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Abstract 
Background and aims Meloidogyne arenaria is an 
economically important root-knot nematode species. 
Successful plant infection by nematode is facilitated 
by parasite effectors. This study aimed to characterize 
a candidate M. arenaria effector, indicate its molecu-
lar partners from maize, and analyze its role during 
infection.
Material and methods At first, we performed EST 
database mining to find candidate effector protein 
from M. arenaria. The expression of its coding gene 
in nematode developmental stages was assessed using 
digital droplet PCR. Candidate effector molecular 
partners were determined using yeast two-hybrid 
screening of maize cDNA library and interactions 
were confirmed by co-immunoprecipitation after 
co-expression in Nicotiana benthamiana. Candi-
date effector and its molecular partners were GFP-
fused and localization in N. benthamiana leaves 
was observed under confocal microscope. Then, 

expression level of genes encoding interacting pro-
teins from maize was measured.
Results MaMsp4 protein was evaluated as candi-
date effector in M. arenaria and the highest expres-
sion level of its coding gene was observed in stage J2. 
MaMsp4 maize molecular partners were indicated, 
interactions with beta-galactosidase  11, pectinest-
erase, S-adenosyl methionine decarboxylase 2, and 
ethanolamine-phosphate cytidylyltransferase were 
confirmed, and all proteins fused with GFP were 
detected in the apoplast and/or cytoplasm. Genes of 
beta-galactosidase 11 and pectinesterase, playing 
role in cell wall modifications, were overexpressed 
at 24 hpi followed by down-regulation at 7 dpi, while 
S-adenosyl methionine decarboxylase 2 and etha-
nolamine-phosphate cytidylyltransferase, involved 
in plant defense response, were suppressed at 7 dpi, 
without preceding up-regulation.
Conclusions We have found that MaMsp4 interacts 
with plant proteins involved in plant cell wall modi-
fications and defense mechanisms related to polyam-
ines biosynthesis.
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ddPCR  Digital droplet PCR
DG  Dorsal esophageal gland cells
dpi  Days post inoculation
ETI  Effector-triggered immunity
ETS  Effector-triggered susceptibility
His  Histidine
hpi  Hours post inoculation
JA  Jasmonic acid
NCBI  National Center for Biotechnology 

Information
PAMP  Pathogen-associated molecular pattern
PRR  Pattern recognition receptor
PTI  PAMPs-triggered immunity
RKN  Root-knot nematode
ROS  Reactive oxygen species
SA  Salicylic acid
SvG  Subventral gland cells
Y2H  Yeast two-hybrid

Introduction

Meloidogyne arenaria, next to M. hapla, M. incog‑
nita, and M. javanica, is one of the most invasive 
root-knot nematode (RKN) species (Jones and Goto 
2011). This highly polyphagous nematode infects 
both, mono- and dicotyledonous plants, including 
many crop species, with maize (Zea mays L.) as one 
of its main monocotyledonous hosts (CABI 2022; 
Przybylska and Obrępalska-Stęplowska 2020). Symp-
toms of RKN infection are manifested mostly in the 
underground parts with galls on roots and tubers 
(CABI 2022). During the RKN’s invasion, transcrip-
tional reprogramming occurs, resulting in giant cells 
formation, which is necessary for these nematodes to 
feed, evolve and reproduce (Jones 1981).

During the host response to Meloidogyne infec-
tion, the expression of genes encoding proteins 
involved in many metabolic pathways is induced 
(Gheysen and Fenoll 2002; Przybylska et  al. 2018). 
The first layers of the plant defense response consti-
tute physical barriers as e.g., cell walls, and when 
they are overcome, other protection mechanisms are 
activated (Malinovsky et  al. 2014). Next, when the 
plant cell pattern recognition receptors (PRRs) iden-
tify pathogen-associated molecular patterns (PAMPs) 
from the nematode, PAMPs-triggered immunity 
(PTI) is induced. Many PRRs have been described so 
far for numerous plant pathogens (Ngou et al. 2022). 

PTI may be suppressed by pest effectors, which con-
sequently activates the effector-triggered susceptibil-
ity (ETS). On the other hand, when products of plant 
resistance genes interact with proteins secreted by 
the nematode, effector-triggered immunity (ETI) is 
induced. When the plant host develops disease resist-
ance, ETI is accelerated, and the PTI is activated 
again (Jones and Dangl 2006). In these interactions, 
the nematode effectors play a key role.

The mentioned nematode effectors are small 
proteins, secreted in the nematode gland cells and 
injected by larvae in the J2 invasive stage through 
stylet into the plant tissue, resulting in the altera-
tions of host-cell structure and function (Mitchum 
et  al. 2013). Nematode effectors may be secreted 
by subventral gland cells (SvG) and by the dorsal 
esophageal gland cells (DG) (Mejias et  al. 2019). 
The effectors, allowing J2 penetration and migration, 
are secreted in SvG, while the proteins, secreted dur-
ing parasitism, are produced by both, SvG and DG 
(Nguyen et al. 2018). Moreover, as a result of recent 
studies, candidate effector proteins coding genes in 
adult females’ DG that may play role in later stages 
of parasitism were also indicated (Rocha et al. 2023).

Many RKN effectors and their functions taking 
part in the interaction with different host species have 
been described so far (Przybylska and Obrępalska-
Stęplowska 2020; Vieira and Gleason 2019). The 
effectors secreted by RKNs are classified into groups, 
depending on their function during infection: plant 
cell wall degrading enzymes, plant defense modula-
tors, plant hormone regulators, cell cycle modulators, 
cytoskeleton organizers, and plant metabolic re-pro-
grammers (Jagdale et  al. 2021). They are involved, 
among others, in suppressing PTI response, like in 
the case of the Mh265 protein in M. hapla (Gleason 
et al. 2017), Mg01965 and MgMO237 in M. gramini‑
cola (Chen et al. 2018; Zhuo et al. 2019), or MiMIF-2 
in M. incognita (Zhao et  al. 2020). Furthermore, 
they can be assigned specifically to the salicylic acid 
(SA) pathway, as MiCM3, Minc03329, and MiP-
DCD6 effectors (Kamaruzzaman et  al. 2023; Wang 
et al. 2018; Zhou et al. 2023) or to the jasmonic acid 
(JA) pathway as MiSE6 (Shi et  al. 2018a), all from 
M. incognita. Moreover, the effectors can suppress 
ETI responses, as M. enterolobii protein – MeTCTP 
(Guo et  al. 2022; Zhuo et  al. 2017), M. gramini‑
cola - MgGPP (Chen et  al. 2017), and M. javanica 
- MjShKT (Kumar et al. 2023) or suppress both, PTI 
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and ETI responses as Msp40 from M. incognita (Niu 
et al. 2016) or Msp18, effector, common for different 
Meloidogyne species (Grossi-de-Sa et al. 2019).

