converted to 12-oxo-phytodienoic acid (OPDA) by allene oxide
cyclase (AOC). OPDA is then transported to peroxisomes, where it
is reduced to 3-oxo-2-(cis-2’-pentenyl)-cyclopentane-1-octanoic
acid (OPC-8) by OPDA reductase (OPR). OPC-8 is further
activated to OPC-8 CoA by OPC-8 CoA ligase (OPCL) and
subsequently transformed into JA through three rounds of f3-
oxidation catalyzed by various enzymes, including acyl-CoA
oxidase (ACX), multifunctional protein (MFP), and 3-ketoacyl-
CoA thiolase (KAT) (Wasternack and Hause, 2013; Wasternack
and Strnad, 2016).

JA, as a principal plant defense hormone, plays a crucial role in
plant resistance against PPNs (Liu et al., 2022). Research has shown
that JA signaling is involved in defense mechanisms against root-
knot nematodes such as Meloidogyne incognita (Huang et al., 2022),
M. chitwoodi (Vieira dos Santos et al., 2013), and M. graminicola
(Nahar et al., 2011), as well as the cyst nematode Heterodera
schachtii (Kammerhofer et al, 2015). Treatment with methyl
jasmonate (MeJA) has been found to induce resistance to M.
graminicola in rice (Nahar et al., 2011; Kumari et al., 2015). The
accumulation of JA precursor cis-c-12-oxo-phytodienoic acid
(OPDA), along with JA or jasmonoyl isoleucine (JA-IIe),
enhances Arabidopsis resistance against M. hapla (Gleason et al.,
2016). Moreover, overexpressing Arabidopsis JA biosynthesis genes
in soybean plants offers some defense against SCN (Olson-Manning
et al,, 2015). Conversely, SCN infection can suppress both JA
biosynthesis genes and JA signaling response in soybean plants
(Ithal et al., 2007).

To investigate the molecular mechanism by which B. velezensis
enhances the resistance of red kidney beans to SCN disease.
Tandem Mass Tag (TMT) proteomic technology was employed to
compare and analyze the differentially expressed proteins (DEPs)
under different treatments, followed by corresponding
bioinformatics analysis. Quantitative real-time PCR (qRT-PCR)
was used to analyze the changes in the transcriptional levels of
key genes in the JA synthesis pathway, and the content of JA in
plant roots was quantified. These experiments and analyses provide
theoretical support for the management of SCN through the use of
B. velezensis.

2 Materials and methods

2.1 Collection of cysts and J2 of SCN

The roots of diseased red kidney beans (Phaseolus vulgaris L.)
collected from Lan County, Shanxi Province, were gently brushed to
remove cysts attached to the root surface and subsequently examined
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under a dissecting microscope. The collected cysts were surface-
disinfected with a 0.1% NaClO solution for 1 min, followed by three
rinses with sterile distilled water. They were then placed in a Baermann
funnel and incubated at room temperature (25°C), with J2 being
collected from the bottom of the Baermann funnel every 2-3 days.

2.2 Preparation of Bacillus velezensis A-27
fermentation broth

A single colony of A-27 grown on a plate was inoculated into 30
mL of liquid LB medium and shaken for 24 hours to prepare a seed
solution. This seed solution was then inoculated into LB medium at
a ratio of 1:100 and shaken at 28°C and 150 rpm for 72 hours until
the ODgq value to 1.3.

2.3 Plant material and treatments

The red kidney bean cultivar Pinjinyun no. 4 was chosen as the
experimental material. The seeds were surface-disinfected with
0.5% NaClO for 10 min, rinsed with sterile distilled water, air-
dried, and then sown directly into plastic pots filled with sterilized
soil and vermiculite. Upon reaching the vegetative cotyledon (Vc¢)
stage, the seedlings were allocated into four treatments: (1)
irrigation with 5 mL of LB medium only (CK), (2) root
irrigation with 5 mL of A-27 fermentation broth (A-27), (3)
inoculation with 2000 SCN J2 (J2), and (4) root irrigation with
A-27 fermentation broth followed by inoculation with 2000 SCN
J2 after 3 days (A-27 + J2). The plants were maintained at a day/
night temperature of 25/20°C, with relative humidity between 60-
80%, 16 hours of daily light, and were irrigated with a 1/4 strength
Hoagland nutrient solution throughout the growth cycle. Root
samples from the treated red kidney bean plants were collected for
proteomic and transcriptomic analysis at 3, 7, 14, 21, and 28 days
after inoculation (DAI). Each collection involved sampling five
plants per treatment, with each treatment replicated three times.

