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Abstract 

Background Root-knot nematodes (RKNs) pose a worldwide threat to agriculture of many crops including cucum-
ber. Genetic transformation (GT) has emerged as a powerful tool for exploration of plant-RKN interactions and genetic 
improvement of RKN resistance. However, it is usually difficult to achieve a highly efficient and stable GT protocol for 
most crops due to the complexity of this process.

Results Here we firstly applied the hairy root transformation system in exploring root-RKN interactions in cucum-
ber plants and developed a rapid and efficient tool transformation using Rhizobium rhizogenes strain K599. A solid-
medium-based hypocotyl-cutting infection (SHI) method, a rockwool-based hypocotyl-cutting infection (RHI) 
method, and a peat-based cotyledon-node injection (PCI) method was evaluated for their ability to induce transgenic 
roots in cucumber plants. The PCI method generally outperformed the SHI and RHI methods for stimulating more 
transgenic roots and evaluating the phenotype of roots during nematode parasitism. Using the PCI method, we gen-
erated the CRISPR/Cas9-mediated malate synthase (MS) gene (involved in biotic stress responses) knockout plant and 
the LATERAL ORGAN BOUNDARIES-DOMAIN 16 (LBD16, a potential host susceptibility gene for RKN) promoter-driven 
GUS expressing plant. Knockout of MS in hairy roots resulted in effective resistance against RKNs, while nematode 
infection induced a strong expression of LBD16-driven GUS in root galls. This is the first report of a direct link between 
these genes and RKN performance in cucumber.

Conclusion Taken together, the present study demonstrates that the PCI method allows fast, easy and efficient 
in vivo studies of potential genes related to root-knot nematode parasitism and host response.
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Background
Plant-parasitic nematodes (PPNs) are globally ubiquitous 
pathogens that cause significant damage to a wide variety 
of crops [1]. Among various PPNs, root-knot nematodes 
(RKNs) (Meloidogyne spp.) are usually the most damag-
ing to agriculture because they have a broad host range 
and parasitize almost every species of vascular plant [2, 
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3]. The RKNs are obligatory sedentary endoparasites that 
infect host plant roots by their second-stage infective 
juveniles (J2) through establishing a permanent feeding 
site, which consists of several multinucleate giant (MG) 
cells [4]. These MG cells function as specialized sinks 
supplying the sole sources of nutrients for the growth and 
development of RKNs throughout their reproductive life 
cycle. To date, RKNs have been reported to reproduce on 
thousands of cultivated and wild plants, causing approxi-
mately tens of billions of dollars in economic losses every 
year [5]. Since most crop plants are sensitive to RKN 
infection, it is extremely important to develop potential 
approaches to enhance plant resistance towards RKNs.

Reaction of a plant to RKN parasitism is most closely 
associated with the plant species and cultivar, because 
plant responses and tolerance to biotic stresses are driven 
to a large extent by genetic differentiation among plants 
[6]. Theoretically, for a given plant species or cultivar, 
it is possible to enhance its resistance to RKN by modi-
fying the plant through genetic engineering [7, 8]. In 
the past decade, Agrobacterium tumefaciens-mediated 
genetic transformation (GT) has emerged as a powerful 
tool for genetic improvement of PPN resistance in crop 
plants [9–11]. A. tumefaciens is a soil microorganism that 
is capable of infecting a broad assortment of plants at 
wound sites and thereafter producing crown gall tumors 
by transferring a specific segment (T-DNA) of the tumor-
inducing (Ti) plasmid into the plant nuclear genome [12]. 
Since the bacterial genes on the T-DNA are not necessary 
for its transfer, the Ti plasmid can be modified by delet-
ing these genes and replacing them with genes of interest 
[13]. Based on this mechanism, it is theoretically possi-
ble to transfer any gene related to RKN resistance into 
the chromosomes of the plant cell. So far, GT systems for 
several model plants and crops (e.g. tomato, Arabidop-
sis, soybean and rice) have been successfully applied to 
examine the plant-RKN interaction and thereby facilitate 
plant genetic modifications towards RKN-resistance [14–
17]. Despite the success, it is usually difficult to achieve 
a highly efficient and stable GT protocol for most crops 
due to the labor-intensive and time-consuming features 
as well as the complexity of this process (e.g. plant recal-
citrance to regeneration, and poor transformability), 
strongly hampering research on the molecular basis of 
the plant-RKN interaction [18].