On the other hand, some of the RKN effectors 
are involved in reactive oxygen species (ROS) burst, 
e.g. MgMO289 and MgPDI M. graminicola pro-
teins (Song et  al. 2021; Tian et  al. 2019) as well as 
MiGST_N_4, MiEFh, MiACPS and MiTSPc from M. 
incognita (Pu et al. 2022), and MjNEROSs from M. 
javanica (Stojilkovic et  al. 2022). Some others have 
completely different functions, e.g., the MiPFN3 pro-
tein from M. incognita binds plant actin monomers 
to manipulate this protein’s function (Leelarasamee 
et al. 2018). Moreover, downregulation of Minc03328 
effector gene from M. incognita, triggered in A. thali‑
ana by RNAi silencing, strongly reduced plant sus-
ceptibility to this nematode (Moreira et  al. 2022). 
There are also effectors with multiple roles in the dif-
ferent processes as the Mj-FAR-1 protein, secreted 
by M. javanica in sedentary stages (Iberkleid et  al. 
2015). In tomato line overexpressing the gene encod-
ing Mj-FAR-1 protein together with JA-responsive 
genes most of the cell wall modification-related 
genes were downregulated, which indicates the Mj-
FAR-1 role in suppression of plant immune response. 
Another known effector playing a role in suppressing 
basal plant immunity is MgMo237 protein from M. 
graminicola. This effector interacts with three plant 
proteins involved in plant defense, consequently lead-
ing to the suppression of plant-defense genes, cell 
wall callose deposition, and ROS burst (Chen et  al. 
2018).

Nematode effectors may localize in different cell 
compartments such as the nucleus (Lin et  al. 2013), 
cytoplasm (Gleason et al. 2017), apoplast (Tian et al. 
2019), or even plastids (Lin et al. 2016). The effector 
may interact with more than one protein in the plant, 
which was also described for other plant pathogens 
such as bacteria, in infection with which the effectors 
may have a few targets with similar or different func-
tions (Khan et  al. 2018). The effector function may 
differ depending on the type of molecular partners it 
interacts with at different infection stages (Thordal-
Christensen et al. 2018).

For M. arenaria, only an MA-CM-1 was sug-
gested to act as an effector protein, on the basis 
of its sequence similarity to the other described 
nematode effectors, but its cellular localization and 
function have not been determined yet (Long et al. 

2006). Moreover, there are no data describing the 
role of any RKN effector involved in RKN’s inter-
actions with maize – one of the staple crops pro-
duced worldwide. Therefore, this study was aimed 
at identification of a potential M. arenaria effector 
protein involved in the maize – M. arenaria inter-
actions, determination of its expression pattern dur-
ing developmental stages, localization in the plant 
cell, as well as indication of its molecular partners 
from the host plant to demonstrate its function dur-
ing parasitism.

Material and methods

Plant material, nematode samples, and bacteria 
strains

The nematode material used in this study was M. 
arenaria population, derived from the Institute of 
Plant Protection – NRI collection, harvested in four 
different life stages: eggs, J2 invasive larvae, J3/J4 
invasive larvae, and adult females. Moreover, one 
variety of maize (PR39F58, Pioneer) was used, with 
high susceptibility to RKN infection, evaluated pre-
viously (Przybylska et al. 2018). The nematode eggs 
were extracted from maize roots using the technique 
described by Hussey (1973), J2 larvae were hatched 
from eggs and J3/J4 larvae, and adult females 
were extracted from infected maize plants at 3 and 
6  weeks after infection, respectively, using the 
method described by Mani et al. (2020). In the J3/J4 
larvae mixture, the ratio between J3 and J4 was not 
determined because of the high similarity between 
these two stages. All experiments with maize plants 
were maintained under constant greenhouse condi-
tions, with day/night temperatures 26 °C /21 °C, air 
humidity 50%, and additional lighting from 7 am to 
7  pm. To carry out the localization and co-immu-
noprecipitation (Co-IP) assays, Nicotiana bentha‑
miana plants and two Agrobacterium tumefaciens 
strains: C58C1 and EHA105 were used. A. tume‑
faciens strains were selected to provide the highest 
efficiency for the expression vectors used in these 
assays. For the pAUL1 vector, the highest efficiency 
was observed with the C58C1 strain and for the 
pBin61 vector with the EHA105 strain (unpublished 
data).
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Search for a potential M. arenaria effector through 
data mining and its in‑silico analysis

To determine the potential M. arenaria effector, com-
parative BLAST analyses were carried out between a 
database prepared from the sequences encoding M. 
incognita potential effectors, analyzed by Huang et al. 
(2003) and EST sequences database from M. are‑
naria, deposited in the National Center for Biotech-
nology Information (NCBI) database. The selected 
sequence was also used to query the WormBase Para-
site database with the BLASTN algorithm (at www. 
paras ite. wormb ase. org).

The gene encoding the Msp4 effector protein from 
M. incognita (AF531163) was selected for further 
analyses. Because of its high similarity to M. arenaria 
EST (94.81%), the Msp4 coding sequence was used 
as a template for the primers’ design. To amplify the 
entire Msp4 coding sequence in the M. arenaria spe-
cies, forward (Msp4F: GCA ACT TTT ATT GCGTA) 
and reverse (Msp4R: GTT TTA CTC ATC AGC ACA 
) primers were designed upstream and downstream 
the ATG and stop codons, respectively. PCR was 
performed using the cDNA synthesized from RNA, 
extracted from M. arenaria in the J2 invasive sta-
dium. Total RNA was extracted from juveniles, using 
Total RNA Mini Concentrator (A&A Biotechnology, 
Gdańsk, Poland). One-hundred nanograms of RNA 
were used as a template for cDNA synthesis with 
Maxima First Strand cDNA Synthesis Kit for RT-
qPCR (Thermo Fisher Scientific, Waltham, USA) in a 
final volume of 20 μl.

RT-PCR was carried out in a reaction mixture 
containing: 5  μl 2x DreamTaq MasterMix (Thermo 
Fisher Scientific, Waltham, USA), 0.1  μM of each 
primer, 1 μl of cDNA template, and water up to 10 μl. 
A no-template control reaction was performed as 
well. The reaction was run with the following thermal 
profile: 5 min at 95  °C; 30 cycles of 30  s at 95  °C, 
30 s at 55 °C, and 30 s at 72 °C, and final extension 
for 5  min at 72  °C. PCR products were separated 
in 1% agarose gel with Simply Safe stain (EURx, 
Gdańsk, Poland) and visualized under UV light. 
The PCR product of expected size was then excised 
from the gel, eluted using Wizard® SV Gel and PCR 
Clean-Up System (Promega, Walldorf, Germany), 
and ligated with pJET 1.2 vector (Thermo Fisher 
Scientific, Waltham, USA). The recombined plas-
mid was transformed into Escherichia coli DH10B 

strain, amplified, isolated from bacteria cells using 
NucleoSpin Plasmid Kit (Macherey-Nagel, Düren, 
Germany), sequenced, and finally compared with the 
other sequences encoding Meloidogyne spp. effectors 
and analyzed in BioEdit software (Hall 1999).

Protein structure model was predicted using 
ColabFold v1.5.2 software (Mirdita et al. 2022). The 
ColabFold uses AlphaFold2 (Bryant et  al. 2022), an 
innovative tool for protein  modelling, while data-
sets analysis and sequence alignments are generated 
through MMseqs2 (Steinegger and Söding 2017).