2.4 Extraction, TMT labeling, and
identification of proteins

Frozen samples were transferred into low protein binding tubes
(2 mL Eppendorf), and 500 pL of extraction buffer was added to
each sample with steel beads. The samples were ground at 60 Hz for
2 min. Subsequently, additional extraction buffer was added to
achieve a final volume of 1 mL. Tris-phenol buffer was added to the
mixtures, which were then mixed for 30 min at 4°C. Subsequently,
the mixtures were centrifuged at 7,100 rpm for 10 min at 4°C to
collect the phenol supernatants. These supernatants were mixed
with 5 times their volume of 0.1M cold ammonium acetate-
methanol buffer and precipitated overnight at -40°C. After
precipitation, the samples were centrifuged at 12,000 rpm for
10 min to collect the precipitate, which was washed with cold
methanol and gently mixed. This washing step was repeated once.
Subsequently, methanol was replaced with acetone, and the washing
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step was repeated twice to remove any methanol contamination.
The samples were then centrifuged at 12,000 rpm for 10 min at 4°C
to collect the precipitate, which was dried at room temperature for
3 min and dissolved in a lysis buffer supplemented with 1 mM
PMSF for 3 min. Finally, the samples underwent an additional
centrifugation step at 12,000 rpm for 10 min to ensure the complete
removal of any remaining precipitate.

The protein concentration was determined using the Bradford
assay (Bio-Rad) with bovine serum albumin (BSA) as the standard.
The protein samples were then aliquoted and stored at -80°C for
further analysis. For TMTpro labeling, the lyophilized samples were
resuspended in 100 pL of 100 mM TEAB (pH 8.5) and 40 uL of
each sample were transferred into a new tube for labeling.
Anhydrous acetonitrile was added to the TMT reagent vial at
room temperature. The reagents were centrifuged, dissolved for
5 min, mixed and centrifuged, repeating this step once.
Subsequently, 10 pL of the TMTpro label reagent was added to
each sample for mixing. The tubes were then incubated at room
temperature for 1 hour. Finally, 5 uL of 5% hydroxylamine was
added to each sample and incubated for 15 min to quench
the reaction.

The labeled peptide solutions were freeze-dried and stored at
-80°C. The separation process was conducted using an Agilent 1100
HPLC System equipped with an Agilent Zorbax Extend -C18
column (5 pm, 150 mm X 2.1 mm). A gradient of mobile phases
A (2% acetonitrile in HPLC water) and B (90% acetonitrile in HPLC
water) were used. The solvent gradient was set as follows: 0-8 min,
98% A; 8-8.01 min, 98%-95% A; 8.01-48 min, 95%-75% A; 48-
60 min, 75-60% A; 60-60.01 min, 60-10% A; 60.01-70 min, 10% A;
70-70.01 min, 10-98% A; 70.01-75 min, 98% A. Tryptic peptides
were separated at a flow rate of 300 uL/min and monitored at 210
nm. Samples were collected for 8-60 min, with the eluent collected
in centrifugal tubes 1-15 every minute in sequence. The peptides
were recycled in this order until the end of the gradient.
Subsequently, the separated peptides were freeze-dried for mass
spectrometry analysis.

2.5 LC-MS/MS analysis and
protein annotation

Changes in the proteome of red kidney bean roots from four
different treatments were analyzed using TMT-LC/MS-MS
technology. All analyses were conducted using a Q-Exactive HF
mass spectrometer (Thermo, USA) equipped with a Nanospray Flex
source (Thermo, USA). Samples were loaded and separated on a
C18 column (25 cm x 75 pm) using an EASY-nLCTM 1200 system
(Thermo, USA). The flow rate was 300nL/min with a linear gradient
over 240 min (0-160 min, 3%-21% B; 160-220 min, 21%-42% B;
220-230 min, 42%-90% B; 230-240 min, 90% B; where mobile phase
A= 0.1% FA in water and B = 0.1% FA in 80% ACN and 19.9%
water). Full MS scans were conducted in the mass range of 300-1650
m/z with a resolution of 120000 and an AGC target value of 3e6.
The 15 most intense peaks in the MS were fragmented using higher-
energy collisional dissociation (HCD) with a collision energy of 30
MS/MS spectra were obtained with a resolution of 30000, an AGC
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target of le5, and a maximum injection time of 80 ms. The Q
Exactive HF dynamic exclusion was set to 30.0 s and the analysis
was run in positive mode.

