
Vol.:(0123456789)1 3

Journal of Plant Research (2020) 133:419–428 
https://doi.org/10.1007/s10265-020-01186-z

REGULAR PAPER – PHYSIOLOGY/BIOCHEMISTRY/MOLECULAR AND CELLULAR 
BIOLOGY

Root‑knot nematodes modulate cell walls during root‑knot formation 
in Arabidopsis roots

Takashi Ishida1  · Reira Suzuki2 · Satoru Nakagami2 · Takeshi Kuroha3,7 · Shingo Sakamoto4 · Miyuki T. Nakata4,8 · 
Ryusuke Yokoyama3 · Seisuke Kimura5,6 · Nobutaka Mitsuda4 · Kazuhiko Nishitani3 · Shinichiro Sawa2

Received: 24 January 2020 / Accepted: 24 March 2020 / Published online: 3 April 2020 
© The Botanical Society of Japan 2020

Abstract
Phytoparasitic nematodes parasitize many species of rooting plants to take up nutrients, thus causing severe growth defects in 
the host plants. During infection, root-knot nematodes induce the formation of a characteristic hyperplastic structure called 
a root-knot or gall on the roots of host plants. Although many previous studies addressed this abnormal morphogenesis, the 
underlying mechanisms remain uncharacterized. To analyze the plant–microorganism interaction at the molecular level, we 
established an in vitro infection assay system using the nematode Meloidogyne incognita and the model plant Arabidopsis 
thaliana. Time-course mRNA-seq analyses indicated the increased levels of procambium-associated genes in the galls, sug-
gesting that vascular stem cells play important roles in the gall formation. Conversely, genes involved in the formation of 
secondary cell walls were decreased in galls. A neutral sugar analysis indicated that the level of xylan, which is one of the 
major secondary cell wall components, was dramatically reduced in the galls. These observations were consistent with the 
hypothesis of a decrease in the number of highly differentiated cells and an increase in the density of undifferentiated cells 
lead to gall formation. Our findings suggest that phytoparasitic nematodes modulate the developmental mechanisms of the 
host to modify various aspects of plant physiological processes and establish a feeding site.
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Introduction

Plants expand their roots into the soil. As various types 
of plant parasitic or symbiotic organisms live in the soil, 
the root appears to be the front of plant–microorganism 
interactions. Infection of plants with such organisms often 
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stimulates morphological/physiological changes in plant 
organs. For example, nitrogen-fixing Rhizobia, clubroot-
inducing Phytomyxea, and cyst-inducing cyst nematodes 
are microorganisms that induce abnormal organogenesis. 
Such irregular organ formation is observed not only in the 
roots, but also in the shoots; e.g., Agrobacterium induces the 
formation of crown galls and several species of insects pro-
duce galls on the surface of the host plant. Although these 
biotic-interaction-triggered organogenesis are an attractive 
question in the field of plant science, most cases remain 
descriptive and the underlying molecular mechanisms war-
rant elucidation.

Root-knot nematodes (RKNs) are parasitic microor-
ganisms that infest plants. RKNs parasitize many species 
of rooting plants to take up nutrients, thus causing severe 
growth defects in the host plants. To facilitate their repro-
ductive growth, RKNs induce the formation of character-
istic swelling structures, called root-knots (RKs), on the 
host root by disrupting the developmental program of the 
plant (Bartlem et al. 2014; Jones and Goto 2011). In a sin-
gle gall, several giant cells (GCs) and many surrounding 
neighboring cells (NCs) are induced (Cabrera et al. 2015; 
de Almeida Engler and Gheysen 2013; Escobar et al. 2015). 
Various RKN-derived effector proteins have been identified 
as being modulators of plant cellular mechanisms (Escobar 
et al. 2015).

