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A B S T R A C T   

Several economically important crops are susceptible to root-knot nematode (RKNs). Meloidogyne incognita and 
M. javanica are the two most reported species from the RKN complex, causing damage to several crops world-
wide. The successful outcome of the Meloidogyne-plant interaction is associated with molecular factors secreted 
by the nematode to suppress the plant’s immune response and promote nematode parasitism. In contrast, several 
plant factors are associated with defense against nematode infection. In this study, we identified and charac-
terized the specific interaction of Minc00344 and Mj-NULG1a effectors with soybean GmHub10 (Gly-
ma.19G008200) protein in vitro and in vivo. An Arabidopsis thaliana T-DNA mutant of AtHub10 (AT3G27960, an 
orthologous gene of GmHub10) showed higher susceptibility to M. incognita. Thus, since soybean and A. thaliana 
Hub10 proteins are involved in pollen tube growth and indirect activation of the defense response, our data 
suggest that effector-Hub10 interactions could be associated with an increase in plant susceptibility. These 
findings indicate the potential of these effector proteins to develop new biotechnological tools based on RNA 
interference and the overexpression of engineered Hub10 proteins for the efficient management of RKN in crops.   

1. Introduction 

Plant-parasitic nematodes (PPNs) are among the major agricultural 
parasites causing annually significant economic losses worldwide (Ber-
nard et al., 2017). PPNs disturb plant roots by altering the cell cycle, 
increasing the size of parasitized cells, and causing cell hyper-
proliferation and the development of nematode feeding sites (de 
Almeida Engler et al. 2004, 2012, 2015; de Souza Junior et al., 2017; 

Shukla et al., 2018). These disorders disrupt water and nutrient uptake 
and reduce plant growth and yield (Melakeberhan et al., 1987; Carneiro 
et al., 2002; Lu et al., 2014). Root-knot nematode (RKN) are obligate 
sedentary endoparasites from the genus Meloidogyne spp. (Trudgill and 
Blok 2001). Among the RKNs, Meloidogyne incognita and M. javanica are 
the two major species most commonly reported to cause damage in 
several plant cultures of economic importance worldwide (Abad et al., 
2008). The life cycle of these species comprises six stages, namely, egg, 
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J1 (first-stage juvenile), J2 (second-stage juvenile), J3 (third-stage ju-
venile), J4 (fourth-stage juvenile), and adults (female and male) (Tri-
antaphyllou and Hirschmann 1960). J3, J4, and females are sedentary 
endophytes, while eggs, J1, and preparasitic J2 are exophytes for the 
majority of Meloidogyne species (Abad et al., 2008; Castagnone-Sereno 
et al., 2013). 

Meloidogyne-host plant interactions include an extensive molecular 
immunity network involved in defense and counterdefense (Lin et al., 
2013; Gillet et al., 2017). Regarding basal defense, after recognition of 
nematode elicitors, host plants increase the production of reactive ox-
ygen and nitrogen species (e.g., hydrogen peroxide) and other toxic 
compounds derived from secondary metabolism (Melillo et al., 2011; 
Holscher et al., 2014; Manosalva et al., 2015; Kong et al., 2015; Silva 
et al., 2018). In contrast, Meloidogyne spp. increase the production and 
release of antioxidant and detoxifying compounds (e.g., ROS scavengers, 
glutathione peroxidases, peroxidases, peroxiredoxins, and catalases) 
(Bellafiore et al., 2008; Dubreuil et al., 2011; Shinya et al., 2013; Basso 
et al., 2020b), and effector proteins to overcome host defenses (Xie et al., 
2016; Lin et al., 2016; Bournaud et al., 2018). Thus, for successful 
infection, nematodes seek to minimize plant cell damage and depend on 
living cells to develop a feeding site and promote their reproductive 
cycle in host plants (Gheysen and Mitchum 2011; Goverse and Smant 
2014). For this purpose, several nematode effector proteins attempt to 
manipulate different biological processes (e.g., neutralize the host 
oxidative pathway or suppress programmed cell death) and defense 
responses (e.g., plant immune system) of the plants (Xie et al., 2016; 
Nguyen et al., 2018; Bournaud et al., 2018; Shi et al., 2018; Grossi-de-Sa 
et al., 2019; Zhao et al., 2019). For example, Mi-MSP18 (Grossi-de-Sa 
et al., 2019) and Mi-Msp40 (Niu et al., 2016) effectors were demon-
strated to act in cell death suppression and can enhance plant suscep-
tibility and modulate host immunity. Similarly, the Mi-MiPM effector 
interacts with subunit 5 of the COP9 signalosome (CSN5), but the bio-
logical consequences of this interaction have not been determined 
(Bournaud et al., 2018). Likewise, the Mi-Mi8D05 effector interacts with 
plant aquaporin tonoplast intrinsic protein 2 (TIP2), suggesting that it 
regulates solute and water transport within giant cells to promote the 
parasitic interaction (Xue et al., 2013). Other examples include 
Mi-MiPFN3, which disrupts the plant actin cytoskeleton to promote 
giant cell formation (Leelarasamee et al., 2018), and Mi-MiMIFs pro-
mote parasitism by interfering with annexin-mediated plant immune 
responses (Zhao et al., 2019). 

Secretome analyses from the Meloidogyne genus enabled the identi-
fication of numerous candidate effector proteins (Huang et al., 2003; 
Bellafiore et al., 2008; Rutter et al., 2014). For example, Minc00344 and 
Mj-NULG1a attracted our attention. The Minc00344 also showed spe-
cific expression in the subventral gland (SvG) and was strongly upre-
gulated during the first three parasitic time points studied (3, 7, and 14 
days post-inoculation; dpi). This effector belongs to the MAP-1 gene 
family, which is a candidate M. incognita avirulence protein (Castagno-
ne-Sereno et al., 2009; Tomalova et al., 2012). Similarly, the M. javanica 
Mj-NULG1a effector is upregulated in parasitic J2s and declines in later 
parasitic stages. The Mj-NULG1a encoded a protein was predicted with 
two nuclear localization signals and colocalized in giant cells’ nuclei 
(Lin et al., 2013). Although this protein does not have a defined bio-
logical function, it was suggested to act as an effector protein during 
plant parasitism (Danchin et al., 2013). 

