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Abstract

Key message The overexpression of the soybean GmEXPA1 gene reduces plant susceptibility to M. incognita by the
increase of root lignification.

Abstract Plant expansins are enzymes that act in a pH-dependent manner in the plant cell wall loosening and are associated
with improved tolerance or resistance to abiotic or biotic stresses. Plant-parasitic nematodes (PPN) can alter the expression
profile of several expansin genes in infected root cells. Studies have shown that overexpression or downregulation of particular
expansin genes can reduce plant susceptibility to PPNs. Root-knot nematodes (RKN) are obligate sedentary endoparasites
of the genus Meloidogyne spp. of which M. incognita is one of the most reported species. Herein, using a transcriptome
dataset and real-time PCR assays were identified an expansin A gene (GmEXPAI; Glyma.02G109100) that is upregulated in
the soybean nematode-resistant genotype PI595099 compared to the susceptible cultivar BRS133 during plant parasitism by
M. incognita. To understand the role of the GmEXPAI gene during the interaction between soybean plant and M. incognita
were generated stable A. thaliana and N. tabacum transgenic lines. Remarkably, both A. thaliana and N. tabacum transgenic
lines overexpressing the GmEXPA I gene showed reduced susceptibility to M. incognita. Furthermore, plant growth, biomass
accumulation, and seed yield were not affected in these transgenic lines. Interestingly, significant upregulation of the NtACC
oxidase and NtEFE26 genes, involved in ethylene biosynthesis, and Nt*CCR and Nt4CL genes, involved in lignin biosynthe-
sis, was observed in roots of the N. tabacum transgenic lines, which also showed higher lignin content. These data suggested
a possible link between GmEXPAI gene expression and increased lignification of the root cell wall. Therefore, these data sup-
port that engineering of the GmEXPAI gene in soybean offers a powerful biotechnology tool to assist in RKN management.

Keywords Glycine max - Plant-nematode interaction - Root-knot nematodes - Root lignification - Root cell wall - RKN
management
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Introduction

Expansins (EXPs) are extracellular enzymes that induce in a
pH-dependent manner the plant cell wall loosening and stift-
ness relaxation leading to cell extension, as well as affect-
ing several other developmental processes without causing
the rupture of the hemicellulose polymers (Cosgrove 1998;
Zhu et al. 2014). Conceptually, the plant expansin super-
family is classified into a-expansin (EXPA), -expansin
(EXPB), expansin-like A, and expansin-like B subfamilies
based on phylogenetic relationship (Sampedro and Cos-
grove 2005). Plant expansins are typically 250-300 amino
acids long and contain up to two catalytic domains (DPBB
and CBM) preceded by a signal peptide (Sampedro and
Cosgrove 2005; Zhu et al. 2014). The N-terminal domain
(DPBB) is a six-stranded double-psi beta-barrel composed
of the His-Phe-Asp motif and some conserved polar resi-
dues structurally similar to the family 45 glycosyl hydro-
lases (Yennawar et al. 2006; Cosgrove 2015). In contrast, the
C-terminal domain (CBM) is composed of conserved aro-
matic amino acids required for binding to polysaccharides
and organized on the surface of a f-sandwich fold similar
to the motifs found in the family-63 carbohydrate-binding
module (CBM63) (Georgelis et al. 2012; Cosgrove 2015).
EXPAs are described as major players of acid-induced cell
wall loosening, whereas EXPBs are enzymes belonging to
grass pollen allergens subgroup-1 whose functions are not
yet well defined (Cosgrove 2015; Sampedro et al. 2015).
Plant expansins are associated with tolerance or resist-
ance to biotic or abiotic stresses once gene expression levels
are often altered in plants under stress (Marowa et al. 2016;
Chen et al. 2018). The downregulation of some expansin
genes expression inhibits cell expansion and increases plant
resistance to pathogens, through increased cell wall hardi-
ness and recalcitrance (Gal et al. 2006; Ding et al. 2008).
In contrast, high expression levels of other expansin genes
improve tolerance to oxidative stress (Han et al. 2015), salt
(Han et al. 2012; Chen et al. 2017), water deficit (Li et al.
2013), low temperature (Peng et al. 2019), and pathogens
(Guimaraes et al. 2017; Perini et al. 2017). It has also been
shown that plant infection by plant-parasitic nematodes
(PPNs) can alter expression profiles of several expansin
genes, as well as other genes also related to root cell wall
(Wieczorek et al. 2006; Ithal et al. 2007; Klink et al. 2007,
Fudali et al. 2008). Interestingly, stable overexpression of
some expansin genes, such as the expansins-like B AdEXLBS8
gene, reduced plant susceptibility to M. incognita (Guima-
raes et al. 2017; Brasileiro et al. 2021). So, the specific and
individual role of these plant expansin genes in reducing
plant susceptibility to PPNs is not yet fully understood.
Root-knot nematodes (RKNs) are obligate sedentary
endoparasites belonging to the genus Meloidogyne spp.
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(Trudgill and Blok 2001). Meloidogyne incognita is one of
the most commonly reported species inducing gall forma-
tion, consequently causing damage to several plant spe-
cies of economic importance worldwide (Abad et al. 2008;
Moreira et al. 2022; Mendes et al. 2022¢). The RKN life
cycle typically comprises five stages: eggs that will hatch
into pre-parasitic second-stage juveniles (ppJ2), which
upon root infection will become parasitic pJ2, and then
molt to non-feeding J3 and J4 juveniles, becoming finally
parasitic feeding females (Abad et al. 2008). However, the
restricted availability and use of chemical control agents
due to the toxicity and the reduced number of tolerant or
resistant cultivars have limited the RKN control and man-
agement (Seo and Kim 2014; Bernard et al. 2017). Given
this, the current agriculture has great demand for new elite
traits or cultivars that show a good resistance or tolerance
level to these pathogens.

Herein, we identified the GmEXPAI gene
(Glyma.02G109100) as being upregulated in response to
M. incognita in the soybean nematode-resistant genotype
PI595099 compared to the nematode-susceptible cultivar
BRS133. Then, we characterized the GmEXPAI gene by
overexpressing in Arabidopsis thaliana and Nicotiana taba-
cum transgenic plants. The A. thaliana and N. tabacum trans-
genic lines showed reduced susceptibility to M. incognita,
without penalty in plant growth, biomass accumulation, and
seed yield. Two remarkable genes involved in the ethylene
biosynthesis pathway and two other genes involved in the
lignin biosynthesis pathway were upregulated in the trans-
genic roots. The biochemical analysis showed higher lignin
content in transgenic roots compared with wild-type (non-
transgenic) roots. Before that, the link between GmEXPAI
gene expression and increased root lignification in transgenic
lines and soybean plants, as well as the biotechnological
potential of this gene in commercial soybean cultivars are
discussed here.

Material and methods

GMEXPA1 gene expression in soybean cultivars
during plant infection by M. incognita

The GmEXPAI gene expression was considered based on
RNAseq data as differentially regulated in the nematode-
resistant genotype PIS95099 compared with the nematode-
susceptible cultivar BRS133 during soybean infection by
M. incognita race 1 (Arraes et al. 2022; Suppl. Table S1).
Then, the GmEXPAI gene expression level was again evalu-
ated by real-time PCR in soybean PI595099 genotype and
BRS133 cultivar inoculated with 1500 M. incognita ppJ2
race 1. Infected soybean plants were harvested at 0, 4, 8, 12,
and 30 days after inoculation (DAI), while RNA total was
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isolated using TRIzol Reagent (Invitrogen, Waltham, Mas-
sachusetts, USA). The RNA concentration was estimated
using a spectrophotometer (NanoDrop 2000, Thermo Sci-
entific, Massachusetts, USA), and integrity was evaluated
by agarose gel electrophoresis. RNA samples were treated
with RNase-free RQ1 DNase I (Promega, Madison, Wis-
consin, USA). Then, 2 pg DNase-treated RNA was used as
a template for cDNA synthesis using oligo-(dT),, primer
and SuperScript III RT kit (Life Technologies, Carlsbad-
CA, USA). The cDNA samples were diluted 1:10 (v/v)
with nuclease-free water. The real-time PCR assays were
performed in an Applied Biosystems 7500 Fast Real-Time
PCR System (Applied Biosystems, Waltham, Massachusetts,
USA) using 0.2 uM primer (Suppl. Table S3) and GoTaq
gPCR Master Mix (Promega, Madison, Wisconsin, USA).
The gene expression level was represented as values calcu-
lated with the 2"-ACT formula using the GmCYPI8 as an
endogenous reference gene (Suppl. Table S3). Three biologi-
cal replicates were used for each independent line and five
plants for each biological replicate, while all samples were
carried out in technical triplicates. Primer efficiencies and
target-specific amplification were confirmed by a single and
distinct peak in melting curve analysis.

GmEXPA1 gene sequence analysis

The GmEXPAI gene sequence was retrieved from Williams
82 cultivar (Glycine max Wm82.a4.v1 dataset) and used as
a reference to find the corresponding gene sequences in the
PI1595099 genotype and BRS133 cultivar (Suppl. Informa-
tion S1). For this, were used genome sequencing datasets
generated in-house (unpublished data). The raw genome
sequences were mapped using the STAR program (Dobin
et al. 2012) and bam files were assembled using the Trin-
ity genome guided v2.0.6 program (Grabherr et al. 2011).
The GmEXPAI gene sequences were searched against the
assembled genomes by the Blastn program (Altschul et al.
1990). Sequences and features from all soybean expansin
A genes were retrieved from the Glycine max Wm§82.a4.v1
dataset (Schmutz et al. 2010) by the Phytozome database
v.13 (Goodstein et al. 2012). Phylogenetic analyses were
performed using the Phylogeny.fr web service (Dereeper
et al. 2008). For this analysis, sequences were aligned using
MUSCLE software (Edgar 2004), curated by the Gblocks
model, and phylogenetic trees were performed using the
maximum likelihood estimation method by PhyML soft-
ware with approximate likelihood ratio test (aLRT) SH-like
branch support and GTR and WAG substitution model for
nucleotide and amino acid sequences, respectively. Pair-
wise identity matrices from nucleotide and amino acid
sequences were generated using the Sequence Demarcation
Tool version 1.2 software (Mubhire et al. 2014). Positional
conservation of the Expansin A domain (Cdd:PLN00050)

domain was generated from multiple sequence alignments
by Color Align Conservation software (Stothard 2000). In
addition, conserved domains in gene or protein sequences
were checked using the Conserved Domain Database (CDD)
(Marchler-Bauer et al. 2017). The organ and tissue-specific
expression of the soybean expansin A genes were presented
by a heatmap plot created by the PhytoMine tool using all
gene expression data in the tissue- and organ-specific expres-
sion database.