Rhizobium rhizogenes (previously known as Agrobacte-
rium rhizogenes), a relative of A. tumefaciens, can induce 
hairy roots upon wounding and infection of the stem or 
leaf tissues in monocot and eudicot plants [19]. Its root-
inducing (Ri) plasmid, which can be modified with a 
target gene, is responsible for the stable introduction of 
genetic material into the nucleus of the host plant cell. 

Hairy roots induced by R. rhizogenes are anatomically 
and metabolically similar to normal roots, and consti-
tute a valuable tool in plant functional biology, metabolic 
engineering, molecular pharming, biotechnology, and 
analyses of rhizosphere physiology and biochemistry 
[20–22]. Since R. rhizogenes-mediated hairy root trans-
formation avoids restrictive and complex tissue culture 
steps [23], it has been successfully used to generate trans-
genic composite plants against fastidious pathogens (e.g. 
Fusarium oxysporum spp., Candidatus Liberibacter spp., 
and common cutworm) [20, 24, 25]. In addition, it has 
recently been applied to investigate the interaction of 
RKNs with several crop plants including grape, soybean 
and peanut [26–28]. Despite this, most crops still lack 
a rapid and efficient hairy root transformation system 
for easily exploring interactions between plant root and 
RKNs.

Cucumber (Cucumis sativus L.) is one of the most 
economically important vegetable crops worldwide 
and makes a substantial nutritional contribution to the 
human diet [29]. Root knot induced by the RKN Meloi-
dogyne incognita is the most economically important 
cucumber disease around the world. Unfortunately, how-
ever, the conventional hybridization breeding method 
cannot confer M. incognita resistance to cucumber, 
because almost all cucumber cultivars are susceptible to 
M. incognita [30, 31] and lack candidate resistance genes 
[29]. Although A. tumefaciens-mediated GT system has 
been developed for cucumber, it is time-consuming and 
labor-intensive and shows extremely low transformation 
ratio [32, 33]. In light of this, we developed a rapid and 
efficient tool for easily exploring root-RKN interactions 
in cucumber plants, based on R. rhizogenes-mediated 
hairy root transformation using a peat-based cotyledon-
node injection (PCI) method. Using the PCI method, we 
provided the first direct experimental evidence for the 
critical roles played by the malate synthase (MS) gene, 
and analyzed the response of the LOB-domain protein 
16 (LBD16, a potential host susceptibility gene for RKN) 
during RKN parasitism in cucumber. Our study demon-
strates that the PCI method allows fast, easy and efficient 
in  vivo studies of exploring potential genes related to 
root-knot nematode parasitism and host response.

Materials and methods
Plant material, nematodes and R. rhizogenes strain
Cucumber (Cucumis sativus L.) cultivar “Xintaimici” 
was used in this study. Seeds were surface sterilized 
using 4% sodium hypochlorite and germinated on 
moistened filter paper in darkness for the RHI and the 
PCI methods. For the SHI method, seeds were surface 
sterilized and germinated on MS solid medium. M. 
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incognita race 2 was maintained on cucumber in steri-
lized soil. The egg masses were collected and sterilized 
with 0.5% sodium hypochlorite for 3  min and then 
submerged in sterile water at 25 ℃ for 3 days. Freshly 
hatched pre-J2s were collected using a 500-mesh 
screen and stored in 4 ℃ before infection.

R. rhizogenes strain K599 (Weidi Biotechnology, 
China) was used in this study to induce hairy roots 
which harboring plasmid pRi2659 (agropine type) and 
had a wide range of hosts including Cucurbitaceae.