Cell walls are a distinguishing feature of plant cells. They 
surround plant cells, thus determining their shape and pro-
viding mechanical strength. The primary cell wall is formed 
in almost all plant cells, whereas the secondary cell wall is 
synthesized in specifically differentiated cells, e.g., cells of 
vascular vessels, fiber cells, and the endothelial layer cells 
of anthers and seed pods (Zhong et al. 2019; Zhong and Ye 
2014). The main components of the primary cell wall are 
cellulose, hemicellulose (xyloglucans), and pectin, while the 
secondary cell wall is composed of cellulose, hemicellulose 
(xylan and glucomannan), and lignin. Although both the pri-
mary and secondary cell wall require cellulose, plant cells 
express different enzymes that catalyze its synthesis. The 
biosynthesis of cellulose is mediated by cellulose synthase 
complex including heterohexamer of three different cellu-
lose synthase subunits (CESAs) (Li et al. 2014). CESA1, 
CESA3, and CESA6 are required for primary cell wall for-
mation (Arioli et al. 1998; Fagard et al. 2000; Scheible et al. 
2001), whereas CESA4, CESA7, and CESA8 are necessary 
for the formation of the secondary cell wall in Arabidopsis 
thaliana (L.) Heynh. (Taylor et al. 1999, 2000, 2003). There-
fore, timely regulation of the expression of genes related 
to cell wall synthesis is required for plant morphogenesis. 
Genes involved in the biosynthesis of cell wall components 
have been identified and their coordinated regulation of 
expression mediated by transcriptional regulations have 
been shown (Zhong and Ye 2014). In this context, cell wall 

biosynthesis should be regulated together with the cell fate; 
therefore, the expression of cell-wall-related genes and cell 
wall composition should reflect the characteristics of cells.

In this study, we analyzed time-lapse RNAseq data to elu-
cidate the details of molecular mechanisms with a focus on 
the downstream consequence of gall formation by perform-
ing clustering and RT-qPCR analyses. Clustering analyses 
revealed that a vast number of genes were decreased in galls, 
including CESA4, CESA7, and CESA8, which suggests that 
the activity of secondary cell wall biosynthesis is weakened 
in galls. Genes that were co-expressed with CESA4, CESA7, 
and CESA8 were also decreased in galls. Our RT-qPCR 
analyses confirmed the downregulation of these genes in 
galls. We also analyzed the sugar composition of the cell 
wall, which was drastically changed upon gall formation. 
In particular, the reduction of xylose suggested the reduc-
tion in the levels of xylan, which is a main component of 
the secondary-cell-wall-associated hemicellulose. Further-
more, the sugar composition of galls was similar to that of 
phytohormone-induced calluses. These results suggest that 
galls are composed of cells whose characteristics are related 
to that of callus and that phytoparasitic nematodes modulate 
the developmental mechanisms of the host to modify vari-
ous aspects of plant physiological processes and establish a 
feeding site.

Materials and methods

Plant materials, nematode infection assay 
and preparation of gall samples

The Columbia (Col-0) accession was used as the wild-type 
plant of Arabidopsis. Meloidogyne incognita (Kofoid and 
White) juveniles were prepared as described previously 
(Nishiyama et al. 2015). Arabidopsis seeds were surface 
sterilized and germinated on quarter-strength MS media 
(Murashige and Skoog Basal Medium, Sigma) containing 
0.5% sucrose (Fujifilm Wako Pure Chemical) and 0.6% (w/v) 
Phytagel (Sigma P8169) at pH 6.4, in 9 × 9 cm square petri 
dishes under continuous light at 23 °C. After the inoculation 
of 80 J2 nematodes in Arabidopsis seedlings at 5 days after 
germination, the seedlings were incubated under short-day 
conditions (8 h light/ 16 h dark) at 25 °C.

Self‑organizing map (SOM)‑based clustering 
of genes expressed in the root‑knots

We performed a gene expression clustering analysis with the 
previous RNAseq data (PRJDB5797). To define differen-
tially expressed genes (DEGs), we analyzed the mapped data 
by HTseq and performed ANOVA-like test (FDR < 0.01) by 
edgeR program, which resulted in 4,444 genes being defined 
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as DEGs (Robinson et al. 2010). Scaled expression values 
were used for multilevel 3 × 3 rectangular SOM clusters 
(Kohonen 1982; Wehrens and Buydens 2007). One hundred 
training interactions were used during clustering, and gene 
clusters were based on the final assignment of genes to win-
ning units.