Plant genetic transformation mediated
by Agrobacterium tumefaciens

The binary vector was synthesized and assembled by Epoch
Life Science (Sugar Land, TX, EUA). The GmEXPAI gene
(CDS sequence) was cloned under control of the CaMV35S
promoter and in tandem fused with GFP reporter protein
gene. The bar/PAT gene was used as a selection marker gene
also under control of the CaMV35S promoter (Fig. 1a). A.
thaliana Col-0 was transformed by the floral dip method
(Clough and Bent 1998), while N. tabacum var. SR1 was
transformed as described by Park et al. (1998). The N. taba-
cum lines were selected in vitro using 5 mg/L glufosinate-
ammonium (Finale, Liberty Link, Bayer). Both A. thaliana
and N. tabacum transgenic plants were screened in vivo by
glufosinate-ammonium spray (64 mg/L glufosinate-ammo-
nium). The surviving transgenic plants were genotyped by
PCR using specific primers (Suppl. Table S3). In addition,
QuickStix " Kit (Envirologix, Inc., USA) was used for PAT/
bar protein detection in transgenic plants according to the
manufacturer’s instructions. The plant generations were
advanced with all transgenic lines (10 from A. thaliana and
26 from N. tabacum), while several homozygous lines (A.
thaliana: AtEv1 to AtEv3; N. tabacum: NtEv1 to NtEv6)
were chosen for the growth room or greenhouse bioassays.

Plant growth, biomass, and seed yield

A. thaliana and N. tabacum transgenic lines were evaluated
for growth, biomass (leaf and root), and seed yield under
growth room or greenhouse conditions. For this, A. thali-
ana seeds were placed on plates containing half-strength
Murashige and Skoog (Murashige and Skoog 1962) sup-
plemented with 0.8% agar and 1% sucrose (w/v), and kept
in the dark for three days at 4 °C for stratification. Two-
week-old seedlings were transferred to 50 mL cups con-
taining commercial substrate (Plantmax) and maintained in
a growth room at 22 °C with 100 pmol photons m=2 s~!
light intensity, and 16/8 h photoperiod. For A. thaliana root
architecture analysis, newly germinated seeds were trans-
ferred to Petri plates containing MS %2 supplemented with
7% Phytagel (Sigma-Aldrich, San Luis, Missouri, USA) and
1% sucrose (w/v). Then, plates were maintained inverted in
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Fig. 1 Expression level of GmEXPAI (Glyma.02G109100) gene in
soybean, and genetic transformation of A. thaliana and N. tabacum.
a GmEXPAI gene expression in soybean leaves and roots of nema-
tode-resistant genotype PI5S95099 and nematode-susceptible cultivar
BRS133. Error bars represent the standard deviation of three biologi-
cal replicates composed of four plants each. Plants were evaluated at
the second trifolium opening stage. b GmEXPAI gene expression in
nematode-resistant genotype and nematode-susceptible cultivar soy-
bean roots at 0, 4, 8, 12, and 30 days after inoculation (DAI) of M.
incognita pplJ2 race 1. The relative gene expression was represented
by values calculated with the 2A-ACT formula using GmCYPI8 as
an endogenous reference gene (Suppl. Table S3). Error bars repre-
sent confidence intervals for three biological replicates, while each
biological consisted of five plants. Different letters indicate signifi-
cant differences between nematode-resistant genotype P1595099 and
nematode-susceptible cultivar BRS133 according to Tukey’s test at
a 5% significance level. The hashtag indicates significant differences
between treatment at 4, 8, 12, and 30 DAI compared to 0 DAI accord-
ing to Tukey’s test at a 5% significance level. ¢ T-DNA overview for
constitutive overexpression of GmEXPAI (Glyma.02G109100) gene,
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used in plant genetic transformation mediated by A. tumefaciens.
d PCR detection of the transgene inserted in A. thaliana T, and N.
tabacum T, transgenic lines using specific primers to the GFP gene.
Marker: 1.0-kb DNA ladder (Invitrogen, Waltham, Massachusetts,
USA, Cat. 10,787,018); WT: wild-type plant used as a negative con-
trol to PCR analyses and bioassays performed under growth room or
greenhouse conditions; C+: DNA plasmid used as a positive control
for PCR analyses. GmEXPAI gene expression profile in leaves and
roots of the e A. thaliana and f N. tabacum transgenic lines using
real-time PCR. The gene expression levels were represented by val-
ues calculated with the 22-ACT formula. The AtActin 2 and NtActin
4 were used as endogenous reference genes in A. thaliana and N.
tabacum, respectively (Suppl. Table S3). Error bars represent confi-
dence intervals for three biological replicates, and each biological
replicate consisted of four plants. g Visualization of the GmEXPA1
protein fused to GFP protein in transgenic roots of A. thaliana and N.
tabacum lines was conducted under a fluorescence stereomicroscope
(Leica M205 FA) with GFP Long Pass filter (excitation 395—455 and
emission 480 nm)
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the same growth room as described above. For biomass and
seed yield, 10 to 15 plants for each A. thaliana line were
evaluated, while root architecture analysis was performed
for at least 20 plants for each transgenic line. In contrast, N.
tabacum transgenic plants were germinated in a commercial
substrate, transplanted into pots containing sand/soil (1:1
w/w), maintained under greenhouse conditions, and evalu-
ated after 30 days.

GMEXPAT1 gene expression in transgenic lines

Leaves and roots from A. thaliana and N. tabacum plants
of the three transgenic lines were harvested and total RNA
was isolated using TRIzol Reagent (Invitrogen, Waltham,
Massachusetts, USA). High-purity RNA samples were used
for cDNA synthesis as described above. The cDNA samples
were diluted 1:10 (v/v) with nuclease-free water and used
in real-time PCR assays as described above. The ArActin 2
and NrActin 4 were used as reference genes in A. thaliana
and N. tabacum, respectively (Suppl. Table S3). Three bio-
logical replicates for each transgenic line and four plants for
each biological replicate were used, while all cDNA samples
were carried out in technical triplicates. Primer efficiencies
and target-specific amplification were confirmed by a sin-
gle distinct peak in the melting curve analysis. The relative
expression level was calculated using the 2A-ACT formula
(Schmittgen and Livak 2008). In addition, the GmEXPA 1
fused to the GFP protein was detected in roots of A. thali-
ana and N. tabacum transgenic lines using fluorescence ster-
eomicroscope (Leica M205 FA) with GFP Long Pass filter
(excitation 395-455 and emission 480 nm).

Susceptibility level to M. incognita of transgenic
lines

The M. incognita ppJ2 race 3 inoculum was obtained from
tomato plants cv. Santa clara kept under greenhouse con-
ditions. Infected roots were washed and macerated, while
eggs were harvested using 100 to 550 pm sieves (Hussey
and Barker 1973). Subsequently, eggs were hatched in the
dark under aerobic conditions at 28 °C, and ppJ2s were
harvested every two days, decanted, and counted under a
binocular microscope using counting chambers. A. thaliana
were transplanted into pots containing 45 g autoclaved sand/
substrate mixture (1:1; w/w) and kept in a growth room as
described above. Two-week after transplanting, plants were
inoculated with 500 M. incognita ppJ2. Fifteen plants per
transgenic line were used while wild-type plants were used
as a negative control. After 60 DAI, plants were evaluated
for the number of eggs per gram of root, number of hatched
ppJ2 per gram of root, number of gall per plant and, then, the
nematode reproduction factor was calculated. The M. incog-
nita reproduction factor was determined using Oostenbrink’s

formula as follows: nematode reproduction factor =the final
number of ppJ2/initial number of ppJ2 or nematode final
population/initial population (Oostenbrink 1966; Windham
and Williams 1987). In contrast, N. tabacum plants were
transplanted to pots containing 125 g sterile sand/soil mix-
ture (1:1; w/w) and kept under greenhouse conditions. Fif-
teen days after transplanting, plants were inoculated with
1,000 freshly hatched M. incognita ppJ2. Sixteen plants per
transgenic line were used while wild-type plants were used
as a negative control. After 60 DAI, plants were evaluated
for the number of eggs per gram of root, number of hatched
ppJ2 per gram of root, number of gall per gram of root and,
then, the nematode reproduction factor was calculated as
described above. For root morphological analysis, galls
were collected from nematode-infected roots of A. thaliana
wild-type and transgenic lines at 10 and 45 DAI. Galls were
then fixed in 2% glutaraldehyde in 50 mM PIPES buffer
pH 6.9, dehydrated, and embedded in Technovit 7100 (Her-
aeus Kulzer, Wehrheim, Germany). Galls were sectioned at
3 um, stained in 0.05% toluidine blue, and mounted in Depex
(Sigma-Aldrich, San Luis, Missouri, USA). The microscopy
analysis was performed using bright-field optics and images
were acquired with a digital camera (Axiocam, Carl Zeiss,
Berlin, Germany).

Marker gene expression profiles in uninfected N.
tabacum transgenic lines

From two N. tabacum transgenic lines (NtEv1 and NtEV2)
with about 30 days old maintained under greenhouse condi-
tions, roots were collected and total RNA was isolated using
TRIzol Reagent (Invitrogen, Waltham, Massachusetts, USA)
as described above. DNA-free RNA samples were used for
cDNA synthesis and the gene expression level was evalu-
ated by real-time PCR. The following defense marker genes
NtGOLS2, NtP5CS, NtPR2, NtHSR201, NtACC oxidase,
NtGSTI, NtEFE26, and NtEDSI (Suppl. Table S3) were
evaluated in uninfected transgenic lines. Then, the expres-
sion profile of the NtCCR and Nt4CL genes, which are
directly involved in the lignin biosynthesis pathway (Song
et al. 2021), was evaluated in these same transgenic lines and
wild-type plants. The NtActin 4 was used as an endogenous
reference gene (Suppl. Table S3). All cDNA samples were
carried out in technical triplicates, while each treatment was
composed of three biological replicates composed of four
plants.

Lignin content in roots of N. tabacum transgenic
lines

Lignin quantification was performed in roots of two N. taba-

cum transgenic lines (NtEv1 and NtEv2) after total protein
removal according described to Moreira-Vilar et al. (2014).
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After that, 20 mg root dry mass was homogenized in 50 mM
potassium phosphate buffer and washed successively with
1% Triton X-100, 1 M sodium chloride, and twice with pure
acetone, a protein-free cell wall was obtained. The cell wall
samples were washed with water and dried at 45 ‘C, and
1 mg of each sample was suspended in 25% acetyl bromide
in acetic acid and incubated at 70 ‘C for 30 min. Then,
200 pL of a solution containing 1-5 M sodium hydroxide,
0-5 M hydroxylamine hydrochloride, and glacial acetic acid
were added to the mixture. After 1400 g centrifugation for
5 min, the absorbance of the supernatant was measured at
280 nm.

