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Abstract

When nematodes invade and subsequently migrate within plant roots, they generate cell wall fragments (in the form 
of oligogalacturonides; OGs) that can act as damage-associated molecular patterns and activate host defence 
responses. However, the molecular mechanisms mediating damage responses in plant–nematode interactions remain 
unexplored. Here, we characterized the role of a group of cell wall receptor proteins in Arabidopsis, designated as 
polygalacturonase-inhibiting proteins (PGIPs), during infection with the cyst nematode Heterodera schachtii and the 
root-knot nematode Meloidogyne incognita. PGIPs are encoded by a family of two genes in Arabidopsis, and are 
involved in the formation of active OG elicitors. Our results show that PGIP gene expression is strongly induced in 
response to cyst nematode invasion of roots. Analyses of loss-of-function mutants and overexpression lines revealed 
that PGIP1 expression attenuates infection of host roots by cyst nematodes, but not root-knot nematodes. The PGIP1-
mediated attenuation of cyst nematode infection involves the activation of plant camalexin and indole-glucosinolate 
pathways. These combined results provide new insights into the molecular mechanisms underlying plant damage 
perception and response pathways during infection by cyst and root-knot nematodes, and establishes the function of 
PGIP in plant resistance to cyst nematodes.

Key words: Damage-associated molecular patterns (DAMPs), glucosinolate, nematode, oligogalacturonide (OG), pattern-
triggered immunity (PTI), plant-parasitic nematodes, polygalacturonase (PG), polygalacturonase-inhibiting protein (PGIP).

Introduction

Plant-parasitic nematodes attack almost all major crops 
throughout the world, causing damage that has been esti-
mated at >US$100 billion per year (Nicol et  al., 2011). 
The ~4100 known species of plant-parasitic nematodes 
(Decraemer and Hunt, 2006) display a wide variety of par-
asitic strategies, including simple migratory endoparasites 

that live in soil and feed on different tissue layers, and more 
complex migratory endoparasites that move continuously as 
they feed, thereby causing extensive necrosis of the infected 
tissues. However, the most complex and economically impor-
tant is a group of sedentary endoparasites that includes cyst 
nematodes (CNs; Globodera spp. and Heterodera spp.) and 
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root-knot nematodes (RKNs; Meloidogyne spp.). Infective-
stage CN and RKN juveniles (J2) invade the plant root near 
the tip and move through different tissue layers to reach 
the vascular cylinder. Once inside the root, RKN J2s move 
intercellularly, whereas CN J2s move intracellularly, causing 
more damage to the host tissues. After reaching the vascular 
cylinder, CNs induce the formation of a syncytium, whereas 
RKNs induce the formation of 5–7 giant cells. Both the syn-
cytium and giant cells are hypermetabolic sink tissues, and 
serve as the sole source of nutrients for growing nematodes 
throughout their entire life cycle (Kyndt et al., 2013; Siddique 
and Grundler, 2015). In the case of RKNs, the development 
of giant cells is accompanied by hypertrophy and hyperplasia 
of neighbouring tissues, leading to the formation of typical 
knot-like galls in roots.

The first barrier encountered by nematodes during root 
invasion is the cell wall. Nematodes utilize two strategies to 
penetrate the plant cell wall: a stylet is used to pierce through 
the wall, and an array of  cell wall-degrading enzymes is 
secreted to disrupt wall rigidity, including pectate lyase 
(de Boer et  al., 2002; Vanholme et  al., 2007), endo-β-1, 
4-glucanase (Smant et al., 1998; de Boer et al., 1999), and 
polygalacturonase (PG) (Jaubert et al., 2002). PGs are key 
enzymes that cleave the α1–4 linkage between the d-galac-
turonic acid residues of  homogalacturonan (Kalunke et al., 
2015; Rahman and Joslyn, 1953b; Themmen et  al., 1982). 
PGs are well characterized in fungi, bacteria, and insects, 
and their action on the outer plant cell wall is essential for 
further wall degradation by other wall-degrading enzymes 
(Rahman and Joslyn, 1953a, b; Kester and Visser, 1990). 
Several fungi secrete PGs, including Aspergillus flavus 
(Whitehead et  al., 1995), Botrytis cinerea (Cabanne and 
Doneche, 2002; Favaron et  al., 1992), Aspergillus niger 
(Maldonado and de Saad, 1998), Claviceps purpurea (Oeser 
et al., 2002), and Sclerotinia sclerotiorum (Reymond-Cotton 
et al., 1996). A number of  bacteria also produce PGs, includ-
ing Agrobacterium tumefaciens (Rodriguezpalenzuela et al., 
1991), Ralstonia solanacearum (Huang and Allen, 2000), 
and Bacillus polymyxa (Nagel and Vaughn, 1961). Similarly, 
the salivary glands of  some insect species that feed on plants 
produce PGs, which help them feed on host tissues (Strong 
and Kruitwagen, 1968; Laurema et  al., 1985; Celorio-
Mancera et  al., 2008, 2009). As stated above, nematodes 
also secrete PGs. In fact, the first PG of  animal origin was 
isolated from the RKN Meloidogyne incognita, where it has 
been suggested to have a role in parasitism (Jaubert et al., 
2002). In addition, the transcriptome of  the beet cyst nema-
tode (BCN), Heterodera schachtii, was recently described to 
encode a PG (Fosu-Nyarko et al., 2016).