Analyses of the expression levels of genes that are 
co‑expressed with cellulose‑synthase‑encoding 
genes

Genes that are co-expressed with CESA4, CESA7, and 
CESA8 and with CESA1, CESA3, and CESA6 were obtained 
from Persson et al. (Persson et al. 2005). The expression lev-
els of genes were analyzed as described previously (Yama-
guchi et al. 2017), the reads per kilobase per million mapped 
reads (RPKMs) values were calculated using Bowtie (Lang-
mead et al. 2009) and Cuffdiff2 (ver. 2.1.1) (Trapnell et al. 
2013) algorithms using the reference genome sequences 
(fasta) with annotation information (gff) for A. thaliana 
downloaded from the FTP sites of Ensembl Plant [https ://
plant s.ensem bl.org/index .html; Release 22]. The heatmap 
showing their expression levels was drawn using the heat-
map2 algorithm. The analysis of xylem-related genes and 
CESA genes (Fig. S1) was performed as follows. The SR 
short reads obtained were divided into each sample using a 
demultiplexing program supplied by Illumina and were then 
mapped to the references described below using TopHat2 
(ver. 2.0.13) (Kim et al. 2013), to calculate RPKMs for each 
gene using Cuffdiff2 (ver. 2.1.1) (Trapnell et al. 2013).

RT‑qPCR analyses of genes that participate 
in the biosynthesis of the secondary cell wall

Plant tissues of 7 days post-inoculation (dpi) galls or non-
inoculated roots (NIs) were immediately frozen in liquid 
nitrogen and homogenized with Zirconia balls (AS ONE 
Inc.) using a Shake Master version NEO (Biomedical Sci-
ence, Inc.). Total RNA was extracted from plants using the 
RNeasy plant mini kit (QIAGEN Inc.), and cDNA was pre-
pared using the Super Script III First Strand Synthesis Kit 
(Thermo Fisher Scientific, Inc.). The RT-qPCR analysis was 
conducted using StepOnePlus™ (Thermo Fisher Scientific, 
Inc.) with PowerUp SYBR Green Master Mix (Thermo 
Fisher Scientific. Inc.), according to the manufacturer’s 
instructions. The primers used in this analysis are listed in 
Table S1.

High‑performance anion‑exchange chromatography 
(HPAEC)

The cell wall samples were prepared according to the pro-
cedure described by Nishitani and Masuda (1979), with 

minor modifications. The roots, galls, and calluses derived 
from the host plant were sampled and heated in 6 ml of 80% 
ethanol for 5 min, washed with 3 ml of 80% ethanol, then 
replaced two times with 5 ml of 100% ethanol for 20 min 
each. After the ethanol was washed out, the samples were 
washed with 3 ml of methanol/chloroform (1/1; v/v) twice 
for 10 min each, to remove lipids. The samples were then 
washed further with 3 ml of 100% EtOH three times, fol-
lowed by three washes with 3 ml of acetone for 10 min each. 
After removing the acetone, the samples were dried. Trif-
luoroacetic acid (TFA; 500 µl, 2 N) was added to the dried 
sample and heated at 120 °C for 60 min, to hydrolyze non-
cellulosic polysaccharides, followed by evaporation in vacuo 
at 45 °C. Dried hydrolysates were then suspended in 500 µl 
of water and centrifuged for 5 min, to obtain the superna-
tant, which contained monosaccharides and were then sub-
jected to high-performance anion-exchange chromatography 
with pulsed amperometric detection (HPAEC-PAD) using 
a Dionex ICS-5000 system equipped with a CarboPac PA1 
column (Dionex). The column was eluted at a flow rate of 
1.1 ml min–1 with (1) water from 0 to 19 min, (2) followed 
by a linear gradient of 0 to 100 mM NaOH in water from 
19 to 22 min, (3) an isocratic solution of 100 mM NaOH in 
water from 22 to 33 min, (4) an isocratic solution of 150 mM 
sodium acetate/100 mM NaOH in water from 33 to 39 min. 
Myo-inositol (4 µg) was used as an internal standard for the 
quantification of individual monosaccharides.