Although several M. incognita and M. javanica effectors have already 
been identified, little is known about their targets or action mechanisms 
when secreted in the plant (Mejias et al., 2019; Vieira and Gleason 
2019). Previous studies from protein-protein interactions between 
A. thaliana and phytopathogens (bacteria, oomycetes, and fungi) 
showed that several effector proteins from different pathogens interact 
preferentially with 15 hub proteins of the host plant (Mukhtar et al., 
2011; Consortium 2011; Wessling et al., 2014). Among these 15 
A. thaliana hub proteins, AtHub10 (AT3G27960) is targeted by six ef-
fectors from Pseudomonas syringae and Hyaloperonospora arabidopsidis 

(Mukhtar et al., 2011; Wessling et al., 2014). AtHub10 is a kinesin light 
chain-related protein 2 (KLCR2) that acts as a microtubule-associated 
motor protein that moves cargo along microtubule filaments and plays 
a crucial role in various plant processes, including pollen tube growth, 
and is associated with plant defense activation (Reddy and Day 2001; Li 
et al., 2019). Kinesin light chain (KLC) proteins utilize their tetra-
tricopeptide repeat (TPR) domain to interact with several different 
cargos, while KLC1 and KLC2 kinesin isoforms exhibit differential 
binding properties for those cargos (Burstenbinder et al., 2013; Abel 
et al., 2013). The TPR domain is found in a wide range of proteins and is 
arranged in tandem with until 16 TPR units, which mediate the as-
sembly of multiprotein complexes, such as anaphase-promoting com-
plex (APCs) subunits, cell division control (CDCs), cyclin-dependent 
kinases (CDKs), among other (Das et al., 1998). All TPR-containing 
proteins are closely related to the cell cycle control, in which APC, 
CDC, and CDKs are directly involved, while KCL proteins are also 
involved in this process, but in a second level (Reddy and Day 2001; Li 
et al., 2019). Notably, a common feature among these TPR-contain 
proteins is directly or indirectly part of the commonly known mecha-
nism as "growth-defense trade-off" (Huot et al., 2014). In other words, 
the modulation of the cell cycle (to growth and development) versus the 
cellular immune system (to defense or counter-defense) are strongly 
related, and the disturbance of one of these mechanisms (either by biotic 
or abiotic stresses) requires the reprogramming of the priorities of the 
plant in this adverse moment in order to overcome (achieve resistance or 
tolerance) these unexpected events. At the same time, we know that a 
vast majority, if not all pathogens (sure including nematodes), directly 
or indirectly interfere with the cell cycle or host plants’ immune system. 
Given these previous findings, the role of KCL proteins in the growth and 
defense mechanism becomes a little more evident for us. However, in-
formation about the role of KLCR2, or more specifically, Hub10 proteins, 
is still quite limited in plant-nematode interaction. 

Curiously, overaccumulation of tomato kinesin-like protein 
(MG565981) was associated with improved plant resistance to Tobacco 
mosaic virus infection. However, its role during the viral infection has not 
been elucidated to date (Abdelkhalek et al., 2019). Additionally, there is 
no information showing the interaction of nematode effectors with plant 
kinesin proteins and the consequences of this interaction on plant 
resistance to nematode infection. 

Soybean (Glycine max) is one of the most important agricultural 
commodities worldwide (Hartman et al., 2011; USDA 2020). The main 
soybean cultivars are considered to be highly susceptible to RKN, and 
associated with inefficient nematode management; significant yield 
penalties and economic losses are also constantly reported in diseased 
crops (Mazzetti et al., 2019). Thus, a better understanding of the 
soybean-nematode molecular interaction may enable the development 
of new biotechnological tools (NBTs) that contribute to the management 
and control of the nematodes in this culture (Basso et al. 2019, 2020a). 
This study validated the specific interaction between Minc00344 and 
Mj-NULG1a effectors with the soybean GmHub10 (Glyma.19G008200) 
protein orthologous to AtHub10 using in vitro and in vivo approaches. 
Curiously, using an A. thaliana T-DNA mutant of the AtHub10 gene, our 
data suggested that disruption of AtHub10 protein function can be 
associated with an increase in plant susceptibility. The collective find-
ings of this study suggest that the interactions among Minc00344, 
Mj-NULG1a, and GmHub10 proteins can be essential to manipulate the 
host plant (plant or giant cell developmental and defense pathways) and 
promote RKN parasitism. 

2. Materials and methods 

2.1. In silico analysis of the effectors Minc00344 and Mj-NULG1a, and 
soybean GmHub10 network 

All sequences and features of M. incognita and M. javanica genes were 
retrieved from BioProject ID PRJEB8714 (samples: ERS1696677 and 
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ERS671129, respectively) (Blanc-Mathieu et al., 2017) from the online 
WormBase Parasite Database version WBPS13 (Lee et al., 2017). 
Conserved domains were identified using the CDD Database from NCBI 
(Marchler-Bauer et al., 2015). Pairwise identity matrices were generated 
using Sequence Demarcation Tool Version 1.2 software (Muhire et al., 
2014). Phylogenetic analyses from effector sequences were performed 
using the Phylogeny.fr web service (Dereeper et al., 2008). For this, 
sequences were aligned with MUSCLE software (Edgar 2004), and the 
alignment was curated by the Gblocks model. Then, phylogenetic ana-
lyses were performed using the maximum likelihood method with 
PhyML software using the approximate likelihood-ratio test (aLRT) 
SH-like branch support and GTR and WAG substitution models for 
nucleotide and amino acid sequences, respectively. Phylogeny trees 
were generated and visualized by TreeDyn software, which was imple-
mented in this same web service. 

Sequences and features from soybean genes were retrieved from 
Glycine max Wm82.a2.v1 (BioProject: PRJNA19861) (Schmutz et al., 
2010) by the Phytozome v.12 database (Goodstein et al., 2012). 
Conserved domains in the gene sequences were identified using the CDD 
Database from NCBI (Marchler-Bauer et al., 2015), annotation 
confirmed by the HMMER prediction server (Wheeler and Eddy 2013), 
and nuclear signal localization (NLS) motifs were predicted using the 
NLStradamus online tool (Nguyen Ba et al., 2009). The pairwise identity 
matrices and phylogenetic analyses were performed as described above. 
The interactome network from soybean and A. thaliana Hub10 proteins 
with their interactor proteins was retrieved from platform STRING 
database v.11 (Szklarczyk et al., 2019). The organ- and tissue-specific 
expression of the soybean genes were presented by the heat map plot 
created by the PhytoMine tool (https://phytozome.jgi.doe.gov/ph 
ytomine/begin.do) using all gene expression data in the database 
regarding tissue- and organ-specific expression. 

2.2. M. incognita J2 inoculum 

The M. incognita J2 race 1 and race 3 were obtained from tomato 
plants (Solanum lycopersicum cv. Santa Clara) inoculated and maintained 
for eight to ten weeks under greenhouse conditions. Infected roots were 
washed and macerated using a blender after treatment with 0.5% so-
dium hypochlorite. Eggs were harvested, rinsed with tap water, and 
subsequently separated from root debris using 100- to 550-μm sieves 
(Hussey and Barker 1973). Then, the eggs were hatched under aerobic 
conditions at 28 ◦C, and J2 were harvested every two days, decanted and 
quantified under a microscope using counting chambers. 