Digital droplet PCR analysis of MaMsp4 gene 
expression level

The number of copies of MaMsp4‑derived transcripts 
in the samples derived from M. arenaria in 4 differ-
ent life stages: eggs, larvae J2, larvae J3/J4 (mixture 
of both stages) and adult females. Was evaluated 
using digital  droplet PCR (ddPCR). Each stage was 
analyzed in three biological replicates and 100  ng 
of RNA from each sample, extracted from speci-
mens using Total RNA Mini Concentrator (A&A 
Biotechnology, Gdańsk, Poland), were taken for 
cDNA synthesis with a Maxima First Strand cDNA 
Synthesis Kit for RT-qPCR (Thermo Fisher Scien-
tific, Waltham, USA) in 20 μl final volume. Primers, 
amplifying an internal fragment of MaMsp4 gene: 
MaMsp4RTF (ACC GTG GAA AGC GTC TTA AC) 
and MaMsp4RTR (TCA ATT TTG CCG CGC ATC 
TTT) were designed.

All reactions were run in 20  μl reaction volume 
containing 10  μl of 2x QX200 EvaGreen Digital 
PCR Supermix (Bio-Rad, Hercules, USA), 0.1  μM 
of each primer, 1  μl of cDNA template, and water, 
as described previously (Budziszewska et  al. 2021). 
A sample without the cDNA template was used as a 
negative control. Each sample was mixed with 20 μl 
of Droplet Generation Oil for Probes (Bio-Rad, Her-
cules, USA) and droplets were created using QX200 
Droplet Generator (Bio-Rad, Hercules, USA). The 
PCR reaction was performed with the following ther-
mal profile: 5 min at 95 °C; 38 cycles of 30 s at 95 °C 
and 1 min at 60 °C, cooling to 4 °C for 5 min, and ter-
mination of the reaction for 5 min at 90 °C. The fluo-
rescence signal was assessed with QX200 AutoDG 
System (Bio-Rad, Hercules, USA), to distinguish 
positive and negative droplets.

http://www.parasite.wormbase.org
http://www.parasite.wormbase.org
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Yeast two-hybrid screening of maize cDNA library

The yeast two-hybrid (Y2H) screening was performed 
by Creative BioLabs Inc. (Shirley, USA) using 
Matchmaker Gold System (Takara Bio Inc., Kusatsu, 
Japan). The bioinformatical analysis of the full-length 
MaMsp4 protein, using the SignalP tool (Petersen 
et  al. 2011), was carried out and indicated that it is 
a secreted protein with a signal peptide. The first 24 
amino acids of the N-terminus of MaMsp4 protein, 
containing a hydrophobic structure, were excluded, 
because the full-length protein with the signal peptide 
may be difficult to keep in cells, as described by Crea-
sey et al. (2003), and the truncated MaMsp4 sequence 
(named MaMsp4–24) was used in further analy-
sis. The MaMsp4–24 sequence was subcloned into 
the bait vector (pGBKT7, Takara Bio Inc., Kusatsu, 
Japan), transformed into the yeast strain Y2HGold 
(Takara Bio Inc., Kusatsu, Japan) which was exam-
ined for toxicity and self-activation effects caused by 
the bait plasmid.

The maize cDNA library, constructed by Crea-
tive BioLabs Inc. (Shirley, USA) was customized 
using the pGADT7 vector (Takara Bio Inc., Kusatsu, 
Japan), and its quality was evaluated by transform-
ing it to E. coli cells, amplification of 24 randomly 
selected clones, and amplicon sizes analyses. Y2H 
screening was performed by the mating method and 
the number of screened transformants was approxi-
mately of 2.5 ×  107 colony-forming units. The poten-
tial positive hybrids were tested for histidine (His) 
and adenine (Ade) activation and selected positive 
hybrids were plated on a medium with X-a-Gal. For 
further confirmation of protein interactions, each 
potentially interacting prey plasmid was extracted, 
sequenced and those with unique protein-encoding 
genes were selected and co-transformed with the 
bait plasmid back into the yeast and tested again on a 
medium without His and Ade and with X-a-Gal.

Co-immunoprecipitation (co-IP) assay

For a Co-IP assay, the nematode candidate effec-
tor protein was fused with 3xHA tag, whereas the 
GFP was fused to the N-end of maize proteins. The 
sequence encoding MaMsp4 protein, without a 
stop codon, was amplified by RT-PCR, using prim-
ers listed in the table (Online  Resource 1), cloned 
into the Gateway donor vector pDONRZeo using 

BP clonase (Thermo Fisher Scientific, Waltham, 
USA), and subcloned using Gateway LR clonase 
(Thermo Fisher Scientific, Waltham, USA) into the 
pAUL1 vector, having a C-terminal 3xHA tag cod-
ing sequence (Lyska et al. 2013). RT-PCR was used 
to amplify the coding sequence of these six MaMsp4 
molecular partners, from which full coding sequences 
were available. Maize cDNA was synthesized with 
Maxima First Strand cDNA Synthesis Kit for RT-
qPCR (Thermo Fisher Scientific, Waltham, USA) on 
the template of 100 ng of RNA and extracted using a 
Total RNA Mini Concentrator (A&A Biotechnology, 
Gdańsk, Poland). The sequences encoding these pro-
teins were cloned into pJET1.2 vector (Thermo Fisher 
Scientific, Waltham, USA), transformed into E. coli 
cells, and after isolation with NucleoSpin Plasmid 
Kit (Macherey-Nagel, Düren, Germany) were sub-
jected to subsequent Sanger sequencing. The coding 
sequences of the analyzed maize proteins were fused 
with the C-terminus of GFP and subcloned under 
control of 35S promoter and nos terminator in the 
pBin61 expressing vector (Bendahmane et  al. 2002) 
using NEBuilder HiFi DNA Assembly Kit (New Eng-
land Biolabs, Ipswich, USA). Primers used for this 
approach are listed in the table (Online Resource 1).

Prepared constructs were cloned in E. coli cells, 
isolated using a NucleoSpin Plasmid kit (Mecherey-
Nagel, Düren, Germany), sequenced, and transformed 
into A. tumefaciens C58C1 strain (for pAUL1-derived 
plasmids) or EHA105 strain (for pBin61-derived con-
structs). A suspension of A. tumefaciens carrying the 
analyzed plasmids was grown at 28 °C for 24 h in an 
LB medium with kanamycin and rifampicin (EHA105 
strain) or kanamycin and tetracycline (C58C1 strain), 
harvested, suspended in infiltration buffer (10  mM 
MES, pH  5.8, 0.5  μM acetosyringone, and 10  mM 
 MgCl2) and kept in the dark for 4  h. Bacterial den-
sity was measured at OD600, adjusted to 1.0, and the 
suspension was used to infiltrate leaves of 4–6-week-
old N. benthamiana plants. The leaves were infiltrated 
with a mixture of A. tumefaciens suspension carrying 
plasmids with the pairs of MaMsp4 protein with each 
of the analyzed plant proteins, mixed in the volume 
ratio of 1:1. Controls with a MaMsp4 and an empty 
vector, maize proteins with an empty vector as well as 
two empty vectors were also analyzed.