Construction of CRISPR/Cas9 vector and pCsLBD16::GUS 
vector
CRISPR/Cas9 genome editing construct for CsMS 
editing was generated using the pHEE401E vec-
tor tagged with GFP. Two sgRNAs were driven by 
the U6 promoter, and the Cas9 protein was driven 
by the egg cell-specific promoter [34]. The empty 
pHEE401E vector was used as a control. Two sgRNAs 
were targeted against cucumber malate synthase gene 
(CsaV3_1G009520) designed using CRISPR-GE tool 
(http:// skl. scau. edu. cn/) [35]. For analysis the activity 
of CsLBD16(LATERAL ORGAN BOUNDARIESDO-
MAIN, Csa3G398920) which homolog of the  Arabi-
dopsis LATERAL ORGAN BOUNDARIES-DOMAIN 
16 (AtLBD16, At2g42430) under nematode parasit-
ism, the vector pCAMBIA1391 carrying GUS gene was 
driven by the 2000 bp promoter region of the CsLBD16 
gene, generating a pCsLBD16::GUS recombinant con-
struct. The primer’s sequences for construction of two 
vectors are listed in Table 1.

Three methods of transgenic hairy roots development 
system
Three methods were carried out to develop transgenic 
hairy roots. R. rhizogenes strain K599 harboring empty 
vector pCAMBIA 1305-GFP was used for transgenic 
hairy roots screening. Single colony was collected and 
cultured for 6 h in LB broth at 28 ℃ for the K599 collec-
tion in three methods.

(i) For solid-medium-based hypocotyl-cutting infec-
tion (SHI) method, surface-sterilized seeds were 
germinated on solid MS medium. And then bac-
terial solution was plated onto solid LB medium 
with 50  mg/L streptomycin and 50  mg/L kanamy-
cin. Seedlings with unfolded cotyledons were cut 
obliquely at the junction of the hypocotyl and the 
root system and dipped into the bacterial mass on 
solid medium. Transfer seedlings to the MS solid 
medium containing 200  mg/L cephalosporin on a 
sterilized filter and cover another sterilized filter 
paper on the wounding site to maintain humidity and 
prevent excessive growth of the bacterial solution. 
Transferred the infected seedlings every 3 days until 
the hairy roots developed well at the infection sites 
and checked the transgenic hairy roots under ster-
eomicroscope.
(ii) For the rockwool-based hypocotyl-cutting infec-
tion (RHI) method, surface-sterilized seeds were 
germinated on sterilized filter paper and sowed 
into a rockwool seedling block. A single colony 
was picked and placed in 20  ml LB liquid medium 
plus 50  mg/L streptomycin and 50  mg/L kanamy-

Table 1 List of primers used in this study

Primer name Application Primer (5’–3’)