Plant cell walls can inhibit microbial PG activity via a 
leucine-rich repeat defence protein called PG-inhibiting pro-
tein (PGIP), which attenuates pectin degradation. The crys-
tal structure of PGIP contains a central leucine-rich repeat 
domain with 10 imperfect repeating units, each derived from 
24 amino acid residues. Most leucine-rich repeat proteins 
have one β-sheet connected with a helix on the convex side or 
β-turns (Di Matteo et al., 2003). In contrast, the leucine-rich 
repeat domain in PGIP is organized to form two β-sheets; 

sheet B1 occupies the concave inner side of the molecule 
and contains amino acid residues that are crucial for inter-
actions with PGs (Di Matteo et  al., 2003). The association 
of PGIP with PG inhibits PG-mediated cell wall degradation 
and generates oligogalacturonides (OGs) with elicitor activity 
(Bishop et al., 1981; Hahn et al., 1981; Nothnagel et al., 1983; 
Benedetti et al., 2015). These OGs have a degree of polym-
erization between 10 and 15 (Cote and Hahn, 1994), and 
they activate defence responses such as the reactive oxygen 
species (ROS) burst (Galletti et al., 2008), callose deposition 
(Bellincampi et al., 2000), phytoalexins (Davis et al., 1986), 
and nitric oxide (Rasul et al., 2012).

The importance of PGIPs in nematode infection is sup-
ported by a study in pea (Pisum sativum L.) where PsPGIP1 
has been shown to be differentially expressed in susceptible 
and resistant genotypes in response to Heterodera goettin-
giana infection (Veronico et al., 2011). In situ hybridization 
analysis confirmed that PsPGIP1 is localized specifically in 
the syncytium of a resistant pea genotype, suggesting that 
PsPGIP1 disrupts syncytium development inside the host 
root (Veronico et al., 2011). Further progress in this field 
requires a detailed analysis of the roles of PG, PGIP, and OG 
in plant–nematode interactions (Holbein et al., 2016). Here, 
we investigate the role of PGIPs in Arabidopsis during infec-
tion with the BCN H. schachtii and the RKN M. incognita. 
We found that PGIP1-mediated defence responses form an 
important component of host basal resistance to CNs but not 
to RKNs.

Materials and methods

Plant growth conditions and nematode infection assays
Arabidopsis plants were grown in either Knop medium (for BCN 
infection) or Murashige and Skoog (MS) medium (for RKN infec-
tion) as described previously (Siddique et al., 2015). The T-DNA 
insertion mutants were ordered from the Nottingham stock centre 
(pgip1-1, SALK_001662.33.10.x. pgip1-2, GK-092G09-012001, 
pgip2-1, and GK-717A02-025309). Salk lines were genotyped 
(Supplementary Fig. S1 at JXB online) using primers listed in 
Supplementary Table S1. GK lines were screened for homozygosity 
through sulfadiazine resistance. The homozygous T-DNA inser-
tion mutants were checked for lack of  expression (Supplementary 
Fig. S2) using the primers listed in Supplementary Table S1. 
Twelve-day-old plants were infected with surface-sterilized 60–80 
J2 individuals of  BCN or RKN (M.  incognita). For BCN, the 
average number of  males and average number of  females was 
counted at 12 days post-inoculation (dpi) (Siddique et al., 2015). 
For RKN, the average number of  galls was determined at 21 dpi. 
All infection assays for BCN and RKN were repeated a minimum 
of  three times and each experiment consisted of  15–20 individual 
plants. The average area of  syncytia and average female area were 
measured at 14 dpi as described previously (Siddique et al., 2015). 
Approximately 30 syncytia and associated nematodes were meas-
ured for each experiment, and each experiment was repeated three 
times. To determine the average area of  galls, ~30 galls were out-
lined and measured for each experiment, and each experiment was 
repeated three times