2.3. In vitro and in vivo transactivation assays for the protein-protein 
interaction evaluation and gene expression assays 

The protein-protein interaction was performed to evaluate the 
interaction of the Minc0344 and Mj-NULG1a (GenBank ID: JN836601) 
effectors with soybean GmHub4 (COP9 signalosome complex subunit 5, 
CSN5, Glyma.06G076000; AtHub4, AT1G22920), GmHub6 (TCP family 
transcription factor, Glyma.17G099100; AtHub6, AT3G47620), 
GmHub10 (Kinesin light chain, Glyma.19G008200; AtHub10, 
AT3G27960), GmHub12 (APC8/Anaphase promoting complex subunit, 
Glyma.11G026400; AtHub12, AT3G48150), GmHub17 (TCP family 
transcription factor, Glyma.02G105900; AtHub16, AT1G69690), 
GmHub42 (Transcription factor UNE12-Related, Glyma.19G160900; 
AtHub22, AT4G02590), GmHub47 (Jasmonate ZIM domain-containing 
protein, Glyma.09G174200; AtHub24, AT3G17860), and GmHub61 
(Uncharacterized conserved protein containing an emsy amine-terminus 
domain, Glyma.02G178800; AtHub25, AT5G06780). Soybean hubs se-
quences were isolated from cDNA of the soybean root cv. Williams 82, 
cloned into pGEMT easy vector (Promega, Madison, Wisconsin, USA), 
sequenced and subcloned into the entry vector with gateway cloning 
system (pENTR11; Invitrogen) and pGADT7-AD and pGBKT7-BD desti-
nation vectors. Sequence identities were confirmed by comparison with 

gene sequences retrieved from Glycine max Wm82.a2.v1 (BioProject: 
PRJNA19861) (Schmutz et al., 2010) by the Phytozome v.12 database 
(Goodstein et al., 2012). The full-length cDNA sequences from 
Minc00344 and Mj-NULG1a effectors were synthesized by the company 
Epoch Life Science (Sugar Land, TX, EUA), cloned in pENTR11 vector, 
propagated in E. coli DH5α, and subsequently transferred to pGADT7-AD 
and pGBKT7-BD destination vectors using Gateway™ LR Clonase™ 
Enzyme mix (Thermo Fisher Scientific, Walths, Massachusetts, USA). 
Y2H experiments were performed using the Matchmaker™ GAL4 
Two-Hybrid System 3 (Clontech, Mountain View, CA, USA) based on 
GAL4 binding (BD) and transactivation (AD) domains present in these 
destination vectors. Both Y2H vectors were sequentially co-transformed 
into the competent cells of Saccharomyces cerevisiae strain YRG2 (Matα, 
ura3-52, his3-200, ade2-101, lys2-801, trp1-901, leu2-3, 112, gal4-542, 
gal80-538) using the lithium acetate/polyethylene glycol (PEG) method. 
Single colonies from co-transformed yeasts were grown overnight in a 
selective yeast nitrogen base (YNB) medium in a shaking incubator at 
180 rpm and 28 ◦C. Yeast cells were diluted in fresh YNB medium to an 
optical dilution (OD600) of about 1 to 0.01. Then, 100 μl of suspension 
was plated onto a synthetic dropout medium lacking leucine, trypto-
phan, and histidine, containing 5 to 10 mM 3-amino-1,2,4-triazole 
(3-AT) His3 gene-product competitive inhibitor, and incubated at 
28 ◦C for three to five days. The empty pGADT7-AD and pGBKT7-BD 
vectors were used as negative controls of protein-protein interaction, 
while pGADT7-AD::NIG and pGBKT7-BD::AtWWP1 were used as posi-
tive controls. The A. thaliana AtWWP1 (AT2G41020) and NIG 
(AT4G13350) protein interactions were previously shown by Calil et al. 
(2018). 

BiFC assays were performed using different combinations of the 
A. tumefaciens strain GV3101 carrying the binary vectors pSITE BiFC 
cEFYP (GU734652) and nEYFP (GU734651) containing the 35S: 
GmHub10-cYFP and 35S:Minc00344-nYFP or 35S:Mj-NULG1a-nYFP 
fusion proteins. The A. tumefaciens co-culture was co-infiltrated into 
the abaxial surface of N. tabacum leaves at an OD600 nm 0.7 in a final 
ratio of 1:1. The yellow fluorescence was analyzed in the epidermal cells 
three days after infiltration using a Zeiss inverted LSM510 META laser 
scanning microscope equipped with an argon laser and a helium laser as 
excitation sources. The yellow fluorescent protein (YFP) was excited at 
514 nm using the argon laser, and YFP emission was detected using a 
560-615-nm filter. 

2.4. GmHub10 expression profile during M. incognita infection 

Soybean conventional genotype PI595099 (nematode-resistant) and 
cultivar BRS133 (nematode-susceptible) considered contrasting for the 
RKN resistance (Beneventi et al., 2013) were inoculated with 1,000 
M. incognita J2 race 1, and root samples were harvested at 3, 8, 15, and 
25 dpi from mock and nematode inoculated plants. Total RNA was pu-
rified using Concert™ Plant RNA Reagent (Invitrogen, Carlsbad, CA, 
USA) supplemented with PVP-40. The RNA concentration was estimated 
using a spectrophotometer (NanoDrop 2000, Thermo Scientific, Wal-
tham, Massachusetts, USA) and integrity was evaluated with 1% agarose 
gel electrophoresis. RNA samples were treated with RNase-free RQ1 
DNase I (Promega, Madison, Wisconsin, USA) according to the manu-
facturer’s instructions. Then, 2 μg of DNase-treated RNA was used as a 
template for cDNA synthesis using Oligo-(dT)20 primer and SuperScript 
III RT (Life Technologies, Carlsbad, CA, USA), according to the manu-
facturer’s instructions. The cDNA was quantified by spectrophotometry 
and diluted with nuclease-free water to 200 ng/μl. RT-PCR assays were 
performed in an Applied Biosystems 7500 Fast Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA) using 400 ng of cDNA, 0.2 
μM of each gene-specific primer and GoTaq® qPCR Master Mix (Prom-
ega, Madison, Wisconsin, USA). The conditions for RT-PCR included an 
initial 95 ◦C for 10 min, then 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 
min, followed by a final melting curve analysis. The expression profile of 
the GmHub10 gene during nematode infection was measured by RT-PCR 
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using specific primers and normalized with GmCYP18 (Gly-
ma.12G024700) as an endogenous reference gene (Supplementary 
Table 1). The thermocycling reactions and conditions used are the same 
as described above. Four biological replicates were used for each 
treatment, while each biological replicate was composed of four plants. 
All cDNA samples were carried out in technical triplicate, while primer 
efficiencies and target-specific amplification were confirmed by a single 
and distinct peak in the melting curve analysis. The relative expression 
level was calculated using the 2-ΔCT method (Schmittgen and Livak 
2008). 