Results

GMEXPAT gene expression in nontransgenic
soybean cultivars

The real-time PCR data showed a higher GmEXPAI gene
expression in soybean leaves than roots, both for the nema-
tode-resistant genotype PI595099 and nematode-susceptible
cultivar BRS133 (Fig. 1a). This GmEXPAI gene expression
profile in different soybean organs was consistent with infor-
mation retrieved from the Phytozome database (using the
PhytoMine tool), indicating that GmEXPA1 gene is indeed
highly expressed in different soybean organs, most promi-
nently in leaf, stem, and pod, and including young roots
(Suppl. Fig. Sle). The 49 soybean expansin A genes were
previously organized into five groups by Zhu et al. (2014),
with the GmEXPAI gene belonging to group I (Suppl. Fig.
Sle). In addition, the GmEXPAI gene showed an expression
profile with a highly Pearson correlation for the following
expansin A genes: Glyma.01G050100, Glyma.02G240900,
Glyma.04G222210, Glyma.06G 143300, Glyma.09G236200,
and Glyma.011G160000 (Suppl. Fig. S1f). In our previous
study using a RNAseq approach, the GmEXPAI gene was
identified as upregulated in both genotypes (PI595099 and
BRS133) during plant infection by M. incognita race 1
(Suppl. Table S1 and Suppl. File S1). Among these 49 expan-
sin A genes in these two soybean genotypes, the GmEXPA 1
gene showed the higher upregulation throughout the plant
infection cycle by the nematode, while Glyma.01G050100
gene showed the expression profile closest to the GmEXPA 1
gene (Suppl. Fig. S2a and S2b). In this way, to confirm this
GmEXPAI gene expression modulation in response to plant
infection by M. incognita, soybean genotype P1595099 and
cultivar BRS133 were inoculated with M. incognita ppJ2
race 1, and the gene expression profile was monitored by
real-time PCR at O (previous to inoculation), 4, 8, 12, and
30 DAL The GmEXPAI gene expression was increasingly
upregulated at 4 to 30 DAI in both soybean genotype and
cultivar, but higher gene upregulation was observed in the
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nematode-resistant genotype PI595099 (Fig. 1b). So, the
GmEXPA]I gene expression profile observed by real-time
PCR validated the RNAseq data (Suppl. Table S1; Suppl.
File S1). Therefore, these data showed that the GmEXPA 1
gene was significantly upregulated in the nematode-resistant
genotype PI595099 compared to the susceptible cultivar
BRS133 during plant infection by M. incognita. These data
provided new evidence of a link between the GmEXPAI
gene upregulation with reduced plant susceptibility to M.
incognita.

Sequence analysis of the soybean expansin A genes

The GmEXPAI gene sequences were retrieved from both
genomes of the genotype PI595099 and cultivar BRS133
using the cultivar Willians 82 as a reference genome
(Suppl. Fig. Sla to S1d; Suppl. Information S1). The two
GmEXPAI gene copies were identified in the genome of
cultivar PI595099 and cultivar BRS133, and at least one of
these GmEXPAI copies in each soybean genotype or culti-
var showed high identities (100%) for the transcript, CDS,
and amino acid sequences when compared with GmEXPAI
(Glyma.02G109100) gene from reference cultivar Willians
82 (Suppl. Fig. Sla to S1d; Suppl. Information S1). In a
previous study, Zhu et al. (2014) identified in the soybean
(Glycine max) genome and grouped the 49 expansin A
genes. Herein, in this study was summarized the sequence
characteristics of these 49 (GmEXPA I to GmEXPA49) genes
(Suppl. Table S2). Interestingly, all these 49 genes showed
high sequence conservation in the typical Cdd:PLN00050
conserved domain (Suppl. Fig. S3). Additional sequence
(nucleotide and amino acid) and phylogenetic analy-
sis suggested that the GmEXPAI gene has a higher iden-
tity and evolutionary linkage to Glyma.07G229000 and
Glyma.20G033900 genes (Suppl. Fig. S4a to S4b; Suppl.
Fig. S5a to S5b). Interestingly, among these 49 expansin
genes, the GmEXPAI gene was the most upregulated gene in
both genotype PI1595099 and cultivar BRS133 during plant
infection by M. incognita (Suppl. File S1). Finally, sequence
characteristics confirmed that the GmEXPA1 gene is highly
conserved in the three soybean cultivars studied here, and
gene expression analysis confirmed that the GmEXPAI gene
was indeed the major expansin A gene modulated during
soybean parasitism by M. incognita.

GMEXPAT gene overexpression reduces plant
susceptibility to M. incognita

Ten transgenic lines of A. thaliana and 26 transgenic lines
of N. tabacum overexpressing the GmEXPAI gene were suc-
cessfully generated (Fig. 1¢c). The real-time PCR data from
three A. thaliana transgenic lines and other three N. rabacum
transgenic lines showed that GmEXPAI gene expression was
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higher in leaves than in roots of both A. thaliana (Fig. 1e) and
N. tabacum (Fig. 1f) transgenic lines. Also, the GmEXPAI
gene fused to the GFP gene allowed to confirm the presence
of these proteins in transgenic roots (Fig. 1g). Three and six
A. thaliana and N. tabacum transgenic lines, respectively,
were selected for further studies according to the higher
GmEXPAI gene expression level (Suppl. Fig. S6a and S6b).
Subsequently, these transgenic lines were challenged by M.
incognita ppJ2 race 3, and the plant susceptibility level was
determined after 60 DAI by counting the number of eggs and
number of hatched ppJ2, the number of gall and, then, the
nematode reproduction factor was estimated (Fig. 2a-h). In
all A. thaliana transgenic lines, a significant reduction in the
number of eggs and hatched ppJ2 per gram of roots (Fig. 2a)
was recorded, the number of galls (Fig. 2b), and the nema-
tode reproduction factor (Fig. 2¢) ranged from 60 to 90%,
compared with wild-type plants. Similarly, reduced plant
susceptibility was also observed in A. thaliana transgenic
lines infected with M. incognita pJ2 strain Morelos, when
a reduced number of galls and number of egg masses per
plant were observed (Fig. 2d). In addition, the gall morphol-
ogy of these A. thaliana transgenic lines infected with M.
incognita pJ2 strain Morelos was evaluated after 10 and 45
DAL Interestingly, galls and giant cells overexpressing the
GmEXPAI gene were smaller; the feeding cells were more
vacuolated and apparently contained fewer neighboring cells
compared with wild-type plants (Fig. 2i-1). These data sug-
gested that this gall phenotype probably resulted in delayed
nematode development. The GmEXPAI gene overexpres-
sion in N. tabacum also hampered nematode development
and resulted in reduced nematode reproduction (Fig. 2e). A
reduction in the number of galls and hatched ppJ2 was also
observed, while the nematode reproduction factor decreased
from 30 to 90% in transgenic lines compared with wild-type
plants (Fig. 2f-h). Therefore, these collective data showed
that higher GmEXPAI gene expression can be associated
with decreased susceptibility of A. thaliana and N. tabacum
to M. incognita.

GMEXPAT1 gene overexpression did not result
in yield penalty in transgenic lines

Uninfected plants from A. thaliana and N. tabacum trans-
genic lines were evaluated under growth room or green-
house conditions for plant growth, biomass, and seed yield.
A. thaliana transgenic lines showed equivalent vegetative
biomass (Fig. 3a), root biomass and seed yield (Fig. 3b), and
primary root length, but a slightly higher number of lateral
roots (Fig. 3¢, d) compared with wild-type plants. Similarly,
plants from N. tabacum transgenic lines also showed equiva-
lent vegetative and root biomass yield (Fig. 3e). Therefore,
these data indicated that GmEXPAI gene overexpression did

not result in an apparent yield penalty in transgenic lines, but
small changes in the root architecture were observed.

Marker genes expression profile in N. tabacum
transgenic lines

The NtGOLS2, NtP5CS, NtPR2, NtHSR201, NtGST1, and
NtEDS1 genes did not show significant differences in the
expression profile between transgenic lines compared with
wild-type plants (data not shown). However, significant
upregulation of NtACC oxidase (Fig. 4a) and NtEFE26
(Fig. 4b) genes was observed in roots of uninfected N. taba-
cum transgenic lines overexpressing the GmEXPAI gene.
Interestingly, these two upregulated genes in the transgenic
lines are related to the ethylene biosynthesis pathway, which
might be linked to the lignification of the root cell wall. In
accordance, the lignin biosynthesis pathway genes NtCCR
and Nt4CL were also upregulated in at least one of the trans-
genic lines evaluated compared with wild-type control plants
(Fig. 4c, d). These gene expression data suggested that the
GmEXPA]I gene can act by increasing the lignification of the
root cell wall of transgenic lines or in soybean root tissues
infected by M. incognita.

Lignin content in roots of N. tabacum transgenic
lines

Significant increase was observed in the lignin content in
roots of uninfected N. tabacum transgenic lines compared
with wild-type plants (Fig. 4e). These data supported
that changes in the root cell wall occurred under higher
GmEXPAI gene expression levels and may be associated
with reduced plant susceptibility to M. incognita.