The LC-MS/MS raw data were analyzed in MaxQuant (Version
1.6.17.0) with a global false discovery rate (FDR) of 0.01 and a
minimum of 3 peptides for protein group quantification. In order to
be identified as substantially differentially expressed, searches were
based on quantitative data from the UniProt library with fold
change of >1.5 or <1/1.5, expression levels at p<0.05, and a false
discovery rate of less than 1%. Gene Ontology (GO) annotations for
the Phaseolus vulgaris proteome were obtained from the UniProtKB
at the Gene Ontology Annotation (GOA) database. Identified
protein IDs were converted to UniProt IDs and then annotated to
GO IDs. Proteins without UniProt GOA annotations underwent
further GO function analysis using the InterPro database through
protein sequence alignment. Metabolic pathways were annotated
using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database and mapped to the KEGG pathway database using the
KEGG mapper online service tool.

2.6 RNA extraction and
transcriptional analysis

Total RNA was extracted from red kidney bean roots subjected
to four treatments at 3, 7, 14, 21, and 28 DAI with SCN J2. The RNA
extraction was performed using the RNA pure Plant Kit (Tiangen,
Beijing, China) following the manufacturer’s instructions.
Transcriptional analysis of differentially expressed genes (DEGs)
encoding proteins involved in o-LeA metabolism was conducted
using qRT-PCR. Gene-specific primers were designed using
SnapGene 4.0 (Table 1). The housekeeping gene Actin (GenBank
accession: KF033476) from red kidney beans was served as the
internal control. The qRT-PCR was carried out with a 20 pL
reaction system, including 2 uL ¢cDNA template (100 ng), 0.5 pL
(10 mM) forward and reverse primers each, 12 pL 2 x SYBR Premix
ExTaq (TaKaRa, Beijing, China), and 5 pL double-distilled H,O.
Cycling conditions for the qRT-PCR reactions were as follows: 95°C
for 30 s, followed by 30 cycles of 95°C for 5 s and 60°C for 20 s, 95°C
for 60 s, 55°C for 30 s, and 95°C for 30 s. The qRT-PCR data were

TABLE 1 Primers and their sequences used in the qRT-PCR analysis.

Gene Primer Sequence (5'-3’)

ACX ACXF GTGGCGGCGGAGCAGTTG
ACX R AGGTGCGGATTGGCGTTGAAG

AOC AOCF GCTGTTACAGGAGGCTCTGGAATC
AOC R AGGTTCAACAGGCTTCCCAAGTAG

PLAI PLAIF TGGTGAACGCCGAAGGAGGAG
PLAIR ATCCGCAGCATCTCGTACACAAC

AOS AOS F CCGACGAGGTGAGGGCGATC
AOS R GAACTCCATGTCAGCGAGCAGAAG

Letters FandRindicate the forward and reverse primers.
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analyzed using the 2 44

relative quantification method. The
significant difference between treatments was determined using
the Statistical Investigation Data Processing System. Each

experiment was conducted with three biological replicates.

2.7 Measurement of JA contents in red
kidney beans roots

Total JA content was extracted from 0.5 g fresh root samples
collected under four different treatments using the ELISA method.
The roots were immediately frozen in liquid nitrogen, finely ground
into a homogenate, and then mixed with 200 pL of PBS (pH 7.4).
Following this, the mixture was then centrifuged for 20 min at 2000
rpm, and the supernatant was carefully collected for further
analysis. For testing, 10 pL of the sample was mixed with 40 uL
of sample diluent in a testing sample well. Subsequently, 100 puL
HRP-conjugate reagent was added to each well, covered with an
adhesive strip, and incubated for 60 min at 37°C. After incubation,
each well was aspirated and washed four times with wash solution
(400 UL per wash). Following the washes, chromogen solution A (50
uL) and chromogen solution B (50 puL) were added to each well,
gently mixed, and incubated for 15 min at 37°C. Stop solution (50
uL) was then added to each well, resulting in a color change from
blue to yellow. The plate was gently tapped to ensure thorough
mixing. Optical density (O.D.) was measured at 450 nm using a
microtiter plate reader within 15 min. A concentration-OD plot was
created in an Excel worksheet, with the concentration of the
standard solution on the x-axis and the corresponding OD values
on the y-axis. A linear regression curve was calculated for the
standard solution, and the concentration values of each sample were
determined based on the curve equation.