2.5. Resistance assessment of the A. thaliana AtHub10 mutant to the 
M. incognita 

The A. thaliana seeds from the mutant (T-DNA insertion; SALK 
mutant: SALK_142719) line for the AtHub10 gene (AT3G27960, an 
orthologous gene of the soybean GmHub10; Suppl. File S2) and null 
mutant line to the Enhanced disease susceptibility 1 (Eds1; AT3G48090; 
SALK mutant: SALK_034340) gene were obtained from the Arabidopsis 
Biological Resource Center (ABRC; Columbus OH, 43210, USA). 
A. thaliana seeds were surfaced sterilized and sown on selective (kana-
mycin) Murashige and Skoog (MS)-containing agar plates. Plates were 
stratified in the dark at 4 ◦C for 72 h. Plants were grown in a growth 
chamber at 22 ◦C under 12h light/12 h dark photoperiod. Plants in vitro 
kanamycin-resistant were transferred for in vivo condition into the 
substrate: sand (autoclaved commercial substrate and sand in 1:1 pro-
portion) and grown as described above. Transgenic plants from AtEds1 
and AtHub10 lines were confirmed for NPTII (neomycin-phospho-
transferase II) protein accumulation by serological assays using the 
ELISA assay with Agdia kit (Agdia Patho Screen nptII). Then, transgenic 
and wild-type seedlings (two or three-week-old plants) were inoculated 
with 250 M. incognita J2 as described above. Inoculated roots were 
harvested at 5, 10, 15, and 25 dpi, stained with acid fuchsin as described 
by Byrd et al. (1983), and the penetration efficiency in the root and the 
post-penetration development of the nematode, and the formation of the 
galls were evaluated. In addition, the number of eggs per gram of root, 

the number of J2 per gram of root, the number of galls per gram of root, 
and NRF were determined from an additional plant set at 40 dpi. The 
NRF was determined with Oostenbrink’s formula: RF = final J2 num-
ber/initial J2 number or nematode final population/initial population 
(Oostenbrink 1966; Windham and Williams 1987). The AtEds1 mutant 
line was used as a susceptibility control (Parker et al., 1996; Cui et al., 
2017). Each A. thaliana line was composed of 14 to 20 plants, which 
were divided into three biological replicates. 

3. Results 

3.1. In silico analysis of Meloidogyne effectors 

Pairwise comparisons of amino acid sequences showed that 
Minc00344 and Mj-NULG1a have low sequence identity with each 
other, ranging from 10 to 30% (Fig. 1A). Additionally, compared to 
other proteins produced in nematode-secretory organs, either predicted 
or validated to be involved in plant parasitism, the percentage of iden-
tities observed ranged from 12 to 92%. Phylogenetic analysis also 
showed that these two effectors studied here are grouped separately, 
originating from two well-defined groups (Fig. 1B). All these collective 
data from in silico analysis indicated that these two Meloidogyne effectors 
are distant at the sequence and phylogenetic levels but are closely 
associated with plant parasitism. 

3.2. Protein-protein interaction between Minc00344 and Mj-NULG1a 
effectors with soybean GmHub10 protein 

Previous interactome studies developed with A. thaliana and 
different phytopathogens as a model identified some plant hub proteins 
that are targeted by several effectors during the plant-pathogen inter-
action. In this study, eight of these hub proteins were chosen for eval-
uating the interaction with Minc00344 and Mj-NULG1a effectors. To 
this end, the orthologous genes of these A. thaliana hub proteins were 
searched in the soybean transcriptome, and the corresponding CDS 
sequence was cloned into the destination vector for in vitro and in vivo 

Fig. 1. In silico analysis of the nematode effector protein sequences. (A) Pairwise sequence identity matrices of amino acid sequences generated using Sequence 
Demarcation Tool version 1.2 software. (B) Evolutionary analysis of amino acid sequences generated by the Phylogeny.fr web service. Highlighted in the red and 
green box are, respectively, the M. incognita and M. javanica effector proteins studied in this work. Gene sequences were retrieved from the online WormBase Parasite 
Database version WBPS13. 

R.A. Godinho Mendes et al.                                                                                                                                                                                                                  



Experimental Parasitology 229 (2021) 108153

5

protein-protein interaction assays. Yeast two-hybrid (Y2H) assays were 
performed with all these proteins, but protein-protein interactions were 
observed only between Minc00344 and Mj-NULG1a with soybean 
GmHub10 protein (Fig. 2A; Supplementary Fig. 1A and B). The 
Minc00344 effector showed specific interaction with the GmHub10 
protein both in Y2H (Fig. 2B and C) and in planta by bimolecular fluo-
rescence complementation (BiFC) assays (Fig. 2D). Similarly, the Mj- 
NULG1a effector also showed specific interaction with the GmHub10 

protein in both Y2H (Fig. 2E) and BiFC assays (Fig. 2F). In addition, Mj- 
NULG1a and GmHub10 proteins were considered to have a stronger 
interaction than Minc00344-GmHub10 based on the 3AT competitive 
inhibitor added to the selective medium (Fig. 2C and E). In the same 
sense, both Minc00344 and Mj-NULG1a effector proteins were unable to 
autoactivate in Y2H assays (Fig. 2B and E), while GmHub10 showed 
autoactivation potential (Fig. 2B). Also, we discard the possibility of self- 
assembly of nYFP and cYFP, resulting in non-genuine fluorescence from 

Fig. 2. Protein-protein interaction assays between the Minc0344 and Mj-NULG1a effectors with eight soybean GmHub proteins. (A) Yeast two-hybrid (Y2H) results 
for the Minc0344 and Mj_NULG1a effectors and the soybean GmHub4 (Glyma.06G076000), GmHub6 (Glyma.17G099100), GmHub10 (Glyma.19G008200), 
GmHub12 (Glyma.11G026400), GmHub17 (Glyma.02G105900), GmHub42 (Glyma.19G160900), GmHub47 (Glyma.09G174200), and GmHub61 (Gly-
ma.02G178800). For interaction assays between effector-GmHub10 proteins, Minc00344 and Mj-NULG1a proteins were expressed in yeast cells fused in the GAL4 
binding domain (BD), while GmHub10 protein was expressed in yeast cells fused in the GAL4 activation domain (AD). The interactions between these proteins were 
examined by monitoring histidine prototrophy. Yeast cells were transformed with a combination of DNA constructs and proteins were expressed in yeast and assayed 
for interaction on selective synthetic medium (SD) in the presence of 5–10 mM 3-amino-1,2,4-triazol (3-AT) and cell dilutions at an optical density (OD) of 1.0, 0.1 or 
0.01. (B) Autoactivation assays with Minc00344 and GmHub10 proteins. (C) Minc00344 and GmHub10 protein interactions in Y2H screening. The protein-protein 
interactions were evaluated using pGBK empty vector-BD + GmHub10-AD and AtWWP1 (AT2G41020)-BD + NIG (AT4G13350)-AD as negative and positive controls, 
respectively. (D) In planta interaction between Minc00344 and GmHub10 by BiFC assays. The fluorescence (yellow fluorescent protein; YFP) images were acquired 
using N. tabacum leaves co-expressing the binary vectors pSITE BiFC cEFYP (GU734652) and nEYFP (GU734651) with the 35S:GmHub10-cYFP + 35S:Minc00344- 
nYFP fusion proteins. (E) Autoactivation assays and protein-protein interaction using Y2H screening with Mj-NULG1a and GmHub10 proteins. (F) In planta inter-
action between Mj-NULG1a and GmHub10 by BiFC assays performed in N. tabacum leaves. (G) Negative control based on empty vectors used in BiFC assays. They are 
representative samples from three independent biological repeats. Scale bars, 20 μm. 
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target proteins interaction. Furthermore, a regular pattern of GFP or YFP 
fluorescence resulting from self-assembly allows fluorescence visuali-
zation both in cytoplasm and nuclei in a diffuse way. In our fluorescent 
fields, we only observed fluorescence in nuclei. Considering that 
AtHub10 and GmHub10 proteins are transcription factors and encom-
passes a nuclear localization signal, we can consider the fluorescence 
genuine and resulting from Hub10-effector interaction. In the face of 
these facts, these data showed that although these two effectors 
Minc00344 and Mj-NULG1a are from different nematode species, they 
can interact with the same host protein. 