Cloning and transformation of promoter::GUS lines
Promoter regions upstream of the start codons of PGIP1 (1214 bp) 
and PGIP2 (483  bp) as previously described by Ferrari et  al. 
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(2003) were amplified from genomic DNA using primers given in 
Supplementary Table S1 and cloned in a Gateway cloning vector, 
pDONR 207 (Invitrogen), according to the manufacturer’s instruc-
tions. The verified fragments were fused with the β-glucuronidase 
(GUS) gene in the expression vector pMDC162 (Curtis and 
Grossniklaus, 2003). These promoter::GUS constructs were intro-
duced into Agrobacterium tumefaciens strain GV3101 for the trans-
formation of 4- to 6-week-old Arabidopsis plants by the floral dip 
method (Clough and Bent, 1998). After drying of plants, seeds (T0) 
were harvested and sterilized before growing on Knop medium sup-
plemented with 25 µg ml−1 hygromycin. Three independent homozy-
gous plants were selected for further analysis. Homozygous lines 
were grown in Knop medium and infected with nematodes to ana-
lyse the GUS expression in a time-course analysis. The infected or 
uninfected roots were incubated with X-gluc for 12–14 h at 37 °C. 
After overnight incubation, the reaction was stopped and samples 
were washed with 70% ethanol. Staining was carried out at different 
time points for H. schachtii (1, 3, 5, and 10 dpi) and M. incognita (1, 
3, 7, and 15 dpi). The stained syncytia and galls were photographed 
with a Leica DM4000 inverted microscope equipped with LAS soft-
ware (Leica Microsystems) and fitted with an Olympus C-5050 digi-
tal camera.

Quantitative RT–PCR
Arabidopsis plants were grown and infected with nematodes as 
described above. Root segments containing the infection zone were 
cut, and total RNA was extracted using an RNeasy Plant Mini Kit 
(Qiagen) following the manufacturer’s instructions. Contaminating 
DNA was digested with DNase1 using a DNA-free™ DNA 
Removal Kit (Ambion) and the RNA was used to synthesize cDNA 
using a High Capacity cDNA Reverse Transcription Kit (Applied 
Biosynthesis, Darmstadt, Germany) following the manufacturer’s 
instructions. Quantitative reverse transcription–PCR (qRT–PCR) 
was performed with the StepOne Plus Real-Time PCR System 
(Applied Biosystems) using the primers given in Supplementary 
Table S1. Each sample contained 10 μl of Fast SYBR Green qPCR 
Master Mix (Invitrogen), 2 mM MgCl2, 0.5 μl each of forward and 
reverse primers (10 μM), 2 μl of  cDNA, and water in a 20 μl total 
reaction volume. UBQ5 and β-tubulin was used as an endogenous 
control except for assays involving nematode feeding sites (galls 
and syncytia). For galls and syncytia, 18S and UBP22 were used 
as housekeeping genes as recommended previously (Hofmann and 
Grundler, 2007). cDNA was diluted 1:100 for 18S amplification. 
Data were analysed using Pfaffl’s method (Pfaffl, 2001). Data shown 
are an average of three independent experiments. Each experiment 
consisted of three technical replicates. Primer sequences used for 
qRT–PCR analysis along with their respective efficiencies are listed 
in Supplementary Table S1.

Generation of overexpression and complementation lines
To overexpress AtPGIP1 and AtPGIP2, full-length coding 
sequences of both genes were amplified from cDNA synthesized 
from RNA isolated from 12-day-old Arabidopsis plants. The primer 
pairs used to amplify the coding sequences from both genes are 
listed in Supplementary Table S1. The amplified PCR product was 
cloned into Gateway cloning vector pDONR207 (Invitrogen). The 
cloned fragments were verified through sequencing and transferred 
via Gateway recombination into the pMDC32 vector, where they 
were placed under the control of the double Cauliflower mosaic virus 
(CaMV) 35S promoter to engineer AtPGIP1 and AtPGIP2 overex-
pression. The verified constructs were introduced into A.  tumefa-
ciens strain GV3101, which was used for the transformation of 4- to 
6-week-old Col-0 plants by the floral dip method (Clough and Bent, 
1998). After drying of plants, seeds (T0) were harvested and sterilized 
before being sown on Knop medium supplemented with 25 µg ml−1 
hygromycin. Transformants were selected to produce homozygous 
plants. At least two independent homozygous lines with the highest 

up-regulation were selected for further studies. Complemented lines 
of pgip1 mutants were obtained by cloning a wild-type copy of the 
PGIP1 gene under the control of the CaMV 35S promoter using 
the Gateway cloning system as described above. Two homozygous 
complemented lines carrying an insertion of the wild-type gene were 
used in this study.

Plant treatment with OGs
OGs with a degree of polymerization between 10 and 15 were pur-
chased commercially (GAT114, Elicityl, France). Arabidopsis seeds 
were sterilized and grown in 6-well plates containing 5 ml of liquid 
Knop medium. After 9 d of germination, the medium was removed 
and 3 ml of fresh medium was added to the wells before adding 30 µl 
of  OGs to a final concentration of 50 µg ml−1. After 24 h of treat-
ment, the plants were gently placed in semi-solid Knop medium and 
allowed to recover from any stress for a few hours. Water-treated 
plants were used as a control and handled in the same manner. 
Afterwards, the OG- and water-treated plants were inoculated 
with 70–80 sterile J2s and evaluated for infection after 12–14 dpi as 
described above.