Gall induction and callus induction 
for polysaccharide analyses

Modified nematode infection medium and modified callus 
induction medium containing phytohormones were devel-
oped based on the callus induction medium described in 
Ozawa et al. (1998). Arabidopsis seeds were germinated 
and grown on the Modified nematode infection medium 
composed of Gamborg B5 salt mixture (Fujifilm Wako 
Pure Chemical), 2% sucrose (Fujifilm Wako Pure Chemi-
cal), 0.05% (w/v) 2-(4-morpholino) ethanesulfonic acid 
(MES), and 0.6% (w/v) Phytagel (Sigma P8169) at pH 5.7, 
in 9 × 9 cm square petri dishes under continuous light at 
23 °C. After the inoculation of J2 nematodes in Arabidop-
sis seedlings 5 days after germination, the seedlings were 
incubated under short-day conditions (8 h light/16 h dark) 
at 25 °C.

For callus induction, 0.5 mg l–1 2,4-dichlorophenoxy-
acetic acid (Fujifilm Wako Pure Chemical) and 0.1 mg l–1 
kinetin (Fujifilm Wako Pure Chemical) were supplied to 
the modified nematode infection medium. Root explants 
obtained from 5 days after germination or uncut seedlings 
were placed on the modified callus induction medium and 
incubated under short-day conditions (8 h light/16 h dark) 
at 25 °C.

https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
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K‑means clustering and principal component 
analysis of neutral sugar composition

The statistical analysis of neutral sugar composition was 
performed using the R software (R Core Team 2016). The 
obtained HPAEC data were studied using a hierarchical 
clustering and a k-means clustering analysis, for classifica-
tion into two groups. The results of k-means clustering are 
depicted as two-dimensional plots according to PCA and an 
additional layer was added for the k-means clustering.

Results

Genes related to the secondary cell wall were 
downregulated in galls

Previously, we showed that the procambium-development-
related gene regulatory network is activated during gall for-
mation (Yamaguchi et al. 2017). In particular, a master regu-
latory transcription factor, MONOPTEROS (MP)/AUXIN 
RESPONSE FACTOR 5 (ARF5), is induced and plays a 
crucial role in irregular organogenesis (Barcala et al. 2010; 
Yamaguchi et al. 2017). Although the key molecular and 
physiological processes have been identified, its downstream 

consequences have not been deciphered. To understand fur-
ther the phenomenon of gall formation, we further character-
ized the time-course transcriptome data for gall formation 
(PRJDB5797). First, we selected 4,444 DEGs detected in the 
transcriptome analyses by ANOVA (FDR < 0.01). Next, we 
classified the DEGs via SOM-based clustering, and obtained 
nine clusters (Fig. 1). Among them, cluster 2 represented 
the largest population (< 1400 genes) and most genes in this 
cluster were likely to be decreased upon the progression of 
gall formation. In our previous study, we selected six genes 
(i.e., VND6, VND7, XCP1, XCP2, TED6, and TED7) (Endo 
et al. 2009; Funk et al. 2002; Kubo et al. 2005) as xylem-
related genes. In particular, four out of these six genes were 
decreased upon gall formation and were included in cluster 
2; in contrast, neither VND6 nor VND7 were included in 
DEGs (Fig. S1). These results suggest that the secondary 
wall thickening and programmed cell death that take place 
during xylem formation are, at least in part, suppressed in 
the galls. Accordingly, we found that CESA4, CESA7, and 
CESA8, which encode cellulose synthases that participate 
in the formation of the secondary cell wall, were decreased 
upon the progression of gall formation (Fig. S1) and were 
included in cluster 2, suggesting that the population of cells 
that synthesize secondary cell walls is reduced in the galls.