3.3. In silico characterization of the GmHub10 network sequences 

GmHub10 and its homolog gene (Glyma.05G007800) showed higher 
amino acid identity with AtHub10 (approx. 70%), while lower sequence 
identity (approx. 20%) was observed with seven other soybean GmHub 
proteins (Fig. 3A). In addition, phylogenetic analysis using amino acid 
sequences showed that GmHub10 and its homologous gene are grouped 
closer to AtHub10 (Fig. 3B). The biological function of GmHub10 is 
implicated in pollen tube growth and regulation of the defense response, 
and its protein contains several tetratricopeptide repeat domains 
(pfam13424) and nuclear localization signals (Table 1). The protein- 
protein interaction network retrieved from the STRING database high-
lighted that GmHub10 is the core protein that interacts with the other 
ten proteins (Supplementary Fig. 2A), similar to the AtHub10 network 
(Supplementary Fig. 2B), thereby justifying the designation “Hub pro-
tein”. Among these proteins from the GmHub10 network are kinases, 
phosphoproteins, Fcf2 pre-rRNA processing, zinc finger (Ran-binding) 
protein, early growth response protein-related, and anaphase-promoting 

complex subunit 4 (Table 1). Curiously, the GmHub10 transcript showed 
accumulation in all soybean tissues and different conditions with lower 
accumulation in nodules under symbiotic conditions and roots under 
ammonia treatment and higher abundance in stems, roots, and pods 
(Supplementary Fig. 2C). In addition, GmHub10 showed a positive cor-
relation at gene expression levels in these same different soybean tissues 
or conditions with all ten major interactor proteins from its network, 
except for Glyma.14g125900, Glyma.14G125600, and Gly-
ma.20G012700 (Supplementary Fig. 2D). 

3.4. GmHub10 expression profile in soybean roots during M. incognita 
infection 

RT-PCR assays showed that the GmHub10 gene was not modulated in 
axillary roots by the nematode infection in either the nematode-resistant 
genotype PI595099 or the nematode-susceptible cultivar BRS133 
(Fig. 3C). However, GmHub10 gene expression was higher at 3 dpi in the 
resistant cultivar’s roots both in mock or inoculated compared with the 
susceptible plants. Concerning GmHub10 gene expression in the four 
developmental stages (stages I to IV) of the soybean plants, the expres-
sion level was only significantly higher at stage I (3 dpi) in the resistant 
cultivar. In contrast, in the susceptible cultivar, the expression was 
stable along all four stages. 

3.5. Developmental phenotype and resistance assessment of the 
A. thaliana AtHub10 mutant 

The A. thaliana AtHub10 mutant noninoculated plants showed 
significative abnormal formation of the nodes and axillary flowers of the 

Fig. 3. In silico sequence analysis, expression profile in roots of the soybean plant in different development stages and during M. incognita infection of the soybean 
GmHub10 (Glyma.19G008200) gene. (A) Pairwise sequence identity matrices of amino acid sequences generated using Sequence Demarcation Tool version 1.2 
software. In addition, were added in this sequence analysis the GmHub4 (Glyma.06G076000), GmHub6 (Glyma.17G099100), GmHub12 (Glyma.11G026400), 
GmHub17 (Glyma.02G105900), GmHub42 (Glyma.19G160900), GmHub47 (Glyma.09G174200), GmHub61 (Glyma.02G178800) and another seven putative ho-
molog proteins of the GmHub10. (B) Evolutionary analysis from amino acid sequences generated by the Phylogeny.fr web service. Highlighted in the red and green 
box are, respectively, the GmHub10 and AtHub10 proteins studied in this work. Gene sequences were retrieved from Glycine max Wm82.a2.v1 (BioProject: 
PRJNA19861) by the Phytozome v.12 database. (C) Expression profile of the GmHub10 gene in roots of the soybean conventional cultivar BRS133 (susceptible) and 
genotype PI595099 (resistant) considered contrasting for the root-knot nematodes resistance/susceptibility. The expression profile was measured using the RT-PCR 
assays from mock and M. incognita race 3 inoculated plants at 3, 8, 15, and 25 days post-inoculation (dpi). The 3, 8, 15, and 25 dpi corresponding to the development 
stages I (opening of the second trifoliate), stages II (opening of the fourth trifoliate), stages III (opening of the sixth trifoliate in the cultivar BRS133 and beginning of 
flowering in the genotype PI595099), and stages IV (beginning of flowering in the cultivar BRS133 and grains boot stage in the genotype PI595099) of the plants 
maintained in greenhouse conditions. The relative expression values were calculated using the 2-ΔCT formula with the GmCYP18 gene as an endogenous reference 
gene (Supplemental Table 1). Error bars represent confidence intervals corresponding to four biological replicates (each biological replicate was composed of four 
plants). Different letters on the graph bars indicate significant differences based on Tukey’s test at the 5% significance level. 
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main inflorescence (Fig. 4A) and abortion of some flower buds (Fig. 4B) 
compared with wild-type control plants. In addition, a low seed germi-
nation rate and lower root yield were also observed for this mutant line. 
To assess whether the interaction of Minc00344 and Mj-NULG1a effec-
tors with soybean GmHub10 protein may be associated with an increase 
in plant susceptibility, the AtHub10 mutant was inoculated with 250 
M. incognita J2 and evaluated over time compared with wild-type and 
AtEds1 lines (both used as susceptibility controls). The AtHub10 mutant 
plants showed susceptibility levels (nematode penetration efficiency, 
post penetration development, and formation and morphology of the 
galls) similar to those of wild-type and AtEds1 control plants. In addi-
tion, AtHub10 mutant plants showed a higher number of eggs, J2, and 
galls per gram of roots compared to the wild-type plants, while no dif-
ferences were observed compared to AtEds1 mutant plants (Fig. 4C to E). 
However, no difference in the number of eggs, J2, and galls per plant 
was observed between the plant lines evaluated, since AtHub10 plants 
produce lower root yields. In this way, AtHub10 mutant plants showed 
similarities in the NRF values with the wild-type and AtEds1 mutant 
plants (Fig. 4F). These data showed that AtHub10 mutant plants were as 
susceptible as wild-type and AtEds1 lines to the nematode, and the 
knockout of the AtHub10 gene has serious consequences for both the 
plant and indirectly for the nematode’s infectious cycle. 