Measurement of ROS
Apoplastic measurement of hydrogen peroxide in small root seg-
ments was carried out via a luminol-based detection method as 
previously described (Mendy et al., 2017). Arabidopsis plants were 
grown in Knop medium for 2 weeks, after which uniform root pieces 
measuring ~0.2  cm were cut with a knife and placed in a 96-well 
plate with water for 24  h to reduce the wounding response. After 
overnight incubation, the water was removed and replaced with flg22 
solution, and ROS was measured as described (Mendy et al., 2017).

Statistical procedures
Data were statistically analysed using SigmaPlot 12, applying t-test 
(P<0.05) for pairwise comparisons. For qPCR, statistical procedures 
were applied to ∆CT values as recommended previously (Livak and 
Schmittgen., 2001).

Results

PGIP1 and PGIP2 are induced by nematode infection

Arabidopsis plants contain a family of two PGIP genes desig-
nated as PGIP1 and PGIP2. To assess the regulation of PGIP 
genes during different stages of nematode infection, we evalu-
ated the expression of these genes in published transcriptomic 
data (Jammes et  al., 2005; Szakasits et  al., 2009; Barcala 
et al., 2010; Mendy et al., 2017). These analyses revealed that 
PGIP1 expression increased during migratory (10  h post-
inoculation, hpi) and sedentary stages of BCN infection with 
H.  schachtii (Supplementary Table S2). In contrast, there 
were no significant differences in PGIP1 and PGIP2 expres-
sion levels in microarrays of root segments containing giant 
cells or galls infected with the RKN M. javanica or M. incog-
nita (Jammes et al., 2005; Barcala et al., 2010; Cabrera et al., 
2014). However, a recent next-generation sequencing-based 
transcriptome profiling of Arabidopsis found that expres-
sion of both PGIP1 and PGIP2 is significantly up-regulated 
in galls (3, 5, and 7 dpi) induced by the RKN M. incognita 
(Yamaguchi et al., 2017).

We validated these microarray data using Arabidopsis 
plants that were grown in vitro and infected with BCNs or 
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RKNs. RNA was extracted and analysed for the expression 
of PGIP1 and PGIP2 via qRT–PCR. For BCNs, infected 
root segments were sampled at 10 hpi (migratory stage; ~0.2 
cm around the nematode head) or 10 dpi (sedentary stage). 
The results confirmed that PGIP1 expression increases dur-
ing the migratory stage at 10 hpi upon BCN infection (Fig. 
1a), but we were unable to confirm PGIP1 up-regulation dur-
ing the sedentary stage at 10 dpi (Fig. 1b). For RKN, root 
segments were collected at 24 hpi (root tips; migratory stage), 
7 dpi (sedentary stage), or 15 dpi (sedentary stage). We found 
no change in expression for PGIP1 and PGIP2 at the migra-
tory stage with RKN (Fig. 1c), but the expression of both 
was increased during the sedentary stages at 7 dpi and 15 dpi 
(Fig. 1d, e).

To determine the spatiotemporal expression patterns of 
PGIP genes during plant–nematode interactions, we trans-
formed Arabidopsis with PGIP1::GUS or PGIP2::GUS 
constructs and generated 3–5 independent homozygous 
lines. Although PGIP1 and PGIP2 are induced by wound-
ing in leaves, their expression patterns in roots have not been 
determined. Therefore, we wounded the roots of 10-day-old 
plants and performed GUS staining 1  h after wounding. 
We observed specific and strong GUS staining indicating 

PGIP1 and PGIP2 expression at and around the wounding 
sites (Fig.  2a). Next, we performed a time-course analysis 
of PGIP expression during BCN infection using the PGIP 
promoter::GUS fusions. The majority of root infection zones 
exhibited strong GUS staining at 1, 3, and 5 dpi, and no GUS 
staining was observed in uninfected root segments. The GUS 
staining intensity declined considerably at 10 dpi for both 
PGIP1 and PGIP2 (Fig. 2a). Next, we analysed the spatiotem-
poral expression patterns of PGIP1::GUS and PGIP2::GUS 
in response to infection with the RKN. No GUS staining was 
observed at 1 dpi for both PGIP1 and PGIP2. In contrast, 
GUS-specific staining was observed at 3 dpi onward in galls 
induced by M.  incognita (Fig. 2b). Taken together, we con-
cluded that gene expression for both PGIP1 and PGIP2 is 
strongly induced during migratory stages of BCN infection 
but not during RKN migration.