qCsMS-F Relative expression GCC TTG TTG TTT GTC GCT GA

qCsMS-R TTA GTC GCC GGA TCA AAC CC

qCsLBD16-F CAG AAA CCC TAA TGG ATT CAG GAA G

qCsLBD16-R GTG GGC TTG GGT TGT TCG TAA TTT G

qCsTUB-F CAT TCT CTC TTG GAA CAC ACTGA 

qCsTUB-R TCA AAC TGG CAG TTA AAG ATG AAA 

pCsLBD16-F pCAMBIA-1391 GCG CGC CAA GCT TGG CTG CAG ACC TAA GTC CGA AGC CAT AAG TGAC 

pCsLBD16-R TCT TAG AAT TCC CGG GGA TCC GGG AAA ATA GAA GAA ATG GCC GTGC 

CsMSDT1-BsF CsMS-pHEE401E ATA TAT GGT CTC GAT TGA GAG GCT ACG ACG TTC CAG GTT 

CsMSDT1-F0 TGA GAG GCT ACG ACG TTC CAG GTT TTA GAG CTA GAA ATAGC 

CsMSDT2-R0 AAC TGC TAA TTT TCG ACG CTC TCA ATC TCT TAG TCG ACT CTA C

CsMSDT2-BsR ATT ATT GGT CTC GAA ACT GCT AAT TTT CGA CGC TCT CAA 

GFP-F GFP characterization CAA GGG CGA GGA GCT GTT CACCG 

GFP-R CAG CTC GTC CAT GCC GTG AGTGA 

CsMSCsa9-F Mutant characterization GCT TGG GAT GTA TTC CGA ATCA 

CsMSCsa9-R GGA TGA AGA TTT ACC TGG AGTG 

http://skl.scau.edu.cn/
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cin at 28 ℃ (180rpm) until the  OD600 value reached 
to 0.6. The bacterial solutions were centrifuged at 
4000 g for 10 min and then re-suspended in 10 ml 
MS liquid medium. Cucumber seedlings with first 
expanded true leaf were cut off at the hypocotyl and 
transferred into a rockwool seedling block. The re-
suspended K599 solution was inoculated into the 
wounding site and transformed in an artificial cli-
mate chamber. During the hairy root development, 
the rock-wool blocks were watered with nutrient 
solutions to maintain the growth of the seedlings.
(iii) For peat-based cotyledon-node injection (PCI) 
method, surface-sterilized seeds were germinated 
on sterilized filter paper and sowed into a peat-based 
substrate block. At the same time, K599 solution 
were plated onto LB solid medium with antibiotic 
like SHI method. Germinated seeds were transferred 
into a peat-based seedling block and grew at artificial 
climate chamber until the cotyledons were exposed 
and turned green but still not expanded. The bacte-
rial mass used in PCI method was collected from 
solid LB medium using a spreader by adding steri-
lized water. A micro syringe is used to inject the bac-
terial mass into cotyledon-node and create mechani-
cal damage by the tip. Make sure the tip of syringe 
went through the central part of the pericycle. Then, 
the seedlings were transferred in the plug lid to main-
tain humidity and treated nutrient solution to keep 
normal growth of the seedlings.

In all three methods, the hairy roots started to emerge 
at about 14 days after inoculated with K599. The regener-
ation of the hairy root and the transgenic root induction 
efficiency was characterized by the proportion of hairy 
roots and transgenic hairy roots in the total inoculated 
plants [36].

RNA, DNA extraction and Quantitative Real‑Time PCR
Cucumber mock-infection and M. incognita-infection 
roots at different developmental stages were used for 
total RNA extraction and cDNA synthesis (Vazyme, 
China). RNA quantification was done using a Nanodrop 
2000 (Thermo Fisher Scientific). The RT-qPCR analy-
sis using SYBR Green Master Mix (Vazyme, China) was 
performed in ABI 6500 Real-Time PCR System (Applied 
Biosystems). CsTUB (accession number Csa4G000580) 
was used as internal control. Relative expression abun-
dance of candidate genes was calculated with the for-
mula  2−ΔΔCt. All reactions were performed with four 
biological replicates. Genomic DNA of hairy roots was 
extracted using the FastPure Plant DNA Isolation Mini 
Kit (Vazyme, China). All the primers for characterized 

GFP from hairy roots and RT-qPCR analysis are listed in 
the Table 1.

Transgenic hairy roots characterization and target gene 
mutation detection
Hairy roots expressing GFP were easily visible under 
a fluorescent stereomicroscope (M165 FC; Leica). The 
injection site was hand-dissected at 7 days after inocula-
tion and embedded in paraffin using a routine method. 
Genomic DNA was extracted from transgenic hairy roots 
to characterize the mutation of CsMS through gene spe-
cific primers. The purified PCR products was cloned 
using a pClone007 Versatile Simple Vector Kit (Tsingke, 
Beijing) and transformed in DH5α for sequencing. DNA 
fragments spanning both target sites were amplified by 
PCR using primers showed in Table 1.