4. Discussion 

PPNs are a large group of phytopathogens that, during plant- 
pathogen interactions, secrete effector proteins to promote parasitism 
by disrupting the plant defense response and modulate host develop-
mental pathways (Vieira and Gleason 2019). This arsenal of nematode 
effectors when secreted in plant cells targets important host molecular 
components and can interfere in complex pathways to promote para-
sitism in different plant species (Quentin et al., 2013). In contrast, 
beyond preformed defenses, plants present another arsenal of molecules 
associated with basal defense responses (Vieira and de Almeida Engler 
2017; Sato et al., 2019; Cabral et al., 2020). Initially, the root damage 
caused by nematode infection produces molecules that act as 
damage-associated molecular patterns (DAMPs) that, consequently, 
activate pattern-triggered immunity (PTI). In addition, 
pathogen-associated molecular patterns (PAMPs) or, specifically in the 
case of nematode infections, nematode-associated molecular patterns 
(NAMPs) enhancing the basal plant defense (PAMPs triggered immu-
nity). The second level of plant defense responses against nematode 
infection is related to effector-triggered immunity (ETI) (Holbein et al., 
2016). In consequence, numerous effectors act suppressing the signaling 
or activation of the PTI or ETI (Manosalva et al., 2015; Zhao et al., 
2019). 

Table 1 
Features of the soybean GmHub10 (Glyma.19G008200) and its interactor genes retrieved from the Glycine max Wm82.a2.v1 (BioProject: PRJNA19861) genome dataset 
from the Phytozome v.12 database.  

Gene ID Gene function annotations Gene 
length 

Chromosome Chromosome 
location 
(START) 

Chromosome 
location 
(END) 

CDD domain search HMMER prediction NLS 
motif 

Glyma.19G008200 
(GmHub10) 

pollen tube growth; regulation 
of defense response 

3623 Chr19 810694 814316 Tetratricopeptide 
repeat (pfam13424) 

Tetratricopeptide 
repeat 

yes 

Glyma.01G146600 cGMP-dependent protein 
kinase; phosphoprotein 
phosphatase; PKG II 

8587 Chr01 48181319 48189905 Serine/threonine 
phosphatases 
(cd00143), protein 
kinases (cl21453), and 
effector domain of the 
CAP family of 
transcription factors 
(cd00038) 

Protein 
phosphatase 2C 

no 

Glyma.01G218300 Deoxynucleotidyltransferase 
terminal-interacting protein 2 

3627 Chr01 54838494 54842120 Fcf2 pre-rRNA 
processing 
(pfam08698) 

Fcf2 pre-rRNA 
processing 

yes 

Glyma.03G007200 Zinc finger (Ran-binding) 
protein 

4694 Chr03 651721 656414 Zn-finger in Ran- 
binding protein and 
others (pfam00641) 

Zn-finger in Ran- 
binding protein and 
others 

no 

Glyma.09G194200 cGMP-dependent protein 
kinase; phosphoprotein 
phosphatase; PKG II 

9799 Chr09 41851899 41861697 Serine/threonine 
phosphatases 
(cd00143), protein 
kinases (cl21453), and 
effector domain of the 
CAP family of 
transcription factors 
(cd00038) 

Protein 
phosphatase 2C 

No 

Glyma.11G024900 Deoxynucleotidyltransferase 
terminal-interacting protein 2 

3317 Chr11 1761162 1764478 Fcf2 pre-rRNA 
processing 
(pfam08698) 

Fcf2 pre-rRNA 
processing 

yes 

Glyma.14G125600 Deoxynucleotidyltransferase 
terminal-interacting protein 2 

5695 Chr14 19904641 19910335 Fcf2 pre-rRNA 
processing 
(pfam08698) 

Fcf2 pre-rRNA 
processing 

yes 

Glyma.14G125900 Deoxynucleotidyltransferase 
terminal-interacting protein 2 

1353 Chr14 19926735 19928087 Fcf2 pre-rRNA 
processing 
(pfam08698) 

Fcf2 pre-rRNA 
processing 

yes 

Glyma.19G118900 Zinc finger (Ran-binding) 
protein 

6233 Chr19 37651114 37657346 Zn-finger in Ran- 
binding protein and 
others (pfam00641) 

Zn-finger in Ran- 
binding protein and 
others 

no 

Glyma.20G012700 Early growth response protein- 
related; zinc finger protein 7 

717 Chr20 1070336 1071052 No conserved domains – no 

Glyma.07G190600 Anaphase-promoting complex 
subunit 4 (APC4) 

10702 Chr7 35824136 35834837 Anaphase-promoting 
complex subunit 4 
(pfam12894 and 
pfam12896) and WD40 
repeat (COG2319) 

Anaphase- 
promoting 
complex, 
cyclosome, subunit 
4 

no  
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The RKN complex is a major crop pathogen worldwide, and the 
limited range of available control agents or resistant cultivars has 
significantly limited the efficiency of its control and management (Seo 
and Kim 2014; Bernard et al., 2017). There are sedentary endoparasitic 
nematodes that spend most of their life cycle inside the roots and feed on 
giant cells, going from mobile preparasitic J2 until the females’ ovipo-
sition. This infection cycle lasts approximately 30 to 60 days and is only 
possible if there is a compatible plant-nematode interaction (Ali et al., 

2018). The host plant and RKN fight a real battle based on defense, 
attack, and counterattack. The defense response suppression and 
reprogramming of plant cells by nematode effectors are essential for 
penetration, giant cell induction, feeding, and oviposition (egg masses) 
(Abad et al., 2003). After genome sequencing from M. incognita and 
M. javanica (Abad et al., 2008; Blanc-Mathieu et al., 2017), several 
effector proteins were already identified and characterized, but infor-
mation about their function after secretion in the host plant or the way 

Fig. 4. Plant phenotype and susceptibility to the M. incognita race 3 of the A. thaliana mutant (T-DNA insertion) line to the AtHub10 (AT3G27960) gene (SALK 
mutant: SALK_142719) compared to the Col-0 ecotype (wild-type; WT) and null mutant line to the Enhanced disease susceptibility 1 (Eds1; AT3G48090; SALK mutant: 
SALK_034340) gene. A. thaliana mutant lines were obtained from Arabidopsis Biological Resource Center (ABRC; Columbus OH, 43210, USA). A. thaliana mutant line 
to the AtHub10 gene (AtHub10KO) showing (A) abnormal formation of the nodes and axillary flowers of the main inflorescence compared to wild-type control plants, 
and (B) abortion of some flower buds. (C) Number of eggs per gram of roots, (D) number of M. incognita J2 per gram of roots, (E) number of galls per plant, and (F) 
nematode reproduction factor (NRF) in A. thaliana wild-type (AtWT1 and AtWT2), A. thaliana Eds1 mutant (AtEds1KO), and A. thaliana Hub10 mutant (AtHub10KO) at 
40 days post-inoculation. Error bars represent confidence intervals corresponding to three technical replicates (E, F, and H) or corresponding to each plant evaluated 
(G), while each treatment was composed of 15 to 20 plants. Different letters on the graph bars indicate significant differences based on Tukey’s test at 5% signif-
icance level. 
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they work is still poorly understood (Bellafiore et al., 2008; Lin et al., 
2013; Rutter et al., 2014; Mejias et al., 2019). 