PGIP-mediated signalling is involved in cyst nematode 
infection

To explore the role of PGIPs in nematode infection, we 
characterized loss-of-function T-DNA insertion mutants 
for PGIP1 (pgip1-1 and pgip1-2) and PGIP2 (pgip2-1) 

Fig. 1. PGIP genes are activated in Arabidopsis upon nematode infection. Validation of changes in PGIP gene expression upon nematode infection via 
qRT–PCR. The values represent relative fold change in response to nematode infection with the value in uninfected control root set to 1. (a, c) UBQ5 and 
β-tubulin were used as housekeeping genes to normalize the data. (b, d, e) 18S and UBP22 were used as housekeeping genes to normalize the data. 
(a–e) Data bars represent the mean ± SE for three independent experiments. Data were analysed using t-test (P<0.05). Asterisks represent statistically 
significant differences from uninfected control root.
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(Supplementary Figs S1, S2). Plants were grown in vitro for 
12 d and then infected with J2s of BCN or RKN. For BCN, 
we counted the numbers of nematode females and males at 12 
dpi, and the average syncytium size and average size of nema-
tode females at 14 dpi. For RKN, we counted the number of 
galls and average area of galls at 21 dpi. After BCN infec-
tion, we observed a significant increase in the average num-
ber of females in both PGIP1 mutants (pgip1-1 and pgip1-2) 
compared with the Col-0 control (Fig.  3a; Supplementary 
Fig. S3a). Moreover, we also observed a significant increase 
in average syncytium size in pgip1-1 and pgip1-2 infected 
with BCN, but did not observe any significant differences in 
average female size (Fig. 3b, c; Supplementary Fig. S3b, c). 
However, our data did not show any significant differences 
in average number of females, average female size, or aver-
age syncytium size in pgip2-1 infected with BCN, but we did 
observe a significant reduction in the average number of males 
compared with the Col-0 control (Supplementary Fig. S4a–
c). After RKN infection, we did not observe any changes in 
the average gall number or size in all tested lines (Fig. 3d–g). 
These combined results suggest that PGIP1 knockout leads 
to hypersusceptibility of plants to CNs but not to RKNs. 
To confirm this differential susceptibility further, we trans-
formed pgip1-1 mutants with the 35S::PGIP1 overexpression 
construct and analysed the homozygous transgenic plants 
using nematode infection assays. The number of females of 
BCNs in transgenic plants did not differ from that of Col-0. 
However, one of the lines showed a significant increase in the 

number of males as well as the total number of nematodes 
(Supplementary Fig. S5a–d).

PGIP1 overexpression and OG treatment reduce 
susceptibility to cyst nematode infection but not root-
knot nematode infection

As loss-of-function PGIP1 mutants were hypersusceptible 
to CN infection, we hypothesized that PGIP1 overexpres-
sion might mitigate plant susceptibility to nematode infec-
tion. We produced transgenic plants expressing PGIP1 or 
PGIP2 under the control of 35S promoters (35S::PGIP1 and 
35S::PGIP2), performed qRT–PCR analysis of the resultant 
lines, and selected three homozygous lines (L2, L9, and L10) 
that displayed the highest PGIP expression levels for further 
experiments (Fig. 4a). We did not observe any significant 
phenotypic differences in the transgenic lines and the Col-0 
controls. Then, 12-day-old transgenic (L2, L9, and L10) 
and Col-0 plants were infected with J2s of H. schachtii, and 
the results were evaluated at 14 dpi. The number of females 
and total number of nematodes per plant were significantly 
reduced for L9 and L10 compared with Col-0, but neither of 
these parameters differed for L2 (Fig. 4b). The average syn-
cytium size significantly declined in all three transgenic lines 
compared with Col-0, but there were no significant differences 
in the sizes of female nematodes (Fig. 4c, d). In contrast, no 
significant differences were observed for any parameters in 
any lines overexpressing PGIP2 (Supplementary Fig. S6a–d). 

Fig. 2. Activation of PGIP::GUS expression in Arabidopsis roots upon CN and RKN infection. (a) Expression of PGIP1::GUS and PGIP2::GUS in 
Arabidopsis roots upon wounding or H. schachtii infection at 1, 3, 5, and 10 dpi, respectively. Scale bar=200 µm. (b) Expression of PGIP1::GUS and 
PGIP2::GUS in Arabidopsis roots upon M. incognita infection at 1, 3, 7, 12, and 15 dpi, respectively. Scale bar=200 µm.
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Overexpression of PGIP1 or PGIP2 also did not affect the 
average gall number or size induced by RKN infection 
(Supplementary Fig. S7). These data suggest that overexpres-
sion of PGIP1 leads to reduced susceptibility of plants to 
CNs but not to RKNs.

PGIP promotes the formation of OGs, which in turn acti-
vate host defence responses to restrict pathogen development. 
To evaluate whether OGs have a similar role in plant–nema-
tode interactions, we treated the Col-0 plants with OGs and 
infected them with BCN. The number of females and the sizes 
of syncytium and females were significantly lower in plants 
treated with OGs than in water-treated (mock) control plants 
(SupplementaryFig. S8a–c), suggesting that OG-induced host 
defence responses are able to restrict infection of nematodes.