The agroinfiltrated leaves were collected 3  days 
after infiltration, pulverized in liquid nitrogen and 
500  mg of plant material was taken for extraction, 
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performed in 750  μl of buffer containing: 100  mM 
Tris-Cl pH 8,0; 2 mM EDTA; 2 mM EGTA; 150 mM 
NaCl; 1% CHAPS; 2 mM DTT and protease inhibitor 
cocktail (BioShop Canada Inc., Burlington, Canada). 
The homogenate was incubated with shaking at 4 °C 
for 30 min and centrifuged at 4 °C with 15,000 x g for 
15 min. The supernatant was collected, and 50 μl of 
a Monoclonal Anti-HA-Agarose suspension (Thermo 
Fisher Scientific, Waltham, USA) was added to each 
sample and incubated for 1 h at 4 °C with gentle agi-
tation. The slurry was centrifuged for 15 s at 12,000 x 
g, the supernatant was removed, the resin was washed 
four times with 1  ml of PBS buffer each time, and 
after the last wash, about 10–20  μl of PBS buffer 
was left above the beads. The beads were incubated 
with 30  μl of 2x Laemmli buffer (0.125  M Tris-Cl 
pH  6.8; 4% SDS; 20% glycerol; 10% 2-mercaptoe-
thanol; 0.05% bromophenol blue) for 3 min at 95 °C, 
centrifuged for 15 s with 12,000 x g and the superna-
tant was collected to fresh tubes. Twenty microliters 
of each control sample were mixed with 20 μl of 2x  
Laemmli buffer and boiled for 5 min at 95 °C.

Leaves samples were analyzed using Western 
Blot with antibodies against HA and GFP. The sam-
ples were separated in the polyacrylamide (PAA) gel 
prepared using TGX™ FastCast™ Acrylamide Kit, 
12% (Bio-Rad, Hercules, USA), and run in the elec-
trophoresis buffer (0.1  M Tris; 0.4  M glycine; 0.1% 
SDS). Proteins from the gel were blotted to a PVDF 
membrane by the semi-dry transfer in the presence of 
Towbin buffer (25  mM Tris; 150  mM glycine; 10% 
methanol) using a Trans-BloT® Turbo™ Transfer 
System (Bio-Rad, Hercules, USA). The membranes 
were blocked overnight in a 5% skim milk solution in 
TBS-T buffer (10 mM Tris-Cl pH 7.5; 150 mM NaCl; 
0.1% Tween-20) at 4  °C with shaking. Next, the fil-
ter was incubated for 1.5 h at room temperature in a 
solution of primary antibody in a concentration of 
1:2000 for anti-GFP (ProteinTech Group Inc., Rose-
mont, USA) or anti-HA (Thermo Fisher Scientific, 
Waltham, USA), in 5% skim milk solution in TBS-T 
buffer, and washed four times in TBS-T buffer. Sub-
sequently, the membranes were incubated for 1  h at 
room temperature in a 1:40,000 solution of secondary 
antibody conjugated with alkaline phosphatase (anti-
mouse, Sigma-Aldrich, Saint Louis, USA) in a 5% 
skim milk solution in TBS-T buffer and washed four 
times in TBS-T buffer. Then, the membranes were 
incubated in the Western Blue Stabilized Substrate 

for Alkaline Phosphatase (Promega, Madison, USA) 
until the expected signal developed. To confirm the 
same protein loading, PAA gels after transfer were 
stained with Coomassie brilliant blue.

Cellular localization of GFP-fused proteins using 
confocal microscopy

The constructs fused with GFP in pBin61, described 
previously in the Co-IP assay, were used for locali-
zation analysis of potential interacting plant proteins. 
The sequence encoding MaMsp4 candidate effec-
tor protein with a stop codon was cloned in fusion 
with GFP at the N-terminus into the pBin61 expres-
sion vector using the technique described above and 
with primers listed in table (Online Resource 1). All 
plasmids were transformed into A. tumefaciens strain 
EHA105 and transient overexpression was performed 
in N. benthamiana leaves, using a technique described 
above for Co-IP assay. Fluorescence was observed 
3 days after infiltration under a confocal microscope 
(Carl Zeiss, Stuttgart, Germany) in the Laboratory of 
Electron and Confocal Microscopy at Adam Mickie-
wicz University (Poznań, Poland).

Assessment of gene expression level of genes 
encoding maize proteins by means of quantitative 
real-time PCR

The expression level of genes encoding potential 
interacting proteins from maize was determined 
using a quantitative real-time PCR assay (RT-
qPCR). Maize plants, highly susceptible to M. are‑
naria infection (PR39F58, Pioneer) were inoculated 
with ca. 1500 M. arenaria J2 larvae. Samples from 
leaves and roots of four healthy and four infected 
plants were collected at three time points: 24 hours 
post inoculation (24 hpi), 3 days (3 dpi), and 7 days 
(7 dpi) post inoculation. The RNA was extracted 
as described above for the nematodes, and cDNA 
was synthesized using 250  ng of the RNA using a 
Maxima First Strand cDNA Synthesis Kit for RT-
qPCR (Thermo Fisher Scientific, Waltham, USA). 
Real-time PCR primers were designed based on the 
sequences of interest deposited in NCBI and listed 
below (Table  1). For normalization, two reference 
genes: leunig and fpgs, evaluated previously for 
maize (Manoli et al. 2012) were used.
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All real-time PCR reactions were run in a 10 μl 
reaction mixture containing 5  μl of 2x iTaq Uni-
versal SYBR Green Supermix (Bio-Rad, Hercu-
les, USA), 0.1  μM of each primer, 1  μl of cDNA 
template, and water. No-template control reactions 
were run. Reactions were conducted in LightCycler 
96 platform (Roche, Basel, Switzerland) under the 
following thermal profile: 5 min at 95 °C; 40 cycles 
of 20  s at 95  °C, 20  s at a temperature proper for 
each primers pair (Table 1.), and 20 s at 72 °C. The 
melting curve was generated by heating the sam-
ples starting from 65 °C to 95 °C, with at a rate of 
1  °C. Relative quantification, normalized against 
the leunig and fpgs reference genes, was carried out 
with GenEx 6.0 software (MultiD Analyses AB) 
using the 2-ΔΔCq method. Statistical significance 
was calculated with the t-student test and P < 0.05 
or with the Mann-Whitney test for non-parametric 
results.

Protein-protein interaction networks analysis

Interaction networks of selected maize proteins were 
analyzed using the STRING (Szklarczyk et al. 2019) 
database (www. string- db. org).

Results

Search for a potential M. arenaria effector and 
MaMsp4 protein coding sequence analysis

BLAST analysis of M. incognita effectors and M. are‑
naria ESTs sequences was performed and as a result, 
the EST sequences from M. arenaria with high simi-
larity to the sequences encoding four M. incognita 
effector proteins were found with a score of at least 
140 (Online  Resource 2). Sequence encoding effec-
tor protein Msp4 (AF531163), whose longest M. 
arenaria EST sequence was available (664 bp), was 
selected to further analyses. Sequences analysis of 
the RT-PCR with Msp4F/R primers amplified 996 bp 
fragment of MaMsp4 (Fig.  1A) revealed its 96.6% 
and 90.2% identity with the corresponding DNA 
sequence of Msp4 effector from M. incognita and 
ME-3C06 effector from M. enterolobii, respectively 
(Fig.  1B). The sequence was deposited in GenBank 
under OQ407870 accession number. BLAST analysis 
of the MaMsp4 sequence in the WormBase Parasite 
database showed 75 hits with a score higher than 100 
(Online  Resource 3) for M. arenaria, M. incognita, 
M. javanica, and M. floridensis species in datasets 
PRJEB8714, PRJNA340324, and PRJEB6016.