In this study, the effectors Minc00344 and Mj-NULG1a were char-
acterized slightly more regarding their involvement in the host plant’ 
parasitism by M. incognita. Both effectors showed low sequence identity 
and distant phylogenetic relationships, suggesting at the first moment a 
distinct mode of action after delivery in the host plant. Rutter et al. 
(2014) showed that Minc00344 were expressed in SvG and upregulated 
at 3 to 14 dpi, suggesting their involvement in the formation of giant 
cells and as putative avirulence proteins, respectively. In contrast, Lin 
et al. (2013) showed that the Mj-NULG1a gene was upregulated in dorsal 
gland cells at the beginning of parasitism, while the Mj-NULG1a protein 
was colocalized in the nuclei of giant cells. In addition, the down-
regulation of this effector using the RNAi strategy attenuated the para-
sitic ability of M. javanica, while A. thaliana overexpressing Mj-NULG1a 
was considered more susceptible (Lin et al., 2013). At the second 
moment supported by our data, similarly to Minc00344 gene, the 
Mj-NULG1a gene is more expressed in J2 parasitic stages and acts in the 
nuclei of giant cells during nematode parasitism (Lin et al., 2013). This 
previous data can suggest that both these two effectors from different 
Meloidogyne species can act in a similar time during parasitism targeting 
the Hub10 protein. In addition, previous work by Mukhtar et al. (2011), 
Consortium (2011), and Wessling et al. (2014) has shown that different 
and diverse pathogen effectors can target the same hub protein. Curi-
ously, our data showed that both these effector proteins interact spe-
cifically with the soybean GmHub10 protein, and the functional 
disruption of the GmHub10 protein during parasitism is a hypothesis in 
this study. To support this hypothesis, several interactions between 
nematode effectors and host plant proteins have already been charac-
terized and have been associated with the suppression of host resistance 
(Goverse and Smant 2014; Mejias et al., 2019). For example, Hama-
mouch et al. (2012) showed that the Heterodera schachtii 30C02 effector 
protein interacts with a β-1,3-endoglucanase (At4G16260) enzyme of 
A. thaliana to suppress host defense responses and promote parasitism. 
Similarly, Zhao et al. (2019) showed that the M. incognita MiMIF-2 
effector protein interacts with A. thaliana annexins (AnnAt1 and 
AnnAt4) to suppress plant immunity and facilitate nematode parasitism. 
In addition, Davies et al. (2015) showed that the M. chitwoodi Mc1194 
effector protein interacts with a papain-like cysteine protease responsive 
to dehydration (RD21A), while A. thaliana rd21-1 mutants were hyper-
susceptible to this nematode. In another example, the M. javanica 
MjTTL5 effector protein interacts with an A. thaliana ferredoxin:thio-
redoxin reductase catalytic subunit (AtFTRc) and suppresses plant im-
munity by activating the host reactive oxygen species-scavenging system 
(Lin et al., 2016). In our study, the Minc00344 and Mj-NULG1a effectors 
and GmHub10 protein interactions have been suggested to be associated 
with increased susceptibility of the A. thaliana AtHub10 mutant to 
M. incognita. Interestingly, AtHub10 has also been shown to be the target 
of interaction with other effector proteins of different pathogens 
(Mukhtar et al., 2011; Wessling et al., 2014). Kong and Hanley-Bowdoin 
(2002) showed that the geminivirus replication-associated (AL1) protein 
also interacts with a kinesin-like protein (AT5G65460; KIN14B) to pre-
vent infected cells from undergoing mitosis. Accordingly, both nema-
todes and geminiviruses need to manipulate the host plant’ cell cycle to 
promote parasitism. Since Minc0344 is upregulated in the J2 and J2/J3 
stages, similar to the Mj-NULG1a effector gene, which is upregulated at 
the beginning of parasitism (Lin et al., 2013), it is suggested that the 
nematode inactivates Hub10 proteins for two reasons: i) prevent indirect 
Hub10 disturbance from activating the plant’s defense responses, and ii) 
disrupt the cell cycle and make the plant cell more suitable for para-
sitism. Given these findings, it is possible to highlight the importance of 
AtHub10 or GmHub10 proteins in the activation of the host immune 
system, and the local disruption of these Hub10 proteins can be essential 
to modulate the plant cell cycle and promote plant infection. 

Based on gene expression profile in resistant and susceptible soybean 
plants, our data indicate consistently that GmHub10 mRNA expression 

profile was not induced or modulated by the M. incognita infection, in 
both susceptible or resistant soybean plants. However, it is clearly 
observed that the GmHub10 gene expression profile was significantly 
higher in the nematode-resistant plants (PI595099 genotype) in both 
mock or inoculated conditions. In this first moment, the higher 
GmHub10 protein accumulation can be suggested as associated with 
higher resistance to nematodes. Coincidentally, at 3 days after inocu-
lation, the same time when the greatest accumulation of GmHub10 
protein was observed in resistant plants, it is the exact time in which the 
nematode M. incognita or M. javanica has already come into contact with 
the root of the host plant, migrated until the candidate cell to be para-
sitized, and started to modulation the cell cycle and the defense mech-
anisms of these cells in order to make a favorable environment for him to 
be able to parasitism. However, in resistant plants where there is a high 
accumulation of GmHub10 protein, it is suggested that even using ef-
fectors to modulate or inactivate GmHub10 protein activity, this nem-
atode counter-defense mechanism is not sufficient to prevent the 
activation of the plant’s immune system and/or enough to modulate the 
cell cycle in a way that is desirable to the nematode parasitism. 

The GmHub10 protein is previously known as essential to plant 
growth and development, and also closely related (direct or indirect 
involved) to the cell cycle mechanism (Reddy and Day 2001; Li et al., 
2019). In this same sense, it is previously known that nematodes 
modulate the plant cell cycle and/or defense response to create the 
feeding sites and successfully parasitize the plant (de Almeida Engler 
et al., 2015; de Souza Junior et al., 2017). Our data showed that the 
constitutive knockdown of the Hub10 gene resulted in aberrant plants; 
consequently, and notably, these mutant plants are not a good host plant 
to M. incognita. It is important to remember that these nematodes 
modulate the Hub10 protein activity in site- and cell-specific of adult 
plants. In view of this, we can suggest that the constitutive knockout of 
Hub10 is not desirable for either plant development or the nematode 
infection. 

In addition, although M. incognita or M. javanica have several hun-
dred effector proteins, our data showed that the downregulation of any 
of these evaluated effectors is considered highly relevant for impairing 
nematode parasitism. Thus, the loss of function of only one of these 
effectors during parasitism may be enough to fail to achieve full sup-
pression of the host defense. 

5. Conclusion 

Several features of the Minc00344 and Mj-NULG1a effectors were 
highlighted in this study, and their substantial importance for successful 
plant infection was suggested. Next, protein-protein interaction assays 
showed that Minc00344 and Mj-NULG1a effectors interact in both in 
vitro and in vivo systems with soybean GmHub10 protein. The in-
teractions between nematode effectors and soybean GmHub10 protein 
were suggested as a mechanism associated with an increase of plant 
susceptibility to nematode infection by the disruption of GmHub10 
protein activity. In addition, considering the high conservation of these 
effectors in other Meloidogyne species, the downregulation of these 
target genes in different RKN species could be assessed. Finally, our 
findings showed that these two nematode effectors and the soybean 
GmHub10 gene could be powerful targets for developing NBTs based on 
RNA interference and gene upregulation, respectively, for RKN control 
in important crops. 
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Martins, N.F., Baimey, H.K., Albuquerque, E.V.S., Grossi-de-Sa, M.F., Fernandez, D., 
2019. Rice susceptibility to root-knot nematodes is enhanced by the Meloidogyne 
incognita MSP18 effector gene. Planta 250 (4), 1215–1227. https://doi.org/10.1007/ 
s00425-019-03205-3. 