PGIP-mediated defence responses activate indole-
glucosinolate and camalexin responses

Apoplastic ROS production is one of the hallmarks of 
pattern-triggered immunity (PTI) responses, which are acti-
vated after pathogen attack or elicitor treatment (Siddique 
et  al., 2014). To investigate whether PGIPs are involved in 
PTI responses and whether pgip1 hypersusceptibility to 
nematode infection results from impaired ROS production, 

we quantitatively evaluated PTI responses by performing a 
luminol-based detection assay. Root segments from 2-week-
old pgip1-1 and pgip2 mutant plants displayed the same level 
of ROS production in response to the immunogenic peptide 
flg22 as wild-type plants (Fig. 5a). These results indicate that 
elicitor-induced ROS production is independent of both 
PGIP1 and PGIP2, suggesting that it plays no role in PGIP-
mediated defence responses.

We hypothesized that the hypersusceptibility of pgip1 
mutants might be due to impaired expression of genes in 
defence-related pathways. Therefore, we assessed the expres-
sion of the following genes that are strongly up-regulated 
during the migratory stage of infection as determined in our 
recent microarray data (Mendy et  al., 2017): JAZ8 (Chini 
et  al., 2007), which is involved in jasmonic acid signalling; 
NPR2, a salicylic acid marker gene (Canet et  al., 2010); 
PROPEP1, a member of the PROPEP family that is induced 
in response to wounding (Huffaker et  al., 2006); and three 
genes involved in the synthesis of camalexin and indole-glu-
cosinolate, including CYP81F2 [encodes a cytochrome P450 
involved in indol-3-yl-methyl glucosinolate catabolism (Clay 
et  al., 2009)], CYP71B15 [PAD3, catalyses the final step in 
camalexin biosynthesis (Zhou et al., 1999; Schuhegger et al., 
2006)], and CYP71A12 [dehydrates indole-3-acetaldoxime 

Fig. 3. CN and RKN infection assays in PGIP1 and PGIP2 receptor mutant plants. (a) Average number of females and males per plant present in Col-0 
pgip1-1 mutant lines at 12 dpi. (b, c) Average sizes of female nematodes (b) and plant syncytia (c) in Col-0 and pgip1-1 mutant lines at 14 dpi. (d, f) 
Average number of galls per plant present in Col-0, pgip1-1 (d), and pgip2-1 (f) mutant lines at 21 dpi. (e, g) Average area of galls per plant present in 
Col-0, pgip1-1 (e), and pgip2-1 (g) mutant lines at 21 dpi. (a–g) Bars represent the mean ± SE for three independent experiments. Data were analysed 
using t-test (P<0.05).
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(IAOx) to indole-3-acetonitrile (IAN) (Millet et  al., 2010)]. 
The results from qRT–PCR analyses showed no significant 
changes in the expression of all tested genes between PGIP 
mutants and Col-0 in uninfected roots. Next, we sampled 
roots at 10 hpi (migratory stage of nematode infection) and 
used these samples for qRT–PCR analysis. There were no 
changes in the expression of JAZ8, PROPEP1, or NPR2 in 
pgip1-1 or pgip2-1 compared with Col-0 (Fig. 5b–d). In con-
trast, the normal up-regulation of genes involved in indole-
3-glucosinolate and camalexin biosynthesis (CYP81F2, 
CYP71A12, and PAD3) was significantly impaired in pgip1-1 
compared with Col-0 (Fig. 5e–g). These results indicate that 
pgip1-1 susceptibility to nematode infection results from 
impaired induction of camalexin and indole-3-glucosinolate 
biosynthesis pathways. To confirm these results, we used 
a double mutant cyp79b2/b3, which is strongly impaired in 
indole-glucosinolate and camalexin biosynthesis and accu-
mulation (Zhao et al., 2002; Kliebenstein et al., 2005). The 
cyp79b2/b3 plants were grown for 12 d in vitro, inoculated 

with cyst nematodes, and the numbers of males and females 
were counted. The number of females increased significantly 
in cyp79b2/b3 compared with Col-0 (Fig. 6a). However, we 
did not observe any significant differences in the average sizes 
of females and syncytia in cyp79b2/b3 and Col-0 (Fig.  6b, 
c). Taken together, these results suggested that BCN migra-
tion within roots induced camalexin and indole-glucosinolate 
biosynthesis pathways in a PGIP1-dependent manner, which 
restricted the number of nematodes.