Table 1  Primers used in the RT-qPCR experiments to amplify 
the analyzed maize proteins with their annealing tempera-
tures and target genes; B‑g11 - beta‑galactosidase 11, sam2 - 

S‑adenosyl methionine decarboxylase 2, pec – pectinesterase, 
eth‑pct - ethanolamine‑phosphate cytidylyltransferase, pg – 
polygalacturonase, unch - uncharacterized protein 

Target gene Forward primer (5′ ➔ 3′) Reverse primer (5′ ➔ 3′) Annealing 
temperature 
(°C)

GenBank number Reference

leunig (reference) GTC AGG AAC CCC AAC 
CCT AT

CTC CCA ACA CCA CCT 
TGA TT

61 NM_001158123 Manoli et al. 2012

fpgs (reference) ATC TCG TTG GGG ATG 
TCT TG

AGC ACC GTT CAA ATG 
TCT CC

61 NM_001350861 Manoli et al. 2012

B‑g11 CGA AGA CGG AAC AGT 
GAT CTTC 

CTT GCT TGT TAC ATC 
TGA GGT ATG 

60 XM_008670186.4 This study

sam2 CAC GTC TTC TAC GCC 
ACT GA

TTG TGG AGA ATG CAG 
AGC CA

60 NM_001112243.2 This study

pec AGC GTT CCA AGT CCA 
TCG AG

TCC TCC CCC ATC TTC 
GTG TA

60 NM_001150676.1 This study

eth‑pct AGA AGG TCG GGC GTT 
ACA AG

ATC CGG CGA GAA GTT 
GGA AG

60 XM_020545589.1 This study

pg CAA CTC GCT GGT GAT 
GGA CT

ATG AGT CGC CCA TGT 
GGA TG

61 X57627.1 This study

unch CCA GGA CTT CGA CTC 
GTG TG

GTT TGC AAG CGT CAT 
GCA GT

60 NM_001320909.1 This study

http://www.string-db.org
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MaMsp4 gene expression level is the highest in the J2 
stage of the M. arenaria

Effector genes are known to be highly expressed at 
the invasive J2 developmental stage. To assess the 
MaMsp4 gene expression in consecutive nematode 
developmental stages, ddPCR analysis was per-
formed. The highest number of positive droplets 
was observed in samples from J2 larvae, followed 

by a similar number in samples from J3/J4 larvae 
and adult females, and the lowest number of tran-
scripts was observed in the eggs’ samples. No posi-
tive droplets were obtained in the control sample 
without a cDNA template (Fig. 2A, B). An average 
number of transcripts was calculated for 1  μg of 
total RNA used in the reaction and the results were 
as follows: 34 copies/μg in eggs, 1754 copies/μg in 

Fig. 1  Analysis of MaMsp4 effector protein from M. areneria. 
A. RT-PCR amplification of MaMsp4 coding sequence. The 
996 bp amplification product was indicated. NTC - no template 
control; B. Result of comparative sequences analysis between 
nucleotide sequences encoding MaMsp4 protein from M. are‑

naria, Msp4 from M. incognita and ME-3C06 from M. enter‑
olobii; D. MaMsp4 protein model predicted with ColabFold 
tool (Mirdita et  al. 2022); pIDDT - single chain predictions 
confidence level
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Fig. 2  Analysis of MaMsp4 gene expression across different 
M. arenaria developmental stages using droplet digital PCR 
(ddPCR) reaction. A. Graphical representation of positive 
and negative droplets; B. Number of positive droplets in each 

sample; C. Calculation of an average number of MaMsp4 tran-
scripts in the samples from each developmental stage. NTC – 
no template control
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J2 larvae, 250 copies/μg J3/J4 larvae, and 256 cop-
ies/μg in adult females (Fig. 2C).

Screening of maize cDNA library with yeast 
two-hybrid system with the MaMsp4 sequence as bait 
revealed its putative host molecular partners

Initial validation of the Zea mays cDNA library 
showed that the average length of the sequences 
was >800 bp and the positive rate of the library was 
>90%, which meets the requirements of a screen-
ing library to be used for subsequent Y2H assays 
(Fig. 3A). Neither toxicity nor self-activation effects 
were confirmed for any tested proteins. As a result 
of screening, on the plates without His and Ade, 24 
positive clones were observed. All of these clones 
also were blue in the test with X-A-Gal (Fig.  3B). 
Sequence analysis showed that out of twenty-four 
positive clones, sixteen were carrying protein-coding 
genes (the remaining clones encoded non-protein 
sequences). All of these 16 positive clones were cho-
sen for further confirmation of protein interactions 
(Table  2). Results of co-transformation of selected 
clones with the bait plasmid back into the yeast, 
showed that 7 clones, namely 2, 5, 10, 12, 14, 22, and 
23, have reliable interactions with the bait protein 
(Fig. 3C). Accordingly, these 7 prey candidates were 
truly positive ones after validation.

Co-immunoprecipitation-based confirmation of 
interactions of the MaMsp4 with the selected 
molecular partners from maize

Co-expression of bait and putative prey proteins in 
N. benthamiana was followed by Co-IP assay to con-
firm their interactions in planta. In order to do  this, 
3 x HA-tagged MaMsp4 was co-expressed together 
with the GFP-tagged bait proteins, followed by incu-
bation with anti-HA agarose. The eluted complexes 
were resolved in SDS-PAGE, transferred to PVDF 
and probed with anti-GFP antibodies. The expected 
65  kDa band confirmed the production of 3 x HA-
MaMsp4 in infiltrated leaves (Fig. 4A, lanes 1–7). On 
the other hand, in the same samples tested with anti-
GFP antibody, the products were observed in lanes 
with samples containing MaMsp4 and its molecular 
partners from maize: beta-galactosidase 11 with size 
about 60  kDa (Fig.  4B, lane 1), S-adenosyl methio-
nine decarboxylase 2 with size about 35 kDa (Fig. 4B, 

lane 2), pectinesterase with size about 70  kDa 
(Fig. 4B, lane 3), and ethanolamine-phosphate cytidy-
lyltransferase with size about 80  kDa (Fig.  4B, lane 
4). No specific product was observed in the samples 
containing MaMsp4 with polygalacturonase (Fig. 4B, 
lane 5) and uncharacterized protein LOC107325938 
(Fig. 4B, lane 6). No band was also observed in the 
lanes with negative controls (Fig. 4B, lanes 7–13).

MaMsp4 protein and its molecular partners from 
maize localize at cytoplasm and apoplast

To indicate the cellular co-localization of MaMsp4 
and its molecular partners, both the candidate effec-
tor and tested maize proteins were GFP-tagged and 
transiently expressed in N. benthamiana leaves. Three 
days after infiltration, 5 mm discs were cut from the 
leaves and scanned under a confocal microscope. 
Fluorescence was observed in the samples with vec-
tors overexpressing GFP and GFP fused with all 
analyzed proteins, in contrast to the empty pBin61 
vector (Fig.  5). For MaMsp4 protein, fluorescence 
was identified in the apoplast space and the cyto-
plasm (Fig.  5B). A similar observation was made 
for GFP-tagged S-adenosyl methionine decarboxy-
lase 2 (Fig.  5D), ethanolamine-phosphate cytidylyl-
transferase (Fig.  5F), and uncharacterized protein 
LOC107325938 (Fig.  5H). Importantly, GFP-tagged 
beta-galactosidase 11 (Fig.  5C) resided mostly in 
the cytoplasm, whereas GFP-tagged pectinesterase 
(Fig. 5E) and polygalacturonase (Fig. 5G) were local-
ized mainly in the apoplast.