Nematode infection assays
In order to inoculate the transgenic hairy roots with 
M.incognita race 2, aqueous suspension of pre-J2s was 
standardized to about 300 J2s per ml sterilized water. 
Total length of transgenic hairy roots was scanned using 
a scanner (Epson, Japan) and analyzed using a software 
WinRHIZO (Regent Instruments, Inc., Canada). The 
number of nematodes inoculated in transgenic roots 
was recorded at different developmental stages using an 
acid-fuchsin staining method [37] and observed with an 
Olympus BX53 microscope (Olympus, Japan). The root 
galls and egg masses per mm roots in different trans-
genic hairy roots were counted to evaluate the nematode 
parasitism. To estimate the giant cells size in CRISPR/
Cas9-guided CsMS knock-out hairy roots, representative 
galls were fixed and prepared by the paraffin-embedded 
method. The 6-μm sections were stained with 0.05% tolu-
idine blue and photographed using an Olympus CX41 
microscope. The image J software was used to measure 
the area of giant cells and total area of sections. Statisti-
cal analysis of the infection parameters and GC areas was 
performed using t-test in SPSS, significance was indi-
cated by asterisks *(P < 0.05).

All the hairy roots were performed GUS staining and 
the transgenic hair roots showed high GUS signals were 
selected to analyze the expression of pCsLBD16::GUS at 
7, 14, 21 and 28 DAI following the protocol of GUS stain-
ing kit (Obiolab, China). The mock-infection transgenic 
hair roots expressed the GUS staining paraffin-were 
embedded and sectioned into 6-μm slices for characteriz-
ing the GUS expression in lateral root primordia. Obser-
vation of histochemical GUS stained root galls were 
spread on a microscope slide and mounted in chloral 
hydrate solution. Moreover, fresh frozen sectioning was 
used to analysis tissue localization of GUS expression in 
root galls.
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Results
Comparison of three methods for induction of transgenic 
hairy roots in cucumber
In this study, we compared three different methods (i.e. 
SHI, RHI and PCI) to induce transgenic hairy roots in 
cucumber using R. rhizogenes K599. For all three meth-
ods callus tissues appeared around the wounding site 
at approximately 6–14  days after inoculation with R. 
rhizogenes K599 and expanded gradually (Fig.  1a–c). 
Adventitious hairy roots generated from callus tissues 
at 14–28  days after inoculation and grew vigorously. 
As shown in Fig.  2, the hairy roots were induced in all 
three methods and showed green fluorescence under 

fluorescence microscope, indicating that the hairy roots 
have been transferred with the green fluorescent protein 
(GFP) tagged vector (Fig. 2a, b). Further test through RT-
PCR confirmed that all three methods successfully intro-
duced the GFP-labeled gene into the hairy roots (Fig. 2c). 
In spite of this, the RHI and PCI methods yielded higher 
(P < 0.05) regeneration rate of hairy roots than the SHI 
method and there was no significant (P > 0.05) difference 
between the RHI and PCI methods (Fig.  2d). A similar 
trend was observed for the percentage of transgenic roots 
(Fig.  2e). However, the RHI-induced hairy roots were 
tightly bound on the rockwool substrate (Fig.  2b), mak-
ing it hard to sample the transgenic roots. In addition, 

Fig. 1 Three methods of R. rhizogenes-mediated transgenic hairy roots development for cucumber. a Procedure of solid-medium-based 
hypocotyl-cutting infection (SHI) method. Sterilized seeds were sowed on MS solid medium and then cut hypocotyl off for K599 infection. The 
sterilized filter paper was used to keep the humidity of the infected sites. b Procedure of rockwool-based hypocotyl-cutting infection (RHI) method. 
Sterilized seeds were sowed into sterilized rock wool and then cut the seedlings hypocotyl off for infection using the K599 solution. c Procedure of 
peat-based cotyledon-node injection (PCI) method. Sterilized seeds were sowed into sterilized peat substrate and the K599 mass collected from 
screening medium was injected into the cotyledon-node for inducing transgenic hairy roots
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the SHI method required a very strict sterile condition 
making this method inconvenient and labor-intensive. 
Thus, the PCI method overall outperformed the SHI 
and RHI methods for inducing transgenic hairy roots in 
cucumber.