2.8 Statistical analysis

Statistical analysis was conducted using a two-way ANOVA in
GraphPad Prism9. Significant differences between group means
were determined using the Tukey’s multiple comparisons test at a
significance level of p<0.05 (Wang et al., 2020).

3 Results
3.1 Protein identification by TMT analysis

Data from three biological replicates were examined using
TMT-LC/MS-MS technology, and proteins were identified by
querying a Phaseolus vulgaris protein database. A total of 87,785
effective spectra (out of 350,121) were detected across the four
groups, leading to the identification 8,186 distinct peptides (out of
50,022) through proteomic analysis.

DEPs were selected based on a threshold of more than 1.5-fold
change and p<0.05. Following these criteria, 299 DEPs were
identified in red kidney bean roots, with 112 (49.2%) showing
increased abundance and 187 (50.8%) showing decreased
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abundance between A-27 vs CK treatment. Additionally, 1,374
DEPs were identified in red kidney bean roots between A-27 + J2
vs J2 treatment, with 734 (47.6%) showing increased abundance and
640 (52.4%) showing decreased abundance. In the case of A-27 + ]2
vs CK treatment, 636 DEPs were identified, with 300 up-regulated
and 336 down-regulated proteins (Figure 1).

3.2 GO and KEGG annotations of DEPs

GO annotation was conducted all DEPs in A-27 + J2 vs J2,
resulting in a total of 856 annotated GO terms. These terms
encompassed 359 biological processes, 88 molecular functions,
and 409 cellular components. Among the top 10 terms identified
across the three categories, notable biological processes included
response to oxidative stress (30 DEPs), hydrogen peroxide catabolic
process (24 DEPs), carbohydrate metabolic process (48 DEPs), and
response to heat (10 DEPs). The cellular components with the
highest number of annotated proteins were nucleolus (25 DEPs),
extracellular region (50 DEPs), and MCM complex (5 DEPs), while
the molecular functions enriched with the most proteins were heme
binding (60 DEPs), lactoperoxidase activity (25 DEPs), and
oxidoreductase activity (52 DEPs) (Figure 2; Supplementary
Table S1).

The KEGG analysis identified 118 pathways, focusing on the
synthesis and metabolism of various biological substances. Some of

10.3389/fpls.2024.1458330

these metabolic pathways may be related to plant disease resistance,
such as isoflavonoid biosynthesis (pvu00943), arachidonic acid
metabolism (pvu00590), phenylpropanoid biosynthesis
(pvu00940), glutathione metabolism (pvu00966), pyruvate
metabolism (pvu00640), biosynthesis of various plant secondary
metabolites (pvu00999), and a-LeA metabolism (pvu00592)
(Figure 3; Supplementary Table S2). Further investigations are
needed to explore additional metabolic pathways associated with
other DEPs.

3.3 Validation of the DEPs in a.-LeA
metabolism pathway by qRT-PCR at
transcriptional level

The study revealed that Bacillus velezensis A-27 increased red
kidney bean resistance to SCN by enhancing 14 DEPs involved in
the o-LeA metabolism pathways. To confirm these results, 4
key genes including PHAVU_008G052100g (PLAI), PHAVU_
003G111500g (AOC), PHAVU_002G254200g (ACX), and
PHAVU_003G010700g (AOS) (Supplementary Table S3), which
are involved in the o-LeA metabolism pathway, were selected for
qRT-PCR analysis.

At 3 DAI, there was no significant change in the PLAI
expression level across treatments. However, by 7 DAI, when ]2
feeding sites began to form, PLAI expression significantly increased
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Top GO annotations of DEPs in (A-27 + J2) vs J2 (A) and GO Chord of top 10 GO terms (B).