The expression level of genes encoding interacting 
proteins from maize is strongly suppressed at 7 dpi

Analysis of the expression of genes encoding maize 
proteins interacting with MaMsp4 candidate effector 
protein: beta-galactosidase 11, S-adenosyl methio-
nine decarboxylase 2, pectinesterase, and ethanol-
amine-phosphate cytidylyltransferase, as well as 
potential interacting proteins – polygalacturonase and 
uncharacterized protein LOC107325938, revealed 
changes between the samples taken at different time 
points after nematode inoculation, as well as between 
the samples derived from leaves and roots (Fig.  6). 
The most significant differences were observed in 
the expression level of genes encoding polygalac-
turonase and beta-galactosidase 11, in which the 
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Fig. 3  Results of the maize cDNA library screening. A. 
Validation of the pre-made maize cDNA library; M: 2000 bp 
marker, lane 1–24: randomly selected clones. B. The final 
screening result of 24 positive clones. C. The speckle pattern 

of validation assay on medium with X-A-Gal added. Seven 
prey colonies (MaMsp4 + 2, 5, 10, 12, 14, 22, and 23) are blue, 
the same as the positive control. K+ − positive control, K- - 
negative control, MaMsp4 + EV – MaMsp4 + empty vector
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statistically important down-regulation was observed 
at all time points in the leaf samples and 7 days after 
inoculation in the samples derived from roots. More-
over, down-regulation in the samples collected from 
roots at 7 dpi was found in all analyzed genes. On the 
other hand, statistically significant up-regulation in 
the root samples in a very early stage of infection (24 
hpi) was observed in the genes encoding beta-galac-
tosidase 11, pectinesterase, polygalacturonase as well 
as uncharacterized protein. Interestingly, in the leaf 
samples, downregulation was observed for all ana-
lyzed proteins at 24 hpi as well as at 7 dpi.

Interaction networks analysis indicated that 
MaMsp4 interactions with S-adenosyl methionine 
decarboxylase 2 and ethanolamine-phosphate 
cytidylyltransferase might be functionally connected

Analysis of proteins interaction networks using 
the STRING database was carried out for 

MaMsp4 molecular partners: beta-galactosidase 
11, S-adenosyl methionine decarboxylase 2, 
pectinesterase, and ethanolamine-phosphate cyti-
dylyltransferase. Most of the results indicated the 
interaction networks associated with protein func-
tions in the pathways in which they participate 
(Online resource 4, Online resource 5). The main 
interactors for S-adenosyl methionine decarboxy-
lase 2 are spermidine synthases, while for etha-
nolamine-phosphate cytidylyltransferase - cho-
line/ethanolamine kinases. However, the analysis 
revealed that ethanolamine-phosphate cytidylyl-
transferase, a key enzyme in the phosphatidyle-
thanolamine biosynthesis pathway, interacts with 
S-adenosyl methionine, which is a substrate for 
S-adenosyl methionine decarboxylase in polyam-
ine biosynthesis pathway (Fig. 7).

Table 2  Prey candidates whose sequences match the protein-encoding genes, selected in maize cDNA library screening

The proteins whose interactions with MaMsp4 protein were confirmed in Y2H during validation, are in bold

Positive clone name NCBI Accession number NCBI Description

Clone 1 XM_008667117.2 PREDICTED: Zea mays tubulin alpha‑2 chain‑like (LOC103643947), mRNA
Clone 2 XM_008670186.4 PREDICTED: Zea mays Beta-galactosidase 11 (LOC100383352), transcript 

variant X1, mRNA
Clone 5 NM_001112243.2 Zea mays S-adenosyl methionine decarboxylase 2 (sam2), mRNA
Clone 6 NM_001155667.2 Zea mays inositolphosphorylceramide‑B C‑26 hydroxylase (LOC100282761), 

mRNA
Clone 7 NM_001323628.1 Zea mays putative pectinesterase/pectinesterase inhibitor 58 (LOC107648854), 

mRNA
Clone 10 NM_001150676.1 Zea mays pectinesterase (LOC100277001), mRNA
Clone 11 XM_023302412.1 PREDICTED: Zea mays hypothetical protein (LOC100192919), transcript variant 

X1, mRNA
Clone 12 XM_020545589.1 PREDICTED: Zea mays ethanolamine-phosphate cytidylyltransferase 

(LOC109942973), mRNA
Clone 13 NM_001111962.2 Zea mays exopolygalacturonase 1 (pgl1), mRNA

(same as Clone 18)
Clone 14 AY111093.1 Zea mays CL57611_1 mRNA sequence
Clone 16 NM_001174180.1 Zea mays beta‑6 tubulin, mRNA
Clone 18 NM_001111962.2 Zea mays exopolygalacturonase 1 (pgl1), mRNA

(same as Clone 13)
Clone 19 XM_008660659.2 PREDICTED: Zea mays uncharacterized LOC100383513 (LOC100383513), 

transcript variant X1, mRNA
Clone 20 NM_001305854.1 Zea mays male gametophyte-specific 2 (LOC542245), mRNA
Clone 22 X57627.1 Z. mays mRNA for polygalacturonase (clone PG1)
Clone 23 NM_001320909.1 Zea mays uncharacterized LOC107325938 (LOC107325938), mRNA
Clone 24 NM_001158489.1 Zea mays pollen‑specific protein NTP303 (LOC100285598), mRNA
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Discussion

Effector proteins are a key RKN weapon during plant 
colonization. They are secreted through the esopha-
geal glands and injected by stylet to manipulate host 
cell metabolism (Jagdale et  al. 2021). Although 
there are many studies characterizing their function 
in parasitism, there are still a lot of nematode spe-
cies and their hosts for which the role of effectors has 
not been analyzed yet. This is true for M. arenaria 
as well. Moreover, the effectors and their role during 
RKN interaction with the maize, have also not been 
described as yet.

In this study, our aim was to identify M. arenaria 
candidate effector protein and describe its involve-
ment in compatible interactions with maize. To 
achieve this, we performed BLAST analysis of M. 

incognita effectors and M. arenaria ESTs sequences 
and indicated MaMsp4 as a potential effector protein 
on the basis of its high identity level with the other 
two Meloidogyne spp. effectors: Msp4 from M. incog‑
nita and ME-3C06 protein from M. enterolobii. It is 
known that the Msp4 effector protein is expressed in 
DG in the parasitic J2 stage in M. incognita (Huang 
et  al. 2003), which indicates its involvement in par-
asitism. The ME-3C06 protein sequence from M. 
enterolobii is deposited in the NCBI database and 
described as an effector protein encoding sequence, 
but, unfortunately, no further data have been pub-
lished as yet.