Expression patterns and group numbers

a b
Number of genes categorized in the groups

Fig. 1  SOM clustering analysis of the expression of differentially 
expressed genes (DEGs) and their expression profiles. a Results of 
SOM clustering. The line plots indicate representative expression pat-
terns at NI (0 dpi), 3 dpi, 5 dpi, and 7 dpi in each cluster. For SOM 

and diagrams, the 3 × 3 rectangular topology is shown. b Number of 
genes assigned to each SOM cluster. The red and white colors indi-
cate low and high counts, respectively
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Genes that are co‑expressed with CESA4, CESA7, 
and CESA8 were decreased in galls

To assess whether the genes related to the secondary cell 
wall are enriched in cluster 2, we analyzed the expression 
profiles of cell-wall-related genes for either the primary 
cell wall or the secondary cell wall. Genes related to the 
formation of the primary cell wall were obtained from 
the results of co-expression analyses of genes that exhib-
ited an expression pattern resembling CESA1, CESA3, and 
CESA6; whereas those related to the secondary cell wall 
were acquired from the list of genes that had an expression 
pattern correlating with that of CESA4, CESA7, and CESA8 
(Persson et al. 2005). As expected, most secondary-cell-
wall-related genes tended to be gradually decreased during 
gall formation (Fig. 2a). We found 33 such DEGs among the 
40 genes that were co-expressed with CESA4, CESA7, and 
CESA8; in particular, 27 out of these 33 genes were included 
in cluster 2 of our SOM-based clustering analysis (Table 1). 
In contrast, primary-cell-wall-related genes did not display 
an obvious trend (Fig. 2b, Table 1). The decreased levels of 
secondary-cell-wall-related genes were validated by quan-
titative RT-PCR analysis. The evaluation of the expression 
levels of CESA4, CESA7, CESA8, IRX8, and IRX12 in the 
galls revealed that the relative amount of the mRNAs of all 
the selected genes was significantly reduced in galls (Fig. 2c) 
(Brown et al. 2005; Persson et al. 2007). These results sup-
port the notion that the secondary-cell-wall-related genes are 
decreased in the galls.

Neutral sugar analyses of cell wall polysaccharides 
support secondary cell wall formation is suppressed 
in gall cells

Our transcriptome analyses showed that the secondary-
cell-wall-related genes were decreased in response to the 
formation of galls. Therefore, we decided to investigate 
whether the composition of the cell wall is altered in the 
galls. Cell walls are mainly composed of polysaccharides; 
hence, the monomerized sugars obtained from the tissues 
are thought to reflect the features of the cell wall. We 
performed neutral sugar analyses using high-performance 
anion-exchange chromatography (HPAEC), to evaluate 
the levels of polysaccharides. As shown in Fig. 3 and 
Table S2, arabinose and galactose represented 50–60% of 
the monosaccharides purified from both non-treated roots 
and galls. Galactose was slightly increased in response to 
the gall formation whereas arabinose and rhamnose did 
not show obvious changes; therefore, rhamnogalacturonan 
I, which is composed of the three types of sugars, was not 
affected in the galls. In contrast, the levels of xylose in 
the galls were decreased to less than 50% of that of non-
inoculated root cells (Fig. 3, Table S2). Xylose is one of 

the main components of hemicelluloses, i.e., xylan and 
xyloglucan. Xylan is a polymer of xylose whereas xylo-
glucan is composed of a glucose backbone with a xylose 
sidechain. Since our neutral sugar analysis detected the 
increase of glucose (Fig. 3, Table S2), the decrease in 
the level of xylose is likely to have been caused by the 
reduction of xylan in the cell wall of gall cells (Zhong 
et al. 2019; Zhong and Ye 2014). Xylan bridges cellu-
lose microfibrils with lignin, to reinforce the structure of 
the secondary cell wall (Kang et al. 2019). Collectively, 
our observations suggest that the secondary cell wall is 
decreased in gall cells.

The cell wall composition of gall cells resembles 
that of calluses

Previously, we showed that gall cells express genes that are 
associated with procambium cells, because the galls were 
composed of procambium-like undifferentiated cells (Yama-
guchi et al. 2017). In addition, RKN is capable of inducing 
callus-like structure in infected leaves (Olmo et al. 2017). 
These observations suggested that gall formation likely 
accompanies induction of pluripotent cell mass and a dras-
tic change in cellular identity leads to the rearrangement of 
cell wall composition. To assess whether cell wall changes 
rely on the induction of proliferating cells, we analyzed the 
cell wall composition of phytohormone-induced calluses as 
a representative cell population that contain, at least par-
tially, multipotent stem cells, and compared the results with 
those obtained for galls. Callus induction, in principle, was 
achieved by the treatment of precise phytohormones and 
the requirements of media condition is not strict. For this 
assay, we developed a modified callus-induction medium by 
adding phytohormones to the RKN infection medium. We 
confirmed the efficient induction of calluses from seedlings 
and root explants in this condition (Fig. S2). These calluses 
were subjected to HPAEC analysis. Our triplicate measure-
ments suggested that the content of galactose tended to be 
increased and that of xylose tended to be decreased in cell 
walls purified from callus cells (Fig. 4a, Table S3).