in the A-27 and A-27 + ]2 treatments. By 14 DAI, PLAI expression
was significantly upregulated in all treatments, with the highest level
observed at 7.9-fold higher. Expression levels gradually returned to
normal by 21 DAI, with no significant differences by 28 DAI. The
AOC gene expression showed significant differences among
treatments at 3 DAI, with significant downregulation in the A-27
and ]2 treatments, while significant upregulation was observed in
the A-27 + ]2 treatment. This trend continued at 7 DAI, with AOC
expression in the A-27 + J2 treatment being 4.5-fold higher than the
control by 14 DAI The HPL gene was significantly upregulated in
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the A-27 + J2 treatment at 3 DAI, with expression sharply
increasing in the A-27 and A-27 + J2 treatments by 14
DAJ, reaching 9.7-fold higher and 9.9-fold higher, respectively.
The A-27 + ]2 treatment peaked at 12.3-fold higher by 21 DAI In
contrast, the ACX expression downstream of the JA synthesis
pathway varied significantly across stages. In the A-27 + J2
treatment, ACX was significantly upregulated at 3, 7, 14, and 21
DAI reaching its highest level of 4.9-fold higher at 21 DAL
Similarly, the J2 treatment group showed a peak in ACX
expression at 5.2-fold higher at 21 DAI (Figure 4).
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3.4 Measurement of JA contents in red
kindy bean roots

The study investigated the impacts of genetic modifications on
genes related to the o-LeA metabolism pathway, specifically
examining whether these modifications would result in a
substantial change in JA concentrations in red kidney bean roots
under four different treatments. JA levels were measured using
ELISA, with the results are shown in Figure 5.
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Overall, the JA content in red kidney bean roots exhibited a
gradual increase over time across all three treatment groups, with
significant differences observed from 14 DAI. No significant changes
in JA content were detected at 3 DAI and 7 DAI across different
treatments. However, by 14 DAI, both the A-27 and A-27 + J2
treatment exhibited a significant increase in JA content, which was
consistently maintained until 28 DAL Furthermore, starting from 21
DAL, the J2 treatment group also demonstrated a significant increase
in JA content.
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4 Discussion

The severity of SCN disease has progressively worsened due to
continuous cultivation in red kidney bean planting areas of Shanxi
Province, China. Previous research conducted in our laboratory has
classified the SCN population infecting red kidney beans as race 5
(Riggs and Schmitt, 1988). Our results demonstrated that the cultivar
Pinjinyun no. 4, when treated with A-27 in combination with SCN J2,
exhibited increased fresh plant weight and root weight, along with a
reduced number of cysts in the roots compared to CK (Supplementary

Figure S1). In this study, we aim to investigate the mechanism by which
the PGPR B. velezensis A-27 enhances the growth and resistance of red
kidney beans to SCN. This research seeks to provide a foundation for
the application of B. velezensis A-27 in the prevention and management
of SCN infestations in various leguminous crops.

TMT technology was used to compare the total proteins in red
kidney beans root systems to investigate the induction of resistance
to SCN by A-27 in this study. SCN ]2 usually takes 3-7 days to locate
host root by recognizing root exudate signals and establishing
feeding sites (Duan et al,, 2011). Consequently, root samples were
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FIGURE 5

Contents of JA in red kindy beans roots at different times intervals. Data are represented as mean + standard deviation (SD) of three biological
replicates. Different letters a, b, ¢, and d indicate the significant difference set at p value < 0.05.
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collected at 7 DAI for TMT proteomics analysis. The results
revealed 1,374 DEPs in the A-27 + J2 vs J2 treatment, which is
significantly higher than the 299 DEPs observed in the A-27 vs CK
treatment and the 636 DEPs found in the A-27 + J2 vs CK
treatment. This suggests that the combined infection of A-27 and
J2 on plants enhances the complexity of the plant immune response,
adding significant value to our research. Interestingly, despite both
A-27 + J2 vs J2 and A-27 vs CK treatments involving A-27
treatment on plant roots, KEGG analysis highlighted the c-LeA
metabolism pathway as a key pathway. However, there were 14
DEPs associated with the former and only 3 with the latter,
indicating that J2 infection complicates JA biosynthesis in plants.
The focus of this study will be to discuss key DEPs related to the oi-
LeA biosynthesis pathway. The synthesis of JAs through the o-LeA
pathway initiates with the conversion of phosphatidylcholine from
chloroplasts or plastid membranes via phospholipases (PLAs)
(Abdelkareem et al,, 2017). Notably, a PLA gene in the red kidney
bean roots exhibited significant expression changes, consistent with
alterations at the transcriptome level, potentially offering new insights
into the role of A-27 as a PGPR that enhances plant resistance by
stimulating JA biosynthesis. The LOX pathway, a crucial secondary
metabolic pathway in plants, involves the peroxidation of
polyunsaturated fatty acids released from glycerides to produce
peroxide fatty acids. One pathway involves the oxidation of 13-
HPOT by HPL, resulting in the production of short-chain volatile
aldehydes, alcohols, or oxygenated acids as defense responses to biotic