Next, we analyzed the expression pattern of the 
MaMsp4 coding gene in different M. arenaria devel-
opmental stages. The ddPCR assay showed that the 
MaMsp4 expression was seven times higher in the 

Fig. 4  Results of western blot with samples after co-immu-
noprecipitation assay with antibody: A. anti-HA and B. anti-
GFP. C. PAA gel stained with Coomassie blue as a loading 
control. 1 – beta-galactosidase 11 x MaMsp4; 2 – S-adenosyl 
methionine decarboxylase 2 x MaMsp4; 3 – pectinesterase x 
MaMsp4; 4 – ethanolamine-phosphate cytidylyltransferase x 
MaMsp4; 5 – polygalacturonase x MaMsp4; 6 – uncharacter-

ized protein LOC107325938 x MaMsp4; 7 – pBin61empty 
x MaMsp4; 8 – beta-galactosidase 11 x pAUL1empty; 9 – 
S-adenosyl methionine decarboxylase 2 x pAUL1empty; 10 – 
pectinesterase x pAUL1empty; 11 – ethanolamine-phosphate 
cytidylyltransferase x pAUL1empty; 12 – polygalacturonase x 
pAUL1empty; 13 – uncharacterized protein LOC107325938 x 
pAUL1empty; 14 – pBin61empty x pAUL1empty
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samples derived from the J2 stage compared to those 
from J3/J4 and adult stages and about fifty times 
higher compared to those from eggs. This indicates 
the important role of this nematode protein in the 
invasive stage of parasitism. The results obtained for 
the Mc16D10L effector protein gene from M. chit‑
woodi (Dinh et al. 2014), MgGPP from M. gramini‑
cola (Chen et al. 2017), or Mi-msp2 from M. incog‑
nita (Joshi et  al. 2019) indicated that the highest 
expression level of the genes encoding the corre-
sponding effector proteins were observed in the inva-
sive J2 stage as well.

The next step of the study was to identify the intra-
cellular localization of the MaMsp4 protein. By ana-
lyzing transient expression of GFP-tagged MaMsp4 
in N. benthamiana, followed by confocal microscopy 
scanning we observed that the MaMsp4-GFP is local-
ized at the cytoplasm and apoplast. An analogous 
cellular localization has been observed for Mg16820 
protein, an effector from M. graminicola, whose func-
tion is determined by localization. Namely, when it is 
localized in the apoplast, it is involved in the suppres-
sion of the PTI response. However, the same protein 
is involved in ETI suppression when accumulated in 
the cytoplasm (Naalden et al. 2018). Noticeably, some 
effectors were found only in the apoplast. Indeed, the 
MiCRT (Jaouannet et  al. 2013) or Mg01965 (Zhuo 
et  al. 2019) of M. incognita and M. graminicola, 
respectively, were described with apoplastic localiza-
tion and are involved in the suppression of PTI.

Protein-protein interactions participate in all bio-
logical processes that may differ depending on the 
composition of the formed complex. Therefore, in 
the next step of resolving the biological function 
of the MaMsp4, we aimed at identification of its 
molecular partners from maize by Y2H screening. 
As a result, we indicated six proteins: beta-galac-
tosidase 11, S-adenosyl methionine decarboxylase 

2, pectinesterase, ethanolamine-phosphate cytidy-
lyltransferase, polygalacturonase, and one protein 
with uncharacterized function (LOC107325938). 
Among these records, in the subsequent Co-IP assay, 
the interactions were confirmed for four proteins, 
the beta-galactosidase 11, S-adenosyl methionine 
decarboxylase 2, pectinesterase, and ethanolamine-
phosphate cytidylyltransferase. No results observed 
in western blot with anti-GFP antibody in samples 
expressing the remaining two proteins: polygalactu-
ronase and uncharacterized protein (LOC107325938) 
did not exclude interactions, but might rather be a 
consequence of low amounts of these proteins in the 
plant tissue after overexpression or other factors such 
as extraction difficulties.

Next, we performed the cellular localization analy-
sis also for the proteins that we identified in the pre-
vious step as MaMsp4 interactors. We observed that 
the tested proteins were mainly localized in the cyto-
plasm (beta-galactosidase 11), apoplast (pectinest-
erase, polygalacturonase), or both cytoplasm and 
apoplast (S-adenosyl methionine decarboxylase 2, 
ethanolamine-phosphate cytidylyltransferase, and 
uncharacterized protein). Similar subcellular localiza-
tion in the MaMsp4 protein indicates the possibility 
of interaction.

The first group of proteins interacting or poten-
tially interacting with MaMsp4 includes beta-galac-
tosidase 11, pectinesterase, and polygalacturonase, 
which are known to play a role in cell wall modifica-
tions and are crucial for successful feeding site forma-
tion and RKN development. The RKNs are capable 
of modulating the expression of many cell wall-mod-
ifying enzymes in the plant, including expansins, 
endoglucanases, extensins, hydrolases, and many oth-
ers (Bozbuga et al. 2018; Petitot et al. 2020; Sobczak 
et al. 2011; Veronico et al. 2022).

However, beta-galactosidases in plants are 
involved in the degradation of structural polysaccha-
rides in plant cell walls are also implicated in other 
biological processes (Hossain 2022; Seddigh and 
Darabi 2014). In maize, they have been reported to 
play an important role in energy generation and to 
be significantly depressed under abiotic stress condi-
tions (Gao et al. 2020). The role of plant beta-galac-
tosidases in nematode development was investigated 
through the interactions between M. incognita and 
A. thaliana. The nematode specimen number and 
size were reduced in A. thaliana mutant lacking a 

Fig. 5  Subcellular localization of MaMsp4 effector protein 
from Meloidogyne arenaria and its maize molecular part-
ners, and potential interacting proteins (polygalacturonase and 
uncharacterized protein) fused with GFP at the N-terminus in 
pBin61 vector and overexpressed in N. benthamiana leaves. 
A. Positive control with plain GFP; B. MaMsp4; C. Beta-
galactosidase 11; D. S-adenosyl methionine decarboxylase 
2; E. Pectinesterase; F. Ethanolamine-phosphate cytidylyl-
transferase; G. Polygalacturonase; H. Uncharacterized protein 
LOC107325938; I. Empty pBin61 vector as a negative control. 
Bar = 100 μM

◂
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Fig. 6  A. Relative expression levels of genes encoding maize 
proteins interacting, or potentially interacting with MaMsp4 
effector protein. Asterisks indicate samples with statistically 

important up- or down-regulation (P < 0.05); B. Relative 
expression values with bolded statistically important results 
(P < 0.05)
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cell-wall-localized beta-galactosidase (Bozbuga 
et al. 2018). We observed a significant up-regulation 
of this gene in the very early stage of infection (24 
hpi). Moreover, a strong down-regulation of the gene 
encoding beta-galactosidase in wheat roots 8  days 
after Heterodera avenae infection has been reported 
(Qiao et al. 2019). It is in line with our results show-
ing the down-regulation 7 days after infection in the 
samples derived both, from leaves and roots.

Moreover, another important enzyme involved 
in cell wall modification, a molecular partner for 
MaMsp4 protein, is pectinesterase which plays an 
important role in cell wall metabolism, through deg-
radation of pectin, one of the main components of 
the plant cell wall (Passianotto et  al. 2017). Moreo-
ver, during the response of A. thaliana and soybean to 
M. incognita infection, significant overexpression of 

the genes encoding pectinesterase was observed in all 
stages of infection (Ibrahim et al. 2011). The above-
mentioned genes are among the most frequently up-
regulated ones upon cell wall penetration by a nema-
tode (Passianotto et al. 2017), which is in agreement 
with the results observed in this study in the samples 
derived from roots, in which significant up-regulation 
occurred in the very early stage of infection. On the 
other hand, the inhibition of plant pectinesterases was 
shown to increase plant resistance to pathogens, for 
example, M. incognita (Gorshkov and Tsers 2022; 
Pham et al. 2013).