Statistical analyses emphasize the similarities 
between gall and callus cells

We performed a hierarchical clustering analysis of the 
results of the neutral sugar composition experiment. The 
values of cell wall composition obtained for galls resembled 
those of calluses derived from seedlings. Simultaneously, the 
values of cell wall composition obtained from root explant 
derived calluses are grouped with them whereas non-treated 
roots were classified into the outgroup. This finding suggests 
that the cell wall composition of galls is relatively similar 
to that of calluses, rather than to that of non-treated roots 
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a b
Coregulated genes for 
CESA1, CESA3 and CESA6

Day 0 Day 3 Day 5 Day 7

0

0.4

0.8

1.2

1.6

CESA4 CESA7 CESA8 IRX8 IRX12

noisserpxe eneg evitale
R

c

Coregulated genes for 
CESA4, CESA7 and CESA8

Day 0 Day 3 Day 5 Day 7

Fig. 2  Secondary-cell-wall-related genes were decreased in galls. 
Comparison of genes that were co-expressed with cellulose syn-
thases: a CESA1, CESA3, and CESA6 and b CESA4, CESA7, and 
CESA8. The magenta color indicates genes that were upregulated 
compared with the median levels of the four samples, and the cyan 
color denotes the decrease in the amount of mRNAs in the heat 
map. The list of co-expressed genes was obtained from Persson et al. 
(2005). c Decreased levels of secondary-cell-wall-related genes in 

root-knot 7  days after inoculation. Quantitative RT–PCR was per-
formed using total RNA extracted from root-knot 7 days after inoc-
ulation and from the wild-type root, as an uninfected control. The 
expression level of each gene was divided by the expression level of 
the PP2AA3 (AT1G13320) gene; the normalized expression level in 
the control was set to 1. The error bars indicate the SD of three bio-
logical replicates. The single and double asterisks represent P < 0.05 
and P < 0.01, respectively, as calculated using Welch’s t test
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(Fig. 4b). Furthermore, k-means clustering into two groups 
also revealed that the neutral sugar ratio of galls resembles 
that of calluses (Fig. 4c). These results are consistent with 
the notion that the composition of the cell walls of galls 
resembles that of callus cells.

Discussion

Higher organisms, including seed plants, have evolved 
sophisticated developmental regulation mechanisms. In the 
steady state, they routinely develop leaves, flowers, or roots 
based on the genetically encoded body plan. However, biotic 
and abiotic stimuli often impair this program and sometimes 

induce organ malformation. Such irregular organogenesis, 
including the acquisition of atypical characteristics of cells 
stimulated by parasitism, is an interesting event in nature. 
The formation of galls induced by plant parasitic RKNs is 
representative of irregular organogenesis (Bartlem et al. 
2014; Escobar et al. 2015; Gheysen and Mitchum 2009). 
Previous studies reported that various morphological altera-
tions accompany gall formation, e.g., GC/NC induction and 
rearrangement of the vasculature in the parasitized roots 
(Bartlem et al. 2014; Bird 1961; de Almeida Engler and 
Gheysen 2013; Jones and Goto 2011). The present study 
revealed that a drastic rearrangement in cell wall composi-
tion occurred upon gall formation.