10.3389/fpls.2024.1458330

(bacteria, fungi, or viruses) or abiotic (mechanical damage, high
temperature, drought stresses) stressors (Heitz et al., 2019). Another
pathway includes the conversion of 13-HPOT to 12-oxo-phytodienoic
acid (12-OPDA) by AOS and AOC, followed by the reduction of 12-
OPDA to JA and its derivatives by OPR and ACX in the peroxisomes
(Browse, 2009; Gfeller et al, 2010; Lahari et al,, 2024). Although no
significant changes were observed in LOX in the A-27 + J2 vs J2
treatment, significant changes were detected in 2 genes encoding AOS,
2 genes encoding AOC, and 1 gene encoding HPL (Figure 6).

This results in an increase in volatile aldehydes and alcohols
produced by HPL catalysis without altering the concentration of 13-
HPOT, potentially repelling SCN from plant roots and reducing their
harmful impact on plants. This finding offers a novel perspective on the
enhanced resistance of A-27 to SCN. Furthermore, the production of
12-OPDA, catalyzed by AOS and AOC, has been associated with
determining plant susceptibility to PPN (Carty et al,, 2023).

Four key genes in the o-LeA biosynthesis pathway (PALI, AOS,
AOC, ACX) were regulated at various stages after treatment, leading to
the biosynthesis and accumulation of JA in red kidney bean roots. The
induction process and abundance of JA varied among the four
treatments. Both SCN and B. velezensis A-27, whihc are known as
parasites of soybean, can induce the plant’s resistance response through
pattern-triggered immunity (PTI), leading to the production of non-
specific defense responses in plants (Sathiyamoorthy et al, 2010).
Among the four treatments, we investigated the accumulation of JA
and found a more advanced accumulation process in red kidney beans
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treated with A-27 compared to untreated ones. This indicates
significant differences in the processes of inoculating A-27 and J2
infection in stimulating plant resistance. Upon successful colonization
of red kidney bean roots by A-27, a rapid plant immune response is
activated, enhancing the transcription of AOS and AOC, and
promoting JA biosynthesis compared to the control and J2
treatments. Interestingly, at 7 DAI, JA accumulation was initially
observed in both J2 and A-27 + J2 treatments; however, by 14 DAI,
as J2 established feeding sites and successfully invaded, JA content
decreased significantly. This decrease may be attributed to effectors
released during the successful ]2 infection, which possess mechanisms
to suppress plant defense responses. In contrast, samples treated with
A-27 exhibited a continuous increase in JA content. Previous studies
have suggested that, in addition to activating plant defense responses,
JA may influence the recognition and infection behavior of nematodes
on plants, as well as their developmental processes (Schouteden et al.,
2017), potentially hindering continuous J2 infection.

This study presents a novel discovery showing that B. velezensis A-
27 induces the biosynthesis of JA in red kidney beans, resulting in the
activation of ISR. In addition to the significant increase in JA levels, the
stimulation of intermediate metabolites, including volatile aldehydes
and 12-OPDA along the metabolic pathway, may also contribute to
enhancing the plants’ defense against nematode infections. Analysis of
key enzymes and transcriptomes in the o-LeA metabolic pathway
revealed that B. velezensis A-27 enhances red kidney bean resistance to
SCN by promoting JA biosynthesis. However, further research is
needed to fully elucidate the intricate mechanism by which B.
velezensis A-27 induces systemic acquired resistance (SAR) in
leguminous crops, like red kidney beans to improve their resistance
against SCN. Overall, B. velezensis A-27 demonstrates potential as a
biocontrol agent (BCA) for SCN management.

5 Conclusions

This study investigated the molecular mechanisms by which the
PGPR Bacillus velezensis A-27 enhances the resistance of red kidney
beans to SCN by modulating the JA biosynthesis pathway. Through
the use of TMT proteomics technology, a total of 1,374 DEPs were
identified in the roots of red kidney beans treated with A-27 + J2
compared to those treated with J2 alone. These results highlighted
the significant role of the JA biosynthesis pathway in enhancing
disease resistance. Validation through qRT-PCR confirmed the
upregulation of 4 key genes in the JA biosynthesis pathway, and
ELISA demonstrated a significant increase in JA content in the
roots. This study reveals that B. velezensis A-27 induces ISR in red
kidney beans by modulating the JA biosynthesis pathway, thereby
enhancing the plant’s defense against SCN.
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