Discussion

Soybean is one of the major agricultural commodities
worldwide and important raw material for many essential
products or by-products (Hartman et al. 2011; Hamawaki
et al. 2019). The improvement of crop systems and/or
development of new traits or soybean cultivars more pro-
ductive and less susceptible to biotic and abiotic stresses
are primary measures currently focusing on making soy-
bean cultivation profitable and increasingly sustainable
(Fragoso et al. 2022). Among the main constraints in soy-
bean crops, yield losses caused by the high RKN and cyst
nematode incidence have increased worldwide (Bernard
et al. 2017; Gillet et al. 2017). The annual crop rotation
(for example between soybeans, corn, and cotton) is not
effective in reducing plant infection by nematodes. Thus,
the development of new traits and soybean cultivars with
reduced susceptibility to RKN are extremely important
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interval for 15 biological replicates (n= 15 plants). b Root dry weight
and seed yield of three A. thaliana transgenic lines compared with
wild-type (WT) plants. Error bars represent confidence interval for
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to overcome these drawbacks (Kim et al. 2011; Jiao et al.
2015; Ali et al. 2017). The prospection of new powerful
genes associated with reduced plant susceptibility is essen-
tial for the generation of these new cultivars, leading to
more efficient management of these pathogens (Bellafiore
et al. 2008; Basso et al. 2019, 2020a; Mejias et al. 2019;
Mendes et al. 2021b). The M. incognita, Rotylenchulus
reniformis, and Heterodera glycines are the major spe-
cies responsible for high annual losses in soybean yield
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ture (primary root length and the number of lateral roots) of three A.
thaliana transgenic lines compared with wild-type plants kept in vitro
under growth room conditions. Error bars represent confidence inter-
val for 20 biological replicates (n=20 plants). e Leaf fresh weight
and root fresh weight of six N. tabacum transgenic lines compared
with wild-type plants. Error bars represent confidence interval for 16
biological replicates (n=16 plants). Different letters indicate signifi-
cant differences according to Tukey’s test at a 5% significance level

worldwide (Wilkes et al. 2020; Basso et al. 2020b; Tylka
and Marett 2021). In this present work, through RNAseq
and real-time PCR data generated from two contrasting
genotypes: nematode-resistant genotype PI595099 and
nematode-susceptible cultivar BRS133, were identified
an expansin A gene as differentially expressed and asso-
ciated with reduced soybean susceptibility to M. incognita.
The soybean genotype PI595099 is consistently considered
resistant to almost all economically important nematode
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species, while the soybean cultivar BRS133 is considered
highly susceptible (Mendes et al. 2021a, b; Basso et al.
2022).
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This previous RNAseq study using these contrasting
soybean genotype and cultivar, allowed us to identify sev-
eral genes as being significantly modulated during soybean
parasitism by M. incognita. Among them, the GmEXPAI
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gene attracted our special attention since it was upregulated
in both soybean genotype and cultivar in response to plant
infection by M. incognita. The real-time PCR data showed
that the GmEXPAI gene is significantly expressed in both
roots and leaves of uninfected soybean plants, but up to 10
times more expressed in leaves compared with roots. In
agreement, in silico expression data showed that this gene
has strong expression also in soybean pods and stems. In
contrast, the lowest expression levels were found only in
soybean roots under high concentrations of nitrogen or when
in symbiotic interactions. This higher expression of the
GmEXPAI gene in uninfected soybean leaves can indicate
that this expansin A protein may act in some way by confer-
ring greater rigidity or relaxation of the cell wall as a natural
mechanism for adapting plant tissues to adverse or natural
conditions (Cosgrove 2015). At the same time, the expres-
sion of the GmEXPAI gene in uninfected soybean roots
must also meet the same objective, and the lower expres-
sion level of this gene in root tissues compared with soybean
leaves may be dependent on the quantitative demand of this
expansin A protein for tissue-specific adaptation of the cell
wall when under certain conditions. Regarding its expres-
sion in infected plants, the GmEXPAI gene was strongly
more upregulated in roots of nematode-resistant genotype
PI595099 than in the nematode-susceptible cultivar BRS133
during the early stages of plant infection by M. incognita.
Curiously, in general, the expansin genes act on the cell
wall, but can indirectly act on different plant developmental
processes not fully understood ranging from plant growth
to plant defense during various biotic and abiotic stresses
(Chen et al. 2016, 2020; Muthusamy et al. 2020; Narvaez-
Barragan et al. 2020). Although different soybean expansin
A proteins can play different roles, they are almost all local-
ized in the plant cell wall (Guo et al. 2011; Li et al. 2014,
2015; Lo et al. 2015; Nawaz et al. 2017; Montechiarini et al.
2021; Yang et al. 2021). At this moment, better understand-
ing the role of the GmEXPAI gene that results in reduced
plant susceptibility to M. incognita is of great importance. In
order to address this point, were generated several A. thali-
ana and N. tabacum transgenic lines constitutively overex-
pressing the GmEXPAI gene. The bioassay data, in which we
evaluated the reduction in the number of ppJ2, eggs, galls,
and the nematode reproduction factor, showed that both A.
thaliana and N. tabacum transgenic lines were less suscep-
tible to M. incognita compared with wild-type plants. Mean-
while, the gall morphology data revealed that nematodes
that parasitized transgenic roots developed anomalies, with
evident delay in the progress of plant infection, development
of feeding sites, and gall formation. These phenotypic char-
acteristics and the previous information based on RNAseq
and real-time PCR data supported our initial hypothesis that
GmEXPA1I gene expression can be likely associated with
reduced soybean susceptibility to M. incognita. Curiously,

among the 49 expansin A genes exploited in our RNAseq
data, only the GmEXPAI gene and, with less intensity, the
Glyma.01G050100 gene showed consistent upregulation
in soybean galls during plant parasitism by M. incognita.
Similar to this, Wieczorek et al. (2006) showed that several
AtEXPA and AtEXPB genes were upregulated specifically
in syncytia caused by Heterodera schachtii but not in sur-
rounding A. thaliana root tissue, indicating that these expan-
sin genes can act in cell growth and division, as well as in
the cell wall disassembly and expansion during syncytium
formation. Collaborating with this observation, Zhang et al.
(2017) showed that certain soybean expansin genes were
also up- or downregulated in response to H. glycines. Curi-
ously, in our study, some expansin A genes that were pre-
viously considered upregulated during the plant-pathogen
interaction, mainly nematodes, here it was found that their
ortholog genes in soybean were not differentially modulated
during plant infection by M. incognita.

On the other hand, the plant phenotype data showed that
GmEXPAI gene overexpression did not significantly affect
plant growth, vegetative or root biomass accumulation, and
seed yield in A. thaliana and N. tabacum transgenic lines
when grown under growth room or greenhouse conditions.
However, significant changes were observed in root architec-
ture of the A. thaliana transgenic lines, where were verified
a significant increase in the number of lateral roots, although
these were apparently thinner compared with wild-type
plants. These remarkable phenotypic changes in transgenic
roots can be related initially to the role of expansins in act-
ing on cell wall loosening, likely causing cell extension and
shrinkage (Lee et al. 2003; Ma et al. 2013; Kong et al. 2019).
Similarly, Liu et al. (2021) showed that AtEXPA4 gene over-
expression in A. thaliana improved primary root elonga-
tion. Also, Abbasi et al. (2021) showed that AtEXPA 18 gene
overexpression in N. tabacum resulted in improved drought
stress tolerance and higher biomass yield in transgenic plants
under drought stress conditions. Similarly, Calderini et al.
(2021) showed that ectopic overexpression of the TaEXPA6
gene to the wheat endosperm, aleurone, and pericarp layers
leads to a significant increase in grain size without reducing
the number of grains. Also, Wu et al. (2022) showed that
AcEXPA23 gene overexpression in kiwifruit increased the
number of kiwifruit lateral roots.

At the same time, previous studies have shown a close
relationship between the expression of some expansin
genes, ethylene hormone, and increased root lignification.
It is worth noting that, Huang et al. (2013) showed that the
ethylene-regulated inhibition of primary root elongation
was caused by an increase in cell wall lignification and the
suppression of lateral root formation was linked mainly to
expansin A. In this same context, Fujimoto et al. (2015)
showed that the sclareol, a natural diterpene known as an
antimicrobial and defense-related molecule, reduced A.
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thaliana susceptibility to RKN by mediating the accumula-
tion of ethylene-dependent lignin in roots. In this present
study, we verified the upregulation of NtACC oxidase and
NtEFE26 genes in roots of uninfected N. tabacum transgenic
lines, both genes involved in the ethylene biosynthesis path-
way (Chen et al. 2003). In addition, the N+*CCR and Nt4CL
genes involved in the lignin biosynthesis pathway were also
upregulated in transgenic lines. Similar to what we observed,
Sato et al. (2021) showed that infection of Solanum torvum
by the avirulent pathotype A2-O of M. arenaria rapidly
induced (at 3 DAI) the expression of genes encoding the
lignin biosynthesis, while biochemical analysis confirmed
high lignin accumulation at the root tip, suggesting that
physical reinforcement of cell walls with lignin is an impor-
tant defense mechanism against RKN. In this same sense,
Kumar et al. (2019) showed that several lignin biosynthesis
pathway genes were upregulated in an RKN-resistant cotton
genotype compared with a susceptible genotype.

Subsequently, our biochemical data revealed higher lignin
accumulation in the root cell wall of N. tabacum transgenic
lines. These data suggested that the GmEXPA1 protein
can indirectly act by modulating the cell wall of transgenic
roots, and that the increased root lignification may explain
the reduced plant susceptibility to M. incognita. Consistent
with these data, it is well known that the ethylene hormone
increases lignin content by regulating the activities of key
enzymes of the lignin biosynthesis pathway, and the root
morphological changes can be correlated with higher lignin
content (Tanimoto et al. 1995; Huang et al. 2013; Feng et al.
2017). It is worth noting that the lignin polymer is present
in the cell wall of vascular plants, where it rigidifies and
strengthens the cell wall structure through covalent cross-
linkages to cell wall polysaccharides (Sattler and Funnell-
Harris 2013; Liu et al. 2018). Also, lignin content is asso-
ciated with the modulation of root and plant growth and
directly related to plant defense against pathogens (Franke
et al. 2002; Xie et al. 2018). Thus, our collective data pro-
vided evidence that allows associates the GmEXPAI gene
upregulation with reduced plant susceptibility to M. incog-
nita, which leads to changes in the cell wall and lignin con-
tent. A little similar to this study, Basso et al. (2022) identi-
fied that the GmGIbI-1 gene was also upregulated in the
nematode-resistant cultivar PI595099 during plant infection
by M. incognita and showed that the constitutive overexpres-
sion of the GmGIbI-1 gene reduced A. thaliana and N. taba-
cum susceptibility to M. incognita, possibly by interfering
in the dynamic of reactive oxygen species production and
nitric oxide scavenging, enhancing the acquired systemic
acclimation to biotic and abiotic stresses, and improving the
cellular homeostasis.

In conclusion, RNAseq and real-time PCR data allowed
us to identify the GmEXPA1 gene as being upregulated in the
soybean nematode-resistant genotype PI595099 in response
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to M. incognita. The genome sequence analysis revealed that
the GmEXPAI gene was present and highly conserved in
both soybean nematode-resistant genotype and susceptible
cultivar. The A. thaliana and N. tabacum transgenic lines
overexpressing the GmEXPAI gene allowed us to validate
the association of GmEXPAI gene expression with reduced
plant susceptibility to M. incognita. The upregulation of two
marker genes involved in the ethylene biosynthesis path-
way and two other genes involved in the lignin biosynthesis
pathway, supported by the increased accumulation of lignin
in the transgenic roots, provided strong evidence that the
GmEXPAI gene can act in cell wall modification, increasing
root lignification. Therefore, the GmEXPA I gene represents
a powerful biotechnological tool to be applied in soybean
genetic engineering to reduce soybean susceptibility to M.
incognita and, possibly, other economically important PPNs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00299-022-02941-3.