Procedure of the peat‑based cotyledon‑node injection 
(PCI) method
For the PCI method, bacterial mass collected from the 
screening medium was injected into unfolded cotyle-
don node using a 1-mL syringe (Fig.  2f ). At 6–14  days 
after injection, the formation of calli appeared around 
the injection site (Fig.  2g). The tissue section at 8  days 
after injection showed that the root primordium had 
been established at the injection site (Fig.  2g). In order 
to ensure the survival and growth of adventitious hairy 
roots, seedlings injected with bacterial mass were covered 

with a plastic cap to keep high humidity. At 14–28 days 
after injection, the hairy roots generated from the injec-
tion site and developed intensively (Fig. 2h). After there 
were sufficient hairy roots, the original roots were cut off 
at 1 cm behind the injection site (Fig. 2h), and then the 
hairy roots were directly grown into the soil and treated 
with RKNs (Fig. 2i). The formation of root galls in trans-
genic hairy roots (Fig. 2i) indicated that the PCI method 
can satisfy the research on the interaction between roots 
and RKNs.

Demonstration of malate synthase (MS) gene function 
using the PCI method
Untargeted metabolomics of cucumber roots showed 
that RKN-infected roots had a significantly (P < 0.05) 
higher relative abundance of malic acid (MA) at 14 days 
after inoculation (DAI) with M. incognita J2 as compared 

Fig. 2 Selection of the optimal method to induce transgenic hairy roots and the process of hairy roots development using the PCI method. 
a Representative pictures of transgenic hairy roots development of three methods. Bar:5 cm b Transgenic hairy roots screening using GFP 
fluorescence under microscope. Bar:5 mm c RT-PCR analysis of the transgenic hairy roots for confirming the integration and expression of GFP 
reporter gene. d and e represent the regeneration rate for inducing hairy roots using three methods and the percentage of transgenic hairy roots 
induced using three methods respectively. The Histogram represent data from six independent experiments (25–60 replicates per condition in each 
method), The letters represent significant differences at p < 0.05 according to the LSD multiple comparisons test in different treatments. f K599 was 
collected from screening medium and injected into injected into the cotyledon-node. g Callus was induced at 6–14 day after injection and the root 
primordium was established. h The hairy roots were induced at the injection site and grew densely at about 14–28 days after injection. i Cut the 
original roots and infected with M.incognita 
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with uninfected roots (data not shown). These response 
results were corroborated by decreased expression of 
the malate synthase (MS) gene in RKN-infected roots at 
7 DAI (Fig.  3a), indicating that the glyoxylate cycle was 
probably required for RKN parasitism of roots. To assess 
the applicability of the PCI method to genome edit-
ing, we used CRISPR/Cas9-mediated mutagenesis to 

knock out CsMS in the hairy roots induced by the PCI 
method. In the vector, two sgRNAs were driven by the 
U6 promoter, and the Cas9 protein was regulated by the 
egg cell-specific promoter (EC1.2) (Fig.  3b). These two 
sgRNAs were designed against two DNA sites separated 
by 991  bp (Fig.  3c) using CRISPR-GE tool (http:// skl. 
scau. edu. cn/). Sequencing results from both sides of the 

Fig. 3 CRISPR/Cas9-guided gene editing in cucumber transgenic hairy roots using the PCI method. a Relative expression of CsMS gene in 
mock-infection and nematode-infection roots during nematode parasitism. Student’s t-test was used for statistical analysis. n = 4. ***P < 0.001. 
b Schematic diagram for constructing two sgRNA-expressing cassettes in the binary vector pHEE401E. c Mutation sequencing in the cucumber 
transgenic hairy roots after CRISPR/Cas9-mediated gene editing

http://skl.scau.edu.cn/
http://skl.scau.edu.cn/
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editing targets confirmed the successful editing of CsMS 
gene in the transgenic hairy roots of cucumber, the dele-
tion of CsMS gene between two editing targets (Fig. 3c). 
These results demonstrate the feasibility of using the PCI 
method to generate targeted mutation in cucumber hairy 
roots.