The transcriptome analyses showed that cell-wall-
related genes were changed in response to gall forma-
tion. Specifically, secondary-cell-wall-associated genes, 
including CESA4, CESA7, CESA8 and their co-expressed 
genes, appeared to be decreased. Consistent with the gene 
expression analysis, the assessment of the cell wall com-
position implied that the amount of xylose enriched in the 
secondary cell wall is reduced in the galls. Although the 
global transcriptome provides a plausible explanation for 
the changes in cell wall composition, the specific genes 
that are responsible for the changes need to be identi-
fied. Moreover, we developed a callus-induction system 
by modifying the nematode infection assay medium and 
performing an HPAEC analysis, to determine the com-
position of the cell walls of undifferentiated cell popu-
lations. The neutral sugar analyses, in combination with 
statistical analyses, revealed that the cell wall composition 
of galls resembles that of calluses. Callus is a mass of 

Table 1  SOM-based clustering of genes that are co-expressed with 
CESAs

CESA4/7/8 CESA1/3/6

Group 1 2 4
Group 2 27 6
Group 3 1 0
Group 4 0 0
Group 5 0 0
Group 6 0 1
Group 7 3 2
Group 8 0 4
Group 9 0 1
Total 33 18
Non DEG 7 22

Fig. 3  HPAEC analyses of 
neutral sugars obtained from 
root-knots or non-infected root 
cells at 14 dpi root-knots grown 
on MS-based infection medium. 
The complete data pertaining 
to the monosaccharide ratio are 
shown in Table S2. Fuc fucose, 
Ara arabinose, Rha rhamnose, 
Gal galactose, Glu glucose, Xyl 
xylose, Man mannose
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Fig. 4  The cell wall composition of root-knot cells resembled that of 
undifferentiated cells. a HPAEC analyses of neutral sugars obtained 
from 14 dpi root-knots, non-infected root cells, and 14  day after 
induction calluses prepared from root explants and seedlings grown 
on B5-based medium. Result of first measurement was shown, 
while similar trends were obtained in additional two replicates. The 
complete data obtained for the monosaccharide ratio are shown in 
Table S3. Fuc fucose, Ara arabinose, Rha rhamnose, Gal galactose, 

Glu glucose, Xyl xylose, Man mannose. b Hierarchical clustering 
of the neutral sugar composition of gall cells and callus cells. Com-
parison of neutral sugar composition with root-explant-derived or 
seedling-derived-calluses. c The results of k means clustering analy-
ses were evaluated by a principal component analysis (PCA) of the 
percentage of sugar values from the crude cell wall material. The first 
two components explained 74.1% of the variation
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proliferating cells that derived from various types of tissue 
and are known to contain, at least partially, cells that have 
the ability to regenerate (Sugimoto et al. 2011). Thus, the 
resemblance of gall cells to the callus, together with that 
to procambial cells shown in our previous study, support 
the notion that a gall is composed of a significant amount 
of cells that share the characteristics of stem cells.

Disrupting the cell wall of host plants would be an impor-
tant step in the infection, as nematodes can secret degrading 
enzymes (Davis et al. 2011; Wieczorek 2015). This may 
affect the cell wall content in the host root; however, the 
extent of the cell wall degradation by nematode-derived 
enzymes is thought to be limited around the nematode. 
Therefore, the observed alteration in cell wall composition 
is likely to depend on the cell identity included in the galls.

One of the characteristic features of gall formation is GC/
NC induction at the feeding site of the nematodes. GCs are 
generated through atypical cell cycle events, including acy-
tokinetic mitosis, which induces multinucleation in a cell 
and genome-multiplicating endoreduplication cycle (de 
Almeida Engler et al. 2011; de Almeida Engler and Gheysen 
2013). In addition, NCs are actively proliferating structures 
that cause organ knotting in the roots. Because both GCs 
and NCs require an active cell cycle, these cells share some 
features with undifferentiated stem cells. Accordingly, our 
previous study showed that procambium-associated genes 
are induced in the galls (Yamaguchi et al. 2017). These 
findings led us to propose an attractive hypothesis: once 
the nematodes invade the host vasculature, they stimulate 
procambial cells to modulate their cellular machinery to 
become NCs or GCs. Although a carefully designed cell 
lineage tracing is needed to depict the developmental trajec-
tory of the gall cells, analyses focusing on cellular identity 
will provide insights into the induction of the atypical cells 
and accompanying cell wall modifications. Taken together, 
our findings provide additional insights regarding gall cells 
and will help establish a global scenario of parasite-induced 
atypical organ formation processes.
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