Acknowledgements The authors are grateful for the financial support
provided by the EMBRAPA, UCB, CAPES, CNPq, FAPESP, INCT
PlantStress Biotech, INCT Bioethanol, and FAP-DF. Also, they are
grateful to Eglee Silvia Gongalves Igarashi and Viviane Lopes da Costa
for providing technical support

Author contributions MFGS was the project leader. LLPM provided
the binary vector. MFB performed in silico analysis, plant transforma-
tion, molecular assays, and helped by ITLT, performed gene expression
analysis. FCM-G provided soybean genome datasets. RCT and MMCC
performed the genome assembly and identification of GmEXPA1 gene
sequences. FBMA provided transcriptome datasets. MFB, DGP,
ITLT, RAGM, and CEMP performed the production of M. incognita
inoculum, and conducted and evaluated bioassays. CEMP, ITLT, and
ACMMBG supervised by the JAE performed the galls morphological
analysis. AG, AFM, and MFB supervised by the MSB and EISF per-
formed lignin content. MFB wrote the draft manuscript, while MFGS,
MCMS, MSB, JAE, and EISF reviewed and provided intellectual
inputs. All authors approved the final version.

Funding MFB is grateful to CAPES for the postdoctoral research fel-
lowship (process number: 88887.642997/2021-00). AG is grateful to
FAPESP 2019/13936-0. ITLT and CMP are grateful to the CAPES/
Cofecub project for the financial support of the bilateralexchange pro-
gram between institutions for researchers and students.

Data availability The partial genome sequences were provided into
the NCBI database from GenBank numbers: GmEXPA1.1_PI595099:
ON228172, GmEXPA1.2_PI595099: ON228173, GmEXPA1.1_
BRS133: ON228176, and GmEXPA1.2_BRS133: ON228177. The
nucleotide sequence can be accessed from https://www.ncbi.nlm.
nih.gov/nuccore. The Sequence Read Archive (SRA) data from
RNAseq are provided in the NCBI database from BioProject num-
ber: PRINA75066. The BioProject can be accessed from https://www.
ncbi.nlm.nih.gov/bioproject/. In addition, genome target sequence and
transcriptome data, such as gene expression, were also provided as
supplementary data.


https://doi.org/10.1007/s00299-022-02941-3
https://www.ncbi.nlm.nih.gov/nuccore
https://www.ncbi.nlm.nih.gov/nuccore
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/

Plant Cell Reports

Declarations

Conflict of interest The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Ethical approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

References

Abad P, Gouzy J, Aury J-M, Castagnone-Sereno P, Danchin EGJ,
Deleury E, Perfus-Barbeoch L, Anthouard V, Artiguenave F, Blok
VC, Caillaud M-C, Coutinho PM, Dasilva C, De Luca F, Deau F,
Esquibet M, Flutre T, Goldstone JV, Hamamouch N, Hewezi T,
Jaillon O, Jubin C, Leonetti P, Magliano M, Maier TR, Markov
GV, McVeigh P, Pesole G, Poulain J, Robinson-Rechavi M, Sal-
let E, Ségurens B, Steinbach D, Tytgat T, Ugarte E, van Ghelder
C, Veronico P, Baum TJ, Blaxter M, Bleve-Zacheo T, Davis EL,
Ewbank JJ, Favery B, Grenier E, Henrissat B, Jones JT, Laudet V,
Maule AG, Quesneville H, Rosso M-N, Schiex T, Smant G, Weis-
senbach J, Wincker P (2008) Genome sequence of the metazoan
plant-parasitic nematode Meloidogyne incognita. Nat Biotechnol
26:9009. https://doi.org/10.1038/nbt.1482

Abbasi A, Malekpour M, Sobhanverdi S (2021) The Arabidopsis
expansin gene (AtEXPA18) is capable to ameliorate drought stress
tolerance in transgenic tobacco plants. Mol Biol Rep 48(8):5913—
5922. https://doi.org/10.1007/s11033-021-06589-2

Ali MA, Azeem F, Abbas A, Joyia FA, Li H, Dababat AA (2017)
Transgenic strategies for enhancement of nematode resistance in
plants. Front Plant Sci 8:750-750. https://doi.org/10.3389/fpls.
2017.00750

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J] Mol Biol 215(3):403-410. https://
doi.org/10.1016/S0022-2836(05)80360-2

Arraes FBM, Vasquez DDN, Tahir M, Pinheiro DH,Faheem M, Frei-
tas-Alves NS, Moreira-Pinto CE, Moreira VJV,Paes-de-Melo B,
Lisei-de-Sa ME, Morgante CV, Mota APZ, Lourenco-Tessutti IT,
Togawa RC, Grynberg P, Fragoso RR, Almeida-Engler J, Larsen
MR, Grossi-de-Sa MF (2022) Integrated omic approaches reveal
molecular mechanisms of tolerance during soybean and Meloi-
dogyne incognita interactions. Plants 11:2744. https://doi.org/10.
3390/plants11202744

Basso MF, Ferreira PCG, Kobayashi AK, Harmon FG, Nepomuceno
AL, Molinari HBC, Grossi-de-Sa MF (2019) MicroRNAs and
new biotechnological tools for its modulation and improving stress
tolerance in plants. Plant Biotechnol J. https://doi.org/10.1111/
pbi.13116

Basso MF, Arraes FBM, Grossi-de-Sa M, Moreira VIV, Alves-Ferreira
M, Grossi-de-Sa MF (2020a) Insights into genetic and molecular
elements for transgenic crop development. Front Plant Sci. https://
doi.org/10.3389/fpls.2020a.00509

Basso MF, Lourenco-Tessutti IT, Mendes RAG, Pinto CEM, Bour-
naud C, Gillet F-X, Togawa RC, de Macedo LLP, de Almeida
EJ, Grossi-de-Sa MF (2020b) MiDaf16-like and MiSknI-like gene
families are reliable targets to develop biotechnological tools for
the control and management of Meloidogyne incognita. Sci Rep
10(1):6991. https://doi.org/10.1038/s41598-020-63968-8

Basso MF, Lourengo-Tessutti IT, Moreira-Pinto CE, Mendes RAG,
Paes-de-Melo B, Neves MR, Macedo AF, Figueredo V, Grandis A,
Macedo LLP, Arraes FBM, Costa MMCC, Togawa RC, Enrich-
Prast E, Marcelino-Guimareas FC, Gomes ACMM, Silva MCM,
Floh EIS, Buckeridge MS, Engler JA, Grossi-de-Sa MF (2022)
Overexpression of a soybean Globin (GmGIbI-1) gene reduces
plant susceptibility to Meloidogyne incognita. Planta. https://doi.
org/10.1007/s00425-022-03992-2

Bellafiore S, Shen Z, Rosso M-N, Abad P, Shih P, Briggs SP (2008)
Direct identification of the Meloidogyne incognita secretome
reveals proteins with host cell reprogramming potential. PLoS
Pathog 4(10):e1000192. https://doi.org/10.1371/journal.ppat.
1000192

Bernard GC, Egnin M, Bonsi C (2017) the impact of plant-parasitic
nematodes on agriculture and methods of control. Nematology-
concepts, diagnosis and control. InTech, USA

Brasileiro ACM, Lacorte C, Pereira BM, Oliveira TN, Ferreira DS,
Mota APZ, Saraiva MAP, Araujo ACG, Silva LP, Guimaraes
PM (2021) Ectopic expression of an expansin-like B gene from
wild Arachis enhances tolerance to both abiotic and biotic
stresses. Plant J. https://doi.org/10.1111/tpj.15409

Calderini DF, Castillo FM, Arenas-M A, Molero G, Reynolds MP,
Craze M, Bowden S, Milner MJ, Wallington EJ, Dowle A,
Gomez LD, McQueen-Mason SJ (2021) Overcoming the trade-
off between grain weight and number in wheat by the ectopic
expression of expansin in developing seeds leads to increased
yield potential. New Phytol 230(2):629-640. https://doi.org/10.
1111/nph.17048

Chen N, Goodwin PH, Hsiang T (2003) The role of ethylene during
the infection of Nicotiana tabacum by Colletotrichum destruc-
tivum. J Exp Bot 54(392):2449-2456. https://doi.org/10.1093/
jxb/erg289

Chen Y, Han Y, Zhang M, Zhou S, Kong X, Wang W (2016) Over-
expression of the wheat expansin gene 7aEXPA2 improved seed
production and drought tolerance in transgenic tobacco plants.
PLoS ONE 11(4):0153494. https://doi.org/10.1371/journal.pone.
0153494

Chen Y, Han Y, Kong X, Kang H, Ren Y, Wang W (2017) Ectopic
expression of wheat expansin gene TaEXPA2 improved the salt
tolerance of transgenic tobacco by regulating Na(+)/K(+) and
antioxidant competence. Physiol Plant 159(2):161-177. https://
doi.org/10.1111/ppl.12492

Chen LJ, Zou WS, Fei CY, Wu G, Li XY, Lin HH, Xi DH (2018)
Alpha-expansin EXPA4 positively regulates abiotic stress toler-
ance but negatively regulates pathogen resistance in Nicotiana
tabacum. Plant Cell Physiolo 59(11):2317-2330. https://doi.org/
10.1093/pcp/pcy155

Chen S, Luo Y, Wang G, Feng C, Li H (2020) Genome-wide identifica-
tion of expansin genes in Brachypodium distachyon and functional
characterization of BAdEXPA27. Plant Sci 296:110490. https://doi.
org/10.1016/j.plantsci.2020.110490

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agro-
bacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16(6):735-743. https://doi.org/10.1046/j.1365-313x.1998.
00343.x

Cosgrove DJ (1998) Cell wall loosening by expansins. Plant Physiol
118(2):333-339. https://doi.org/10.1104/pp.118.2.333

Cosgrove DJ (2015) Plant expansins: diversity and interactions with
plant cell walls. Curr Opin Plant Biol 25:162—-172. https://doi.org/
10.1016/j.pbi.2015.05.014

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F,
Dufayard JF, Guindon S, Lefort V, Lescot M, Claverie JM, Gas-
cuel O (2008) Phylogeny. fr: robust phylogenetic analysis for the
non-specialist. Nucleic Acid Res. https://doi.org/10.1093/nar/
2kn180