Discussion

In the present study, we established a molecular framework for 
PGIP regulation and downstream signalling in Arabidopsis 
during CN and RKN parasitism. We first analysed the 
expression of PGIP1 and PGIP2 in response to BCN and 
RKN infection and found commonalities, but also differ-
ences between two nematode species. We found that expres-
sion of both PGIP1 and PGIP2 is induced during migratory 

Fig. 4. Nematode infection assays in PGIP1 overexpression lines. (a) Three independent homozygous lines (L2, L9, and L10) overexpressing PGIP1 
(35S::PGIP1) were selected and analysed for changes in transcript abundance of PGIP1. The values represent relative fold change with the value in 
Col-0 plants set to 1. UBQ5 and and β-tubulin were used as housekeeping genes to normalize the data. (b) Average number of females and males 
per plant present in Col-0 and PGIP1 overexpression lines at 12 dpi. (c, d) Average sizes of female nematodes (c) and plant syncytia (d) in Col-0 and 
PGIP1 overexpression lines at 14 dpi. (a–d) Bars represent the mean ± SE for three independent experiments. Data were analysed using Student’s t-test 
(P<0.05). Asterisks represent statistically significant differences from the corresponding Col-0.
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stages of BCN infection. This expression was localized to 
the infection zone close to the head of nematodes, suggest-
ing that the induction is highly specific to infection. In con-
trast to BCN, RKN migration inside the roots did not induce 
PGIP expression at 1 dpi (migratory stage), unravelling what 
may be a key difference in PGIP regulation between the two 
nematode species. Previously, Ferrari et al. 2003 showed that 
expression of PGIP1 and PGIP2 is induced by wounding in 
leaves and we also observed a highly specific activation of 
PGIP gene expression in roots upon wounding. Therefore, 

the difference in PGIP expression during migratory stages is 
likely to be due to a difference in the migration style of CNs 
versus RKNs. Whereas RKNs migrate intercellularly and 
cause little damage, CNs migrate intracellularly and cause 
severe damage to root cells (Wyss and Zunke, 1986; Wyss 
et al., 1992). The hypothesis that RKN do not cause damage 
during their migration inside the root is also in line with a 
recent study showing that Arabidopsis lines with altered dam-
age perception do not show any change in susceptibility to 
RKN (Teixeira et al., 2016).

Fig. 6. Cyst nematode infection assays in cyp79b2/b3 lines. (a) Average number of females and males per plant present in Col-0 and cyp79b2/b3 lines 
at 12 dpi. (b, c) Average sizes of female nematodes (b) and plant syncytia (c) in Col-0 and cyp79b2/b3 lines. Data were analysed using Student’s t-test 
(P<0.05). Asterisks represent statistically significant differences from the corresponding Col-0.

Fig. 5. ROS production and gene expression analysis on root segments. (a) Root segments from Col-0, pgip1-1, and pgip2-1 plants were treated with 
water or flg22, and ROS burst was measured using an L-012-based assay from 0 to 60 min. (b–g) Infected and uninfected root segments (~0.2 cm) 
from Col-0, pgip1-1, and pgip2-1 plants were cut and gene expression was measured. For uninfected roots, data represent relative expression of the 
indicated genes with the value in Col-0 plants set to 1. For infected roots, data represent relative expression of the indicated genes with the value in 
uninfected roots set to 1. Bars represent the mean ±SE for three independent experiments. Data were analysed using Student’s t-test (P<0.05). Asterisks 
represent statistically significant difference from the corresponding Col-0.
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The RKN M.  incognita encodes a PG (MI-PG-1) that is 
secreted into the host tissue to weaken the plant cell wall 
during nematode penetration and intercellular migration 
(Jaubert et al., 2002). However, our experiments to identify a 
functional PG in CN have proven unsuccessful. These obser-
vations raise the question of whether PG secretion by nem-
atodes (if  any) has a role in activation of PGIP expression 
during nematode infection of plant roots. We did not observe 
any PGIP expression during the migratory stage of RKN 
infection and CNs do not appear to encode a PG. Therefore, 
we postulate that PGIP induction during nematode infection 
is independent of nematode-derived PGs, at least during the 
migration stage. This hypothesis is consistent with observa-
tions that MI-PG-1 is an exo-PG, which are not usually inhib-
ited by PGIPs (Jaubert et al., 2002; Schacht et al., 2011).