On the other hand, the degradation of pectins in 
the cell wall is catalyzed by polygalacturonases (He 
et  al. 2019), which also were analyzed in this study 
as potentially interacting with the MaMsp4 candi-
date effector protein. Polygalacturonases have been 

Fig. 7  A. Phosphatidylethanolamine and phosphatidylcholine 
biosynthesis pathways (Farine et al. 2015; Ridgway 2021); B. 
Polyamines (spermine and spermidine) biosynthesis pathway 

(Imai et al. 2004). Created based on STRING network database 
analysis (Szklarczyk et al. 2019)
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also reported to be associated with the control of 
cell growth and development, wound responses, and 
plant-pathogen interactions (He et al. 2023; Kim et al. 
2006; Lorrai and Ferrari 2021). The study of soybean 
response to H. glycines indicated that the higher accu-
mulation of the polygalacturonase transcripts level in 
roots in the early stage of nematode infection could 
facilitate successful parasitism (Mahalingam et  al. 
1999), which is consistent with the results of our pre-
vious research in which a significant up-regulation 
was observed in the early stage of maize infection 
by M. arenaria (Przybylska and Spychalski 2021), 
which was additionally confirmed by the results of 
this study. Moreover, the enhanced expression of 
the polygalacturonase coding gene in maize leads 
to suppression of the cell death, caused by SA and 
10-oxo-11-phytoenoic acid. On the other hand, the 
transient overexpression of this gene in N. benthami‑
ana induced hypersensitive response (He et al. 2019). 
Noteworthy, polygalacturonases and pectinesterases 
were overexpressed in giant cells in rice after M. 
graminicola infection (Ji et al. 2013), which, in con-
junction with our results, suggests their important 
role in the very early stage of infection, when feeding 
sites are formed.

Many nematode effectors are suppressing the plant 
defense response (Goode and Mitchum 2022). RKNs 
are able to manipulate the plant immune system by 
suppressing the SA-related pathway as described for 
M. incognita Mi-CM-3 effector, whose overexpres-
sion caused a reduction in the levels of SA and mRNA 
of gene encoding pathogenesis-related protein 1 in N. 
benthamiana (Wang et al. 2018). On the other hand, 
the MiISE5 and MiISE6 effectors from M. incognita, 
induced changes in the transcriptional regulation of 
multiple JA signaling genes when overexpressed in 
A. thaliana (Shi et  al. 2018a, b). The MiMsp32, M. 
incognita effector, also targets the enzyme related to 
the JA-biosynthesis pathway, which leads to enhance-
ment of the susceptibility of host plants (Verhoeven 
et  al. 2022). Moreover, Meloidogyne effectors are 
involved in suppressing ROS burst, as for instance, 
the MgPDI effector from M. graminicola (Tian et al. 
2019). Altogether, plant defense mechanisms are fre-
quently a target for nematode effectors, which, as we 
assume, also occurs in the case of MaMsp4 protein.

Moreover, one of the maize proteins interacting 
with the MaMsp4 candidate effector and involved 
in plant defense response is S-adenosyl methionine 

decarboxylase 2; a key enzyme involved in the bio-
synthesis of the polyamines: spermidine and sper-
mine (Franceschetti et al. 2001; Gonzalez et al. 2021). 
Another important enzyme involved in this pathway 
is spermidine synthase 2, described as a target for 
H. schachtii effector – 10A06 (Hewezi et  al. 2010). 
Many other pathogens also use phytotoxins and effec-
tors to manipulate plant polyamines biosynthesis 
pathways, such as Pseudomonas syringae or Ralsto‑
nia solanacearum (Gerlin et  al. 2021). Polyamines 
are catabolized by apoplastic oxidases, producing 
active oxygen species and hydrogen peroxide  (H2O2). 
Moreover, polyamines were described as attractants 
to M. incognita during the process of identification of 
suitable host plants (Oota et  al. 2020). On the other 
hand, there is evidence that a silencing suppressor 
from beet severe curly top virus (BSCTV, Germini‑
viridae: Curtovirus) manipulates the host’s silenc-
ing machinery by targeting S-adenosyl methionine 
decarboxylase (Guerrero et  al. 2020). Furthermore, 
cotton S-adenosylmethionine decarboxylase-medi-
ated spermine biosynthesis is required for SA- and 
leucine-correlated signaling in the defense response 
to Verticillium dahliae (Mo et al. 2016). In this study, 
we indicated that the expression of the gene encod-
ing S-adenosyl methionine decarboxylase 2 was sup-
pressed after M. arenaria infection, especially at 7 
dpi in root samples.

Another identified MaMsp4-interacting protein, 
ethanolamine-phosphate cytidylyltransferase, is an 
essential enzyme in phosphatidylethanolamine syn-
thesis (Song et  al. 2022). Phosphatidylethanolamine 
plays a major role in membrane architecture and 
is hydrolyzed by phospholipase D, which together 
with its lipid product play an important role in plant 
growth, development, and stress response. Addition-
ally, phosphatidylethanolamine is involved in plant 
immunity (Li and Wang 2019). The gene encoding 
phospholipase D was induced at the early stage of H. 
glycines infection of soybean (Alkharouf et al. 2006). 
Phospholipase is also proposed to be a central regula-
tor in wheat resistance to H. avenae, because of its 
role in a few different metabolic pathways, activated 
in the early stage of infection of a resistant host plant 
(Kong et al. 2015). On the other hand, phosphatidy-
lethanolamines were identified as systemic acquired 
resistance-related lipid metabolites in plant-bacteria 
interactions (Song et  al. 2022). Moreover, the PldA 
effector from Pseudomonas aeruginosa achieves its 
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antibacterial activity by degrading phosphatidylethan-
olamine (Russell et al. 2013). During maize response 
to M. arenaria infection, the expression level of the 
gene encoding ethanolamine-phosphate cytidylyl-
transferase in root samples was down-regulated.

Interestingly, analyses of interacting proteins using 
the STRING database indicated that ethanolamine-
phosphate cytidylyltransferase was found to interact 
with S-adenosyl methionine, which is a substrate for 
S-adenosyl methionine decarboxylase, thus, these two 
MaMsp4 interactors might be functionally connected.

The first group of proteins (beta-galactosidase 11, 
pectinesterase, and polygalacturonase), known to be 
involved in cell wall modifications, showed a simi-
lar gene coding expression pattern during an infec-
tion – they were all overexpressed in the very early 
stage of infection (24 hpi), while the nematode pen-
etrates the root and then, at a later phase of parasitism 
(7 dpi), a strong suppression of their expression was 
observed. It has been observed that for the second 
group of analyzed proteins (S-adenosyl methionine 
decarboxylase 2 and ethanolamine-phosphate cyti-
dylyltransferase), which are related to a plant defense 
response, their gene expression showed down-reg-
ulation at 7 dpi, without the preceding overexpres-
sion. This result suggests that the MaMsp4 protein 
might play a role in the suppression of plant defense 
response, which has been observed for many RKN 
effectors (Vieira and Gleason 2019). There are also 
studies suggesting that one effector may play a few 
roles as for example Mj-FAR-1 protein, secreted by 
M. javanica (Iberkleid et al. 2015). Authors indicated 
that this protein was involved in both these processes, 
cell wall modifications as well as plant defense.

On the basis of the obtained results we have con-
cluded that described in this study M. arenaria pro-
tein, MaMsp4, plays an important role during pen-
etration and parasitism in maize and interacts with 
proteins taking part in plant cell wall modifications 
as well as with proteins involved in plant defense 
response mechanisms.
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