@ Springer


https://doi.org/10.1038/nbt.1482
https://doi.org/10.1007/s11033-021-06589-2
https://doi.org/10.3389/fpls.2017.00750
https://doi.org/10.3389/fpls.2017.00750
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.3390/plants11202744
https://doi.org/10.3390/plants11202744
https://doi.org/10.1111/pbi.13116
https://doi.org/10.1111/pbi.13116
https://doi.org/10.3389/fpls.2020a.00509
https://doi.org/10.3389/fpls.2020a.00509
https://doi.org/10.1038/s41598-020-63968-8
https://doi.org/10.1007/s00425-022-03992-2
https://doi.org/10.1007/s00425-022-03992-2
https://doi.org/10.1371/journal.ppat.1000192
https://doi.org/10.1371/journal.ppat.1000192
https://doi.org/10.1111/tpj.15409
https://doi.org/10.1111/nph.17048
https://doi.org/10.1111/nph.17048
https://doi.org/10.1093/jxb/erg289
https://doi.org/10.1093/jxb/erg289
https://doi.org/10.1371/journal.pone.0153494
https://doi.org/10.1371/journal.pone.0153494
https://doi.org/10.1111/ppl.12492
https://doi.org/10.1111/ppl.12492
https://doi.org/10.1093/pcp/pcy155
https://doi.org/10.1093/pcp/pcy155
https://doi.org/10.1016/j.plantsci.2020.110490
https://doi.org/10.1016/j.plantsci.2020.110490
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1104/pp.118.2.333
https://doi.org/10.1016/j.pbi.2015.05.014
https://doi.org/10.1016/j.pbi.2015.05.014
https://doi.org/10.1093/nar/gkn180
https://doi.org/10.1093/nar/gkn180

Plant Cell Reports

Ding X, Cao Y, Huang L, Zhao J, Xu C, Li X, Wang S (2008) Acti-
vation of the indole-3-acetic acid-amido synthetase GH3-8
suppresses expansin expression and promotes salicylate- and
jasmonate-independent basal immunity in rice. Plant Cell
20(1):228-240. https://doi.org/10.1105/tpc.107.055657

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut
P, Chaisson M, Gingeras TR (2012) STAR: ultrafast universal
RNA-seq aligner. Bioinformatics 29(1):15-21. https://doi.org/10.
1093/bioinformatics/bts635

Edgar RC (2004) MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acid Res 32(5):1792—
1797. https://doi.org/10.1093/nar/gkh340

Feng Y, Xu P, Li B, Li P, Wen X, An F, Gong Y, Xin Y, Zhu Z, Wang
Y, Guo H (2017) Ethylene promotes root hair growth through
coordinated EIN3/EILI and RHD6/RSLI activity in Arabidopsis.
PNAS 114(52):13834-138309. https://doi.org/10.1073/pnas.17117
23115

Fragoso RR, Arraes FBM, Lourengo-Tristan I, Miranda VJ, Basso MF,
Ferreira AVJ, Viana AAB, Lins CBJ, Lins PC, Engler GJ, Moura
SM, Batista JAN, Silva MCM, Engler G, Morgante CV, Lisei-de-
Sa ME, Vasques RM, Engler JA, Grossi-de-Sa MF (2022) Func-
tional characterization of the pUceS8.3 promoter and its potential
use for ectopic gene overexpression. Planta. https://doi.org/10.
1007/500425-022-03980-6

Franke R, Hemm MR, Denault JW, Ruegger MO, Humphreys JM,
Chapple C (2002) Changes in secondary metabolism and deposi-
tion of an unusual lignin in the ref8 mutant of Arabidopsis. Plant
J30(1):47-59. https://doi.org/10.1046/j.1365-313x.2002.01267.x

Fudali S, Janakowski S, Sobczak M, Griesser M, Grundler FM,
Golinowski W (2008) Two tomato alpha-expansins show distinct
spatial and temporal expression patterns during development
of nematode-induced syncytia. Physiol Plant 132(3):370-383.
https://doi.org/10.1111/j.1399-3054.2007.01017.x

Fujimoto T, Mizukubo T, Abe H, Seo S (2015) Sclareol induces
plant resistance to root-knot nematode partially through eth-
ylene-dependent enhancement of lignin accumulation. Mol
Plant Microbe Interact 28(4):398—407. https://doi.org/10.1094/
MPMI-10-14-0320-R

Gal TZ, Aussenberg ER, Burdman S, Kapulnik Y, Koltai H (2006)
Expression of a plant expansin is involved in the establishment of
root knot nematode parasitism in tomato. Planta 224(1):155-162.
https://doi.org/10.1007/s00425-005-0204-x

Georgelis N, Yennawar NH, Cosgrove DJ (2012) Structural basis for
entropy-driven cellulose binding by a type-A cellulose-binding
module (CBM) and bacterial expansin. PNAS 109(37):14830-
14835. https://doi.org/10.1073/pnas. 1213200109

Gillet FX, Bournaud C, de Souza A, Junior JD, Grossi-de-Sa MF
(2017) Plant-parasitic nematodes: towards understanding molecu-
lar players in stress responses. Ann Bot 119(5):775-789. https://
doi.org/10.1093/a0b/mcw260

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J,
Mitros T, Dirks W, Hellsten U, Putnam N, Rokhsar DS (2012)
Phytozome: a comparative platform for green plant genomics.
Nucleic Acid Res. https://doi.org/10.1093/nar/gkr944

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I,
Adiconis X, Fan L, Raychowdhury R, Zeng Q, Chen Z, Mauceli E,
Hacohen N, Gnirke A, Rhind N, di Palma F, Birren BW, Nusbaum
C, Lindblad-Toh K, Friedman N, Regev A (2011) Full-length
transcriptome assembly from RNA-Seq data without a reference
genome. Nat Biotechnol 29(7):644—652. https://doi.org/10.1038/
nbt.1883

Guimaraes LA, Mota APZ, Araujo ACG, de Alencar Figueiredo LF,
Pereira BM, de Passos Saraiva MA, Silva RB, Danchin EGJ, Gui-
maraes PM, Brasileiro ACM (2017) Genome-wide analysis of
expansin superfamily in wild Arachis discloses a stress-responsive

@ Springer

expansin-like B gene. Plant Mol Biol 94(1-2):79-96. https://doi.
org/10.1007/s11103-017-0594-8

Guo W, Zhao J, Li X, Qin L, Yan X, Liao H (2011) A soybean
p-expansin gene GmEXPB2 intrinsically involved in root system
architecture responses to abiotic stresses. Plant J 66(3):541-552.
https://doi.org/10.1111/j.1365-313X.2011.04511.x

Hamawaki OT, Hamawaki RL, Nogueira APO, Glasenapp JS,
Hamawaki CDL, da Silva CO (2019) Evaluation of soybean
breeding lineages to new sources of root-knot nematode resist-
ance. Ciéncia e Agrotec. https://doi.org/10.1590/1413-70542
01943009519

Han Y, Li A, Li F, Zhao M, Wang W (2012) Characterization of a
wheat (Triticum aestivum L.) expansin gene, TaEXPB23, involved
in the abiotic stress response and phytohormone regulation. Plant
Physiol Biochem 54:49-58. https://doi.org/10.1016/j.plaphy.2012.
02.007

Han Y, Chen Y, Yin S, Zhang M, Wang W (2015) Over-expression
of TaEXPB23, a wheat expansin gene, improves oxidative stress
tolerance in transgenic tobacco plants. J Plant Physiol 173:62—
71. https://doi.org/10.1016/j.jplph.2014.09.007

Hartman GL, West ED, Herman TK (2011) Crops that feed the World
.2 Soybean-worldwide production, use, and constraints caused
by pathogens and pests. Food Sec 3(1):5-17. https://doi.org/10.
1007/s12571-010-0108-x

Huang W-N, Liu H-K, Zhang H-H, Chen Z, Guo Y-D, Kang Y-F
(2013) Ethylene-induced changes in lignification and cell wall-
degrading enzymes in the roots of mungbean (Vigna radiata)
sprouts. Plant Physiol Biochem 73:412-419. https://doi.org/10.
1016/j.plaphy.2013.10.020

Hussey RS, Barker KR (1973) A comparison of methods of collect-
ing inocula of Meloidogyne spp, including a new technique.
Plant Dis Rep 57:1025-1028

Ithal N, Recknor J, Nettleton D, Hearne L, Maier T, Baum TJ,
Mitchum MG (2007) Parallel genome-wide expression profiling
of host and pathogen during soybean cyst nematode infection
of soybean. Mol Plant Mic Int 20(3):293-305. https://doi.org/
10.1094/mpmi-20-3-0293

Jiao Y, Vuong TD, Liu Y, Li Z, Noe J, Robbins RT, Joshi T, Xu D,
Shannon JG, Nguyen HT (2015) Identification of quantitative
trait loci underlying resistance to southern root-knot and reni-
form nematodes in soybean accession PI 567516C. Mol Breed
35(6):131-131. https://doi.org/10.1007/s11032-015-0330-5

Kim M, Hyten DL, Niblack TL, Diers BW (2011) Stacking resistance
alleles from wild and domestic soybean sources improves soy-
bean cyst nematode resistance. Crop Sci 51(3):934-943. https://
doi.org/10.2135/cropsci2010.08.0459

Klink VP, Overall CC, Alkharouf NW, MacDonald MH, Mat-
thews BF (2007) Laser capture microdissection (LCM) and
comparative microarray expression analysis of syncytial cells
isolated from incompatible and compatible soybean (Glycine
max) roots infected by the soybean cyst nematode (Heterodera
glycines). Planta 226(6):1389-1409. https://doi.org/10.1007/
$00425-007-0578-z

Kong Y, Wang B, Du H, Li W, Li X, Zhang C (2019) GmEXLBI, a
soybean expansin-like B gene, alters root architecture to improve
phosphorus acquisition in Arabidopsis. Front Plant Sci 10:808.
https://doi.org/10.3389/fpls.2019.00808

Kumar P, Khanal S, Da Silva M, Singh R, Davis RF, Nichols RL,
Chee PW (2019) Transcriptome analysis of a nematode resist-
ant and susceptible upland cotton line at two critical stages of
Meloidogyne incognita infection and development. PLoS ONE
14(9):e0221328. https://doi.org/10.1371/journal.pone.0221328