To further confirm the role of CsMS gene in RKN para-
sitism, we compared the ability of M. incognita to para-
sitize the empty-vector control and CRISPR/Cas9-guided 
CsMS knock-out hairy roots (Additional file  1: Figure 
S2). Histological observations of gall sections at 28 DAI 
showed that the M. incognita had initiated feeding sites 
composed of less giant cells in the CRISPR/Cas9-guided 
CsMS knock-out hairy roots as compared to the empty-
vector control (Fig. 4a). In addition, the giant cells of the 
CRISPR/Cas9-guided CsMS knock-out hairy roots were 
generally smaller than those of the empty-vector con-
trol (Fig. 4a). The proportion of M. incognita J2 was sig-
nificantly (P < 0.05) higher in the CRISPR/Cas9-guided 
CsMS knock-out hairy roots than in the empty-vector 
control (Fig. 4b). In contrast, the proportion of either M. 
incognita J3 or J4 was lower in the CRISPR/Cas9-guided 
CsMS knock-out hairy roots compared to the empty-
vector control (Fig. 4c, d). Moreover, the CRISPR/Cas9-
guided CsMS knock-out hairy roots had a significantly 
(P < 0.05) lower proportion of adult female M. incognita 
as compared to the empty-vector control (Fig. 4e). These 
results reveal that M. incognita exhibited a significant 

developmental delay in the CRISPR/Cas9-guided CsMS 
knock-out hairy roots. This was also corroborated by the 
histological observations of gall sections (Fig.  4a). Par-
ticularly, a significant (P < 0.001) reduction in the rela-
tive area of giant cells at the feeding sites of M. incognita 
was observed in the CRISPR/Cas9-guided CsMS knock-
out hairy roots compared to the empty-vector control 
(Fig.  4f ). A similar trend was observed in the number 
of giant cells per feeding site (Fig. 4g). Furthermore, the 
CRISPR/Cas9-guided CsMS knock-out hairy roots had a 
significantly lower relative abundance of either root galls 
(P < 0.05) or egg masses (P < 0.01) as compared to the 
empty-vector control (Fig.  4h, i). Taken together, these 
results show that the PCI method can be used efficiently 
for genome editing in plants and for the exploration of 
potential genes associated with RKN parasitism.

Verification of the response of LBD16 to nematode 
parasitism using the PCI method
The LATERAL ORGAN BOUNDARIES-DOMAIN 
(LBD16) is a potential host susceptibility gene for 
Meloidogyne javanica in Arabidopsis [38]. Expression 
of CsLBD16 gene significantly reduced in cucumber 
roots at 7, 21 and 28 DAI after M. incognita infection 
(Fig.  5a). To determine the response of CsLBD16 to 
nematode parasitism, a 1391-pCsLBD16::GUS reporter 
vector containing 2000  bp of the CsLBD16 promoter 
region was transformed into R. rhizogenes strain K599 

Fig. 4 Editing of Malate synthase gene affected the establishment of feeding sites and the development of M. incognita in transgenic hairy roots. 
a Toluidine staining of paraffin Sects. (6-μm) of galls from the empty-vector control hairy roots and CRISPR/Cas9-guided CsMS knock-out hairy 
roots and photographed at 40 × magnification. Asterisks, GCs; N, Nematode; Bar:200 μm. b–e The proportion of J2(b), J3(c), J4(d) and female e 
nematodes to the total number of M. incognita in transgenic hairy roots at 14 DAI. f Proportion of giant cell area in root galls of transgenic hairy 
roots. g Numbers of giant cells per feeding site induced in transgenic hairy root. h–i Root galls and egg masses per mm of the empty-vector control 
hairy roots and CRISPR/Cas9-guided CsMS knock-out hairy roots after nematode infection. Data are presented as the mean ± SE, Student’s t-test, 
n ≥ 4. **p < 0.01; *p < 0.05
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to induce transgenic hairy roots using the PCI method 
(Fig.  5b). In the transgenic hairy roots by mock-infec-
tion, pCsLBD16::GUS was strongly expressed in vascu-
lar cylinder and root cap of young roots at 7 and 14 DAI 
(Fig.  5c). With the growth of mock-infected transgenic 