OG-mediated resistance to the necrotrophic fungal patho-
gen Botrytis cinerea is independent of salicylic acid, jasmonic 
acid, and ethylene, but requires PAD3, which catalyses the 
final step in camalexin biosynthesis (Ferrari et al., 2007). Here, 
we found that knocking out or overexpressing PGIP1 signifi-
cantly increased or decreased, respectively, the susceptibility 
of plants to CN. Further, pre-treatment of plants with OGs 
led to a significant reduction in nematode infection. Based on 
these data, we propose that activation of PGIP in response 
to CN infection promotes the formation of active OG elici-
tor, which in turn activates the expression of genes involved 
in indole-glucosinolate and camalexin biosynthesis. Indeed, we 
found that up-regulation of three key indole-glucosinolate and 
camalexin biosynthesis genes (CYP71A12, CYP71B15/PAD3, 
and CYP81F2) in response to BCN infection was impaired in 
pgip mutants (especially in pgip1) compared with Col-0 con-
trol plants. Conversely, the double mutant cyp79b2/b3, which 
is deficient in camalexin and indole-glucosinolate production, 
displays enhanced susceptibility to CN (Zhao et  al., 2002; 
Kliebenstein et al., 2005). The relevance of camalexin in CN 
infection is further evidenced by the fact that loss-of-function 
pad3 mutants are more susceptible to the BCN (Ali et  al., 
2013). The impaired up-regulation of camalexin and indole-
glucosinolate genes is only partial in pgip mutants, which is 
probably due to the functional redundancy in this gene fam-
ily. It is also plausible that these genes are regulated in both a 
PGIP-dependent and a PGIP-independent manner during CN 
parasitism. RKN invasion of the Arabidopsis root has been 
shown to induce PAD3 expression during migratory stages of 
infection. In addition, mutants that are impaired in indole-
glucosinolate or camalexin biosynthesis are hypersusceptible 
to RKN (Teixeira et al., 2016). These previous observations, 
together with the fact that we did not observe any PGIP expres-
sion during early stages of infection, suggest that camalexin 
and indole-glucosinolate biosynthesis is regulated in a PGIP-
independent manner during plant–RKN interactions.

The consistent expression of PGIP genes in syncytia and 
giant cells during biotrophic stages of parasitism suggests 
that these genes may have a role in nematode parasitism other 
than activation of PTI-like defence responses. PGIPs have 
been shown to interact with partially or completely de-ester-
ified homogalacturonan (HG) in pectin, and protect it from 

the hydrolysing activity of plant or pathogen PGs (Spadoni 
et al., 2006). Thus, the PGIP expression level probably reflects 
a contribution to the mechanical properties of the cell wall 
related to growth and development. Previous studies showed 
that HG in the cell walls of younger syncytia (5 dpi) is highly 
de-esterified compared with that of older syncytia (15 dpi). In 
contrast, highly methylesterified HG was abundant in the cell 
wall of younger (7 dpi) and older (14 dpi) giant cells (Davies 
et al., 2012; Wieczorek et al., 2014). Although the syncytium 
and giant cells perform the same function, they have different 
ontogenies, which might underlie the differences in methyl-
esterification of younger feeding sites associated with CNs 
or RKNs.

The syncytium expands through dissolution of  the cell 
wall and fusion of  root cells. During cell wall expansion, the 
wall is locally degraded and modified, which ultimately leads 
to local wall strengthening and thickening (Siddique et al., 
2012; Wieczorek et al., 2014). In contrast, giant cells grow 
via repeated nuclear division without cytokinesis. Therefore, 
extensive de-esterification of  the cell wall at 5 dpi may facili-
tate wall degradation and promote syncytium expansion. 
Conversely, a higher level of  methylesterification in older 
feeding sites of  both CNs and RKNs may provide higher 
strength and flexibility to the cell wall, which may contrib-
ute to the capacity of  these feeding sites to sustain high tur-
gor pressure during parasitism (Böckenhoff  and Grundler, 
1994). Based on these observations, we hypothesize that the 
high PGIP expression in younger syncytia at 5 dpi plays a 
role in regulation of  local cell wall degradation by allowing 
PGIPs to bind directly PGs (of  plant or nematode origin) 
and HG, protecting the cell wall from further degradation. 
This hypothesis is consistent with our observations that 
PGIP1 knockout or overexpression significantly increases 
or reduces, respectively, the average size of  the syncytium. 
Cell wall degradation slows down as the syncytium expands 
and reaches its maximum size, which was accompanied by a 
reduction in PGIP expression levels. In contrast, PGIP1 was 
consistently and highly expressed in galls/giant cells through-
out the sedentary stages of  nematode development, which 
may protect the cell walls from enzymatic degradation by 
blocking de-esterified HG. However, no significant pheno-
typic differences were observed for RKN infection in any of 
the lines we tested, possibly due to functional redundancy 
within the PGIP gene family.

In conclusion, this study identified the molecular mech-
anism underlying PGIP-mediated damage-associated 
responses during CN and RKN parasitism of plants. We 
showed that differential regulation of PGIP genes occurs dur-
ing CN and RKN invasion of roots, probably associated with 
differences in nematode migration and feeding habits. We 
also determined that PGIP regulates camalexin and indole-
glucosinolate biosynthetic pathways in an infection-specific 
manner. These results provide new insights into the functional 
mechanisms underlying nematode parasitism. Clarifying fur-
ther details of damage-associated pathways in plant–nema-
tode interactions may lead to novel control measures for this 
important plant parasite.
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