Lee D-K, Ahn JH, Song S-K, Choi YD, Lee JS (2003) Expression of
an expansin gene is correlated with root elongation in soybean.
Plant Physiol 131(3):985-997. https://doi.org/10.1104/pp.009902


https://doi.org/10.1105/tpc.107.055657
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1073/pnas.1711723115
https://doi.org/10.1073/pnas.1711723115
https://doi.org/10.1007/s00425-022-03980-6
https://doi.org/10.1007/s00425-022-03980-6
https://doi.org/10.1046/j.1365-313x.2002.01267.x
https://doi.org/10.1111/j.1399-3054.2007.01017.x
https://doi.org/10.1094/MPMI-10-14-0320-R
https://doi.org/10.1094/MPMI-10-14-0320-R
https://doi.org/10.1007/s00425-005-0204-x
https://doi.org/10.1073/pnas.1213200109
https://doi.org/10.1093/aob/mcw260
https://doi.org/10.1093/aob/mcw260
https://doi.org/10.1093/nar/gkr944
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1007/s11103-017-0594-8
https://doi.org/10.1007/s11103-017-0594-8
https://doi.org/10.1111/j.1365-313X.2011.04511.x
https://doi.org/10.1590/1413-7054201943009519
https://doi.org/10.1590/1413-7054201943009519
https://doi.org/10.1016/j.plaphy.2012.02.007
https://doi.org/10.1016/j.plaphy.2012.02.007
https://doi.org/10.1016/j.jplph.2014.09.007
https://doi.org/10.1007/s12571-010-0108-x
https://doi.org/10.1007/s12571-010-0108-x
https://doi.org/10.1016/j.plaphy.2013.10.020
https://doi.org/10.1016/j.plaphy.2013.10.020
https://doi.org/10.1094/mpmi-20-3-0293
https://doi.org/10.1094/mpmi-20-3-0293
https://doi.org/10.1007/s11032-015-0330-5
https://doi.org/10.2135/cropsci2010.08.0459
https://doi.org/10.2135/cropsci2010.08.0459
https://doi.org/10.1007/s00425-007-0578-z
https://doi.org/10.1007/s00425-007-0578-z
https://doi.org/10.3389/fpls.2019.00808
https://doi.org/10.1371/journal.pone.0221328
https://doi.org/10.1104/pp.009902

Plant Cell Reports

LiF, Han Y, Feng Y, Xing S, Zhao M, Chen Y, Wang W (2013) Expres-
sion of wheat expansin driven by the RD29 promoter in tobacco
confers water-stress tolerance without impacting growth and
development. J Biotechnol 163(3):281-291. https://doi.org/10.
1016/j.jbiotec.2012.11.008

Li X, Zhao J, Walk TC, Liao H (2014) Characterization of soybean
p-expansin genes and their expression responses to symbio-
sis, nutrient deficiency, and hormone treatment. Appl Micro-
biol Biotechnol 98(6):2805-2817. https://doi.org/10.1007/
$00253-013-5240-z

Li X, Zhao J, Tan Z, Zeng R, Liao H (2015) GmEXPB2, a cell wall
p-expansin, affects soybean nodulation through modifying root
architecture and promoting nodule formation and development.
Plant Physiol 169(4):2640-2653. https://doi.org/10.1104/pp.15.
01029

Liu W, Xu L, Lin H, Cao J (2021) Two expansin genes, AtEXPA4 and
AtEXPBS, are redundantly required for pollen tube growth and
AtEXPA4 is involved in primary root elongation in Arabidopsis
thaliana. Genes (basel) 12(2):249. https://doi.org/10.3390/genes
12020249

Liu Q, Luo L, Zheng L (2018) Lignins: biosynthesis and biological
functions in plants. Int J Mol Sci. https://doi.org/10.3390/ijms1
9020335

Lo TS, Le HD, Nguyen V, Chu H, Le V-S, Chu HM (2015) Overex-
pression of a soybean expansin gene, GmEXP 1, improves drought
tolerance in transgenic tobacco. Turk J Bot 39:988-995

Ma N, Wang Y, Qiu S, Kang Z, Che S, Wang G, Huang J (2013)
Overexpression of OsEXPAS, a root-specific gene, improves rice
growth and root system architecture by facilitating cell extension.
PLoS ONE 8(10):675997-e75997. https://doi.org/10.1371/journ
al.pone.0075997

Marchler-Bauer A, Bo Y, Han L, He J, Lanczycki CJ, Lu S, Chitsaz F,
Derbyshire MK, Geer RC, Gonzales NR, Gwadz M, Hurwitz DI,
Lu F, Marchler GH, Song JS, Thanki N, Wang Z, Yamashita RA,
Zhang D, Zheng C, Geer LY, Bryant SH (2017) CDD/SPARCLE:
functional classification of proteins via subfamily domain archi-
tectures. Nucleic Acid Res 45(D1):D200-D203. https://doi.org/
10.1093/nar/gkw1129

Marowa P, Ding A, Kong Y (2016) Expansins: roles in plant growth
and potential applications in crop improvement. Plant Cell Rep
35(5):949-965. https://doi.org/10.1007/s00299-016-1948-4

Mejias J, Truong NM, Abad P, Favery B, Quentin M (2019) Plant
proteins and processes targeted by parasitic nematode effectors.
Front Plant Sci. https://doi.org/10.3389/fpls.2019.00970

Mendes RAG, Basso MF, Fernandes de Araijo J, Paes-de-Melo B,
Lima RN, Ribeiro TP, da Silva MV, Saliba Albuquerque EV,
Grossi-de-Sa M, Dessaune Tameirao SN, da Rocha FR, Mattar
da Silva MC, Vignols F, Fernandez D, Grossi-de-Sa MF (2021a)
Minc00344 and Mj-NULG]a effectors interact with GmHub10
protein to promote the soybean parasitism by Meloidogyne incog-
nita and M. javanica. Exp Parasitol. https://doi.org/10.1016/j.
exppara.2021a.108153

Mendes RAG, Basso MF, Paes-de-Melo B, Ribeiro TP, Lima RN,
Fernandes de Aradjo J, Grossi-de-Sa M, da Silva MV, Togawa
RC, Saliba Albuquerque EV, Lisei-de-Sa ME, Mattar da Silva
MC, Pepino Macedo LL, da Rocha FR, Fernandez D, Vignols
F, Grossi-de-Sa MF (2021b) The Mi-EFF1/Minc17998 effector
interacts with the soybean GmHub6 protein to promote host plant
parasitism by Meloidogyne incognita. Physiol Mol Plant Pathol
114:101630. https://doi.org/10.1016/j.pmpp.2021.101630

Mendes RAG, Basso MF, Amora DX, Silva AP, Paes-de-Melo B,
Togawa RC, Albuquerque EVS, Lisei-de-Sa ME, Macedo LLP,
Lourengo-Tessutti IT, Grossi-de-Sa MF (2022c) In planta RNAi
approach targeting three M. incognita effector genes disturbed the
process of infection and reduced plant susceptibility. Exp Parasi-
tolo. https://doi.org/10.1016/j.exppara.2022.108246

Montechiarini NH, Delgado L, Morandi EN, Carrillo NJ, Gosparini
CO (2021) The expansin EXP/ gene in the elongation zone is
induced during soybean embryonic axis germination and differen-
tially expressed in response to ABA and PEG treatments. Seed Sci
Res 31(1):60-68. https://doi.org/10.1017/S0960258520000379

Moreira V]V, Lourengo-Tessutti IT, Basso MF, Lisei-de-Sa ME, Mor-
gante CV, Paes-de-Melo B, Arraes FBM, Martins-de-Sa D, Silva
MCM, Engler JA, Grossi-de-Sa MF (2022) Minc03328 effector
gene downregulation severely affects Meloidogyne incognita
parasitism in transgenic Arabidopsis thaliana. Planta 255:1-16.
https://doi.org/10.1007/S00425-022-03823-4

Moreira-Vilar FC, Siqueira-Soares RdC, Finger-Teixeira A, Oliveira
DMd, Ferro AP, da Rocha GJ, Ferrarese MdLL, dos Santos WD,
Ferrarese-Filho O (2014) The acetyl bromide method is faster,
simpler and presents best recovery of lignin in different herba-
ceous tissues than Klason and thioglycolic acid methods. PLoS
ONE 9(10):e110000. https://doi.org/10.1371/journal.pone.01100
00

Muhire BM, Varsani A, Martin DP (2014) SDT: a virus classification
tool based on pairwise sequence alignment and identity calcula-
tion. PLoS ONE 9(9):¢108277—e108277. https://doi.org/10.1371/
journal.pone.0108277

Murashige T, Skoog F (1962) A revised medium for rapid growth
and bio assays with tobacco tissue cultures. Physiol Plantarum
15(3):473-497. https://doi.org/10.1111/j.1399-3054.1962.tb080
52.x

Muthusamy M, Kim JY, Yoon EK, Kim JA, Lee SI (2020) BrEXLBI, a
Brassica rapa expansin-like B1 gene is associated with root devel-
opment, drought stress response, and seed germination. Genes
(basel). https://doi.org/10.3390/genes 11040404

Narvéez-Barragan DA, Tovar-Herrera OE, Segovia L, Serrano M,
Martinez-Anaya C (2020) Expansin-related proteins: biology,
microbe-plant interactions and associated plant-defense responses.
Microbiology 166(11):1007-1018. https://doi.org/10.1099/mic.0.
000984

Nawaz MA, Rehman HM, Imtiaz M, Baloch FS, Lee JD, Yang SH, Lee
SI, Chung G (2017) Systems identification and characterization
of cell wall reassembly and degradation related genes in glycine
max (L) Merill, a bioenergy legume. Sci Rep 7(1):10862. https://
doi.org/10.1038/s41598-017-11495-4

Oostenbrink M (1966) Major characteristics of the relation between
nematode and plants. Meded Landbouwhogeschool 66:3-46

Park SH, Rose SC, Zapata C, Srivatanakul M, Smith RH (1998) Cross-
protection and selectable marker genes in plant transformation.
In Vitro Cell Develop Biolo-Plant 34(2):117-121. https://doi.org/
10.1007/BF02822775

Peng L-N, Xu Y, Wang X, Feng X, Zhao Q, Feng S, Zhao Z, Hu B, Li F
(2019) Overexpression of paralogues of the wheat expansin gene
TaEXPAS8 improves low-temperature tolerance in Arabidopsis.
Plant Biolo. https://doi.org/10.1111/plb.13018

Perini MA, Sin IN, Villarreal NM, Marina M, Powell AL, Martinez
GA, Civello PM (2017) Overexpression of the carbohydrate bind-
ing module from Solanum lycopersicum expansin 1 (SI-EXP1)
modifies tomato fruit firmness and Botrytis cinerea susceptibil-
ity. Plant Physiol Biochem 113:122-132. https://doi.org/10.1016/j.
plaphy.2017.01.029

Sampedro J, Cosgrove DJ (2005) The expansin superfamily. Genome
Biol 6(12):242. https://doi.org/10.1186/gb-2005-6-12-242

Sampedro J, Guttman M, Li L-C, Cosgrove DJ (2015) Evolutionary
divergence of f-expansin structure and function in grasses par-
allels emergence of distinctive primary cell wall traits. Plant J
81(1):108-120. https://doi.org/10.1111/tpj.12715