Hamamouch, N., Li, C., Hewezi, T., Baum, T.J., Mitchum, M.G., Hussey, R.S., Vodkin, L. 
O., Davis, E.L., 2012. The interaction of the novel 30C02 cyst nematode effector 
protein with a plant beta-1,3-endoglucanase may suppress host defense to promote 
parasitism. J. Exp. Bot. 63 (10), 3683–3695. https://doi.org/10.1093/jxb/ers058. 

Hartman, G.L., West, E.D., Herman, T.K., 2011. Crops that feed the World 2. Soybean- 
worldwide production, use, and constraints caused by pathogens and pests. Food 
Security 3 (1), 5–17. https://doi.org/10.1007/s12571-010-0108-x. 

Holbein, J., Grundler, F.M.W., Siddique, S., 2016. Plant basal resistance to nematodes: an 
update. J. Exp. Bot. 67 (7), 2049–2061. https://doi.org/10.1093/jxb/erw005. 

Holscher, D., Dhakshinamoorthy, S., Alexandrov, T., Becker, M., Bretschneider, T., 
Buerkert, A., Crecelius, A.C., de Waele, D., Elsen, A., Heckel, D.G., Heklau, H., 
Hertweck, C., Kai, M., Knop, K., Krafft, C., Maddula, R.K., Matthaus, C., Popp, J., 
Schneider, B., Schubert, U.S., Sikora, R.A., Svatos, A., Swennen, R.L., 2014. 
Phenalenone-type phytoalexins mediate resistance of banana plants (Musa spp.) to 
the burrowing nematode Radopholus similis. Proc. Natl. Acad. Sci. Unit. States Am. 
111 (1), 105–110. https://doi.org/10.1073/pnas.1314168110. 

Huang, G., Gao, B., Maier, T., Allen, R., Davis, E.L., Baum, T.J., Hussey, R.S., 2003. 
A profile of putative parasitism genes expressed in the esophageal gland cells of the 
root-knot nematode Meloidogyne incognita. Mol. Plant Microbe Interact. 16 (5), 
376–381. https://doi.org/10.1094/mpmi.2003.16.5.376. 

Huot, B., Yao, J., Montgomery, B.L., He, S.Y., 2014. Growth-defense tradeoffs in plants: a 
balancing act to optimize fitness. Mol. Plant 7 (8), 1267–1287. https://doi.org/ 
10.1093/mp/ssu049. 

Hussey, R.S., Barker, K.R., 1973. A comparison of methods of collecting inocula of 
Meloidogyne spp., including a new technique. Plant Disease Reports 57, 1025–1028. 

Kong, L.-A., Wu, D.-Q., Huang, W.-K., Peng, H., Wang, G.-F., Cui, J.-K., Liu, S.-M., Li, Z.- 
G., Yang, J., Peng, D.-L., 2015. Large-scale identification of wheat genes resistant to 
cereal cyst nematode Heterodera avenae using comparative transcriptomic analysis. 
BMC Genom. 16 (1), 801. https://doi.org/10.1186/s12864-015-2037-8. 

Kong, L.J., Hanley-Bowdoin, L., 2002. A geminivirus replication protein interacts with a 
protein kinase and a motor protein that display different expression patterns during 
plant development and infection. Plant Cell 14 (8), 1817–1832. https://doi.org/ 
10.1105/tpc.003681. 

Lee, R.Y.N., Howe, K.L., Harris, T.W., Arnaboldi, V., Cain, S., Chan, J., Chen, W.J., 
Davis, P., Gao, S., Grove, C., Kishore, R., Muller, H.-M., Nakamura, C., Nuin, P., 
Paulini, M., Raciti, D., Rodgers, F., Russell, M., Schindelman, G., Tuli, M.A., Van 
Auken, K., Wang, Q., Williams, G., Wright, A., Yook, K., Berriman, M., Kersey, P., 
Schedl, T., Stein, L., Sternberg, P.W., 2017. WormBase 2017: molting into a new 
stage. Nucleic Acids Res. 46 (D1), D869–D874. https://doi.org/10.1093/nar/ 
gkx998. 

Leelarasamee, N., Zhang, L., Gleason, C., 2018. The root-knot nematode effector MiPFN3 
disrupts plant actin filaments and promotes parasitism. PLoS Pathog. 14 (3), 
e1006947 https://doi.org/10.1371/journal.ppat.1006947. 

Li, J., Yu, D., Qanmber, G., Lu, L., Wang, L., Zheng, L., Liu, Z., Wu, H., Liu, X., Chen, Q., 
Li, F., Yang, Z., 2019. GhKLCR1, a kinesin light chain-related gene, induces drought- 
stress sensitivity in Arabidopsis. Sci. China Life Sci. 62 (1), 63–75. https://doi.org/ 
10.1007/s11427-018-9307-y. 

Lin, B., Zhuo, K., Chen, S., Hu, L., Sun, L., Wang, X., Zhang, L.-H., Liao, J., 2016. A novel 
nematode effector suppresses plant immunity by activating host reactive oxygen 
species-scavenging system. New Phytol. 209 (3), 1159–1173. https://doi.org/ 
10.1111/nph.13701. 

Lin, B., Zhuo, K., Wu, P., Cui, R., Zhang, L.-H., Liao, J., 2013. A novel effector protein, 
Mj-NULG1a, targeted to giant cell nuclei plays a role in Meloidogyne javanica 

parasitism. Mol. Plant Microbe Interact. 26 (1), 55–66. https://doi.org/10.1094/ 
mpmi-05-12-0114-fi. 

Lu, P., Davis, R.F., Kemerait, R.C., van Iersel, M.W., Scherm, H., 2014. Physiological 
effects of Meloidogyne incognita infection on cotton genotypes with differing levels of 
resistance in the greenhouse. J. Nematol. 46 (4), 352–359. 

Manosalva, P., Manohar, M., von Reuss, S.H., Chen, S., Koch, A., Kaplan, F., Choe, A., 
Micikas, R.J., Wang, X., Kogel, K.-H., Sternberg, P.W., Williamson, V.M., 
Schroeder, F.C., Klessig, D.F., 2015. Conserved nematode signalling molecules elicit 
plant defenses and pathogen resistance. Nat. Commun. 6, 7795. https://doi.org/ 
10.1038/ncomms8795. 

Marchler-Bauer, A., Derbyshire, M.K., Gonzales, N.R., Lu, S., Chitsaz, F., Geer, L.Y., 
Geer, R.C., He, J., Gwadz, M., Hurwitz, D.I., Lanczycki, C.J., Lu, F., Marchler, G.H., 
Song, J.S., Thanki, N., Wang, Z., Yamashita, R.A., Zhang, D., Zheng, C., Bryant, S.H., 
2015. CDD: NCBI’s conserved domain database. Nucleic Acids Res. 43 (Database 
issue), D222–D226. https://doi.org/10.1093/nar/gku1221. 
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