Sato K, Uehara T, Holbein J, Sasaki-Sekimoto Y, Gan P, Bino T,
Yamaguchi K, Ichihashi Y, Maki N, Shigenobu S, Ohta H, Franke
RB, Siddique S, Grundler FMW, Suzuki T, Kadota Y, Shirasu
K (2021) Transcriptomic analysis of resistant and susceptible

@ Springer


https://doi.org/10.1016/j.jbiotec.2012.11.008
https://doi.org/10.1016/j.jbiotec.2012.11.008
https://doi.org/10.1007/s00253-013-5240-z
https://doi.org/10.1007/s00253-013-5240-z
https://doi.org/10.1104/pp.15.01029
https://doi.org/10.1104/pp.15.01029
https://doi.org/10.3390/genes12020249
https://doi.org/10.3390/genes12020249
https://doi.org/10.3390/ijms19020335
https://doi.org/10.3390/ijms19020335
https://doi.org/10.1371/journal.pone.0075997
https://doi.org/10.1371/journal.pone.0075997
https://doi.org/10.1093/nar/gkw1129
https://doi.org/10.1093/nar/gkw1129
https://doi.org/10.1007/s00299-016-1948-4
https://doi.org/10.3389/fpls.2019.00970
https://doi.org/10.1016/j.exppara.2021a.108153
https://doi.org/10.1016/j.exppara.2021a.108153
https://doi.org/10.1016/j.pmpp.2021.101630
https://doi.org/10.1016/j.exppara.2022.108246
https://doi.org/10.1017/S0960258520000379
https://doi.org/10.1007/S00425-022-03823-4
https://doi.org/10.1371/journal.pone.0110000
https://doi.org/10.1371/journal.pone.0110000
https://doi.org/10.1371/journal.pone.0108277
https://doi.org/10.1371/journal.pone.0108277
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.3390/genes11040404
https://doi.org/10.1099/mic.0.000984
https://doi.org/10.1099/mic.0.000984
https://doi.org/10.1038/s41598-017-11495-4
https://doi.org/10.1038/s41598-017-11495-4
https://doi.org/10.1007/BF02822775
https://doi.org/10.1007/BF02822775
https://doi.org/10.1111/plb.13018
https://doi.org/10.1016/j.plaphy.2017.01.029
https://doi.org/10.1016/j.plaphy.2017.01.029
https://doi.org/10.1186/gb-2005-6-12-242
https://doi.org/10.1111/tpj.12715

Plant Cell Reports

responses in a new model root-knot nematode infection system
using Solanum torvum and Meloidogyne arenaria. Front Plant Sci
12:680151. https://doi.org/10.3389/fpls.2021.680151

Sattler S, Funnell-Harris D (2013) Modifying lignin to improve bio-
energy feedstocks: strengthening the barrier against pathogens?
Front in Plant Sci. https://doi.org/10.3389/fpls.2013.00070

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by
the comparative CT method. Nat Protoc 3:1101. https://doi.org/
10.1038/nprot.2008.73

Schmutz J, Cannon SB, Schlueter J, Ma J, Mitros T, Nelson W, Hyten
DL, Song Q, Thelen JJ, Cheng J, Xu D, Hellsten U, May GD,
Yu Y, Sakurai T, Umezawa T, Bhattacharyya MK, Sandhu D,
Valliyodan B, Lindquist E, Peto M, Grant D, Shu S, Goodstein
D, Barry K, Futrell-Griggs M, Abernathy B, Du J, Tian Z, Zhu
L, Gill N, Joshi T, Libault M, Sethuraman A, Zhang XC, Shino-
zaki K, Nguyen HT, Wing RA, Cregan P, Specht J, Grimwood J,
Rokhsar D, Stacey G, Shoemaker RC, Jackson SA (2010) Genome
sequence of the palaeopolyploid soybean. Nature 463(7278):178—
183. https://doi.org/10.1038/nature08670

Seo Y, Kim YH (2014) Control of Meloidogyne incognita using mix-
tures of organic acids. The Plant Pathology Journal 30(4):450—
455. https://doi.org/10.5423/PPJ.NT.07.2014.0062

Song Z, Wang D, Gao Y, Li C, Jiang H, Zhu X, Zhang H (2021)
Changes of lignin biosynthesis in tobacco leaves during matu-
ration. Funct Plant Biol 48(6):624—633. https://doi.org/10.1071/
FP20244

Stothard P (2000) The sequence manipulation suite: JavaScript pro-
grams for analyzing and formatting protein and DNA sequences.
Biotechniques. https://doi.org/10.2144/00286ir01

Tanimoto M, Roberts K, Dolan L (1995) Ethylene is a positive regu-
lator of root hair development in Arabidopsis thaliana. Plant J
8(6):943-948. https://doi.org/10.1046/j.1365-313X.1995.80609
43.x

Trudgill DL, Blok VC (2001) Apomictic, polyphagous root-knot nema-
todes: exceptionally successful and damaging biotrophic root
pathogens. Annu Rev Phytopathol 39:53-77. https://doi.org/10.
1146/annurev.phyto.39.1.53

Tylka GL, Marett CC (2021) Known distribution of the soybean cyst
nematode, Heterodera glycines, in the United States and Canada
in 2020. Plant Health Progress 22(1):72-74. https://doi.org/10.
1094/php-10-20-0094-br

Wieczorek K, Golecki B, Gerdes L, Heinen P, Szakasits D, Durachko
DM, Cosgrove DJ, Kreil DP, Puzio PS, Bohlmann H, Grundler
FMW (2006) Expansins are involved in the formation of nema-
tode-induced syncytia in roots of Arabidopsis thaliana. Plant J
48(1):98-112. https://doi.org/10.1111/j.1365-313X.2006.02856.x

@ Springer

Wilkes J, Saski C, Klepadlo M, Fallen B, Agudelo P (2020) Quantita-
tive trait loci associated with Rotylenchulus reniformis host suit-
ability in soybean. Phytopathology 110(9):1511-1521. https://doi.
org/10.1094/phyto-02-20-0035-r

Windham GL, Williams WP (1987) Host suitability of commercial
corn hybrids to Meloidogyne arenaria and M incognita. J Nematol
19(1):13-16

Wu Z, Li M, Zhong Y, Li L, Cheng D, Gu H, Guo X, Qi X, ChenJ
(2022) Overexpression of AcEXPA23 promotes lateral root devel-
opment in kiwifruit. Int J Mol Sci 23(14):8026. https://doi.org/10.
3390/ijms23148026

Xie M, Zhang J, Tschaplinski TJ, Tuskan GA, Chen J-G, Muchero W
(2018) Regulation of lignin biosynthesis and its role in growth-
defense tradeoffs. Front Plant Sci. https://doi.org/10.3389/fpls.
2018.01427

Yang Z, Zheng J, Zhou H, Chen S, Gao Z, Yang Y, Li X, Liao H
(2021) The soybean p-expansin gene GmINS1 contributes to nod-
ule development in response to phosphate starvation. Physiol Plant
172(4):2034-2047. https://doi.org/10.1111/ppl.13436

Yennawar NH, Li L-C, Dudzinski DM, Tabuchi A, Cosgrove DJ (2006)
Crystal structure and activities of EXPBI (Zeam 1), a f-expansin
and group-1 pollen allergen from maize. PNAS 103(40):14664—
14671. https://doi.org/10.1073/pnas.0605979103

Zhang H, Kjemtrup-Lovelace S, Li C, Luo Y, Chen LP, Song B-H
(2017) Comparative RNA-seq analysis uncovers a complex regu-
latory network for soybean cyst nematode resistance in wild soy-
bean (Glycine soja). Sci Rep 7(1):9699. https://doi.org/10.1038/
s41598-017-09945-0

Zhu'Y, Wu N, Song W, Yin G, Qin Y, Yan Y, Hu Y (2014) Soybean
(Glycine max) expansin gene superfamily origins: segmental and
tandem duplication events followed by divergent selection among
subfamilies. BMC Plant Biol 14(1):93. https://doi.org/10.1186/
1471-2229-14-93

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.3389/fpls.2021.680151
https://doi.org/10.3389/fpls.2013.00070
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nature08670
https://doi.org/10.5423/PPJ.NT.07.2014.0062
https://doi.org/10.1071/FP20244
https://doi.org/10.1071/FP20244
https://doi.org/10.2144/00286ir01
https://doi.org/10.1046/j.1365-313X.1995.8060943.x
https://doi.org/10.1046/j.1365-313X.1995.8060943.x
https://doi.org/10.1146/annurev.phyto.39.1.53
https://doi.org/10.1146/annurev.phyto.39.1.53
https://doi.org/10.1094/php-10-20-0094-br
https://doi.org/10.1094/php-10-20-0094-br
https://doi.org/10.1111/j.1365-313X.2006.02856.x
https://doi.org/10.1094/phyto-02-20-0035-r
https://doi.org/10.1094/phyto-02-20-0035-r
https://doi.org/10.3390/ijms23148026
https://doi.org/10.3390/ijms23148026
https://doi.org/10.3389/fpls.2018.01427
https://doi.org/10.3389/fpls.2018.01427
https://doi.org/10.1111/ppl.13436
https://doi.org/10.1073/pnas.0605979103
https://doi.org/10.1038/s41598-017-09945-0
https://doi.org/10.1038/s41598-017-09945-0
https://doi.org/10.1186/1471-2229-14-93
https://doi.org/10.1186/1471-2229-14-93

	Overexpression of the GmEXPA1 gene reduces plant susceptibility to Meloidogyne incognita
	Abstract
	Key message 
	Abstract 

	Introduction
	Material and methods
	GmEXPA1 gene expression in soybean cultivars during plant infection by M. incognita
	GmEXPA1 gene sequence analysis
	Plant genetic transformation mediated by Agrobacterium tumefaciens
	Plant growth, biomass, and seed yield
	GmEXPA1 gene expression in transgenic lines
	Susceptibility level to M. incognita of transgenic lines
	Marker gene expression profiles in uninfected N. tabacum transgenic lines
	Lignin content in roots of N. tabacum transgenic lines

	Results
	GmEXPA1 gene expression in nontransgenic soybean cultivars
	Sequence analysis of the soybean expansin A genes
	GmEXPA1 gene overexpression reduces plant susceptibility to M. incognita
	GmEXPA1 gene overexpression did not result in yield penalty in transgenic lines
	Marker genes expression profile in N. tabacum transgenic lines
	Lignin content in roots of N. tabacum transgenic lines

	Discussion
	Acknowledgements 
	References