hairy roots, only the base of lateral roots showed obvious 
pCsLBD16::GUS expression at 21 and 28 DAI (Fig. 5c). By 
contrast, the M. incognita-infected transgenic hairy roots 
showed a strong expression of pCsLBD16::GUS in root 
galls at 7 and 14 DAI (Fig. 5c). However, the intensity of 

Fig. 5 Expression of pCsLBD16::GUS pattern was activated in cucumber transgenic hairy roots during M. incognita parasitism. a Relative expression 
of CsLBD16 gene in mock-infection and nematode-infection roots during nematode parasitism. Student’s t-test was used for statistical analysis. 
n = 4. *P < 0.05, ***P < 0.001. b Contruction of pCAMBIA 1391 vector carrying the promoter region of CsLBD16. c Transgenic hairy roots harboring 
pCsLBD16::GUS expression pattern with mock-infection and M. incognita-infection at 7, 14, 21 and 28 DAI, Bar:500 μm. d Expression of the 
pCsLBD16::GUS reporter gene was strengthened in root galls around the head of female nematode. N, nematodes; Bar: 500 μm. e Fresh frozen 
sections of galls from pCsLBD16::GUS at 28 DAI showed GUS staining inside the pericycle cells around giant cells. Asterisks, GCs; N, nematodes; Bar: 
200 μm. f Paraffin sections of cucumber transgenic hairy roots showed the concentrated GUS staining at the base of the lateral root primordium. 
Arrows indicated GUS staining in the lateral root primordium. Bar: 200 μm
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GUS staining decreased at 21and 28 DAI in the M. incog-
nita infected transgenic hairy roots (Fig. 5c). It was noted 
that pCsLBD16::GUS was expressed mainly in the center 
of galls at 28 DAI (Fig. 5c).

The root galls was compressed with chloral hydrate 
solution showed that CsLBD16 expression was induced 
in the gall surrounding the nematode head through 
pCsLBD16::GUS staining (Fig. 5d). In addition to the gall, 
the lateral root developing on the gall also showed strong 
GUS staining (Fig.  5d). It is particularly noted that the 
GUS signal was detected around the giant cell (Fig.  5e) 
and the lateral root primordium (Fig. 5f ), indicating that 
there was a connection between root gall development 
and lateral root emergence in cucumber roots.

Discussion
Genetic transformation is generally labor-intensive and 
time-consuming for many cucurbitaceous plants [39, 40], 
which usually take 1–2  year to obtain stable transgenic 
plants. In this study, we developed a peat-based cotyle-
don-node injection (PCI) method that can rapidly and 
efficiently induce stable transgenic hairy roots in cucum-
ber, an economically important cultivated crop belonging 
to Cucurbitaceae family [29].

Particularly, the PCI method allows generation of sta-
ble transgenic hairy roots in living plants within only 
1–2  months (Figs.  1c and 2). Although previous studies 
have demonstrated that stable transgenic hairy roots can 
be induced in coffee by using the solid-medium-based 
hypocotyl-cutting infection (SHI) method [41] and in 
tobacco and tomato by using the rockwool-based hypoc-
otyl-cutting infection (RHI) method [42], our study dem-
onstrated that the PCI method overall outperformed the 
SHI and RHI methods, because the SHI method stimu-
lated less stable transgenic roots as compared to the PCI 
method (Fig. 2d, e), while the RHI method-induced hairy 
roots were tightly bound on the rockwool making it hard 
to measure the transgenic hairy roots (Fig. 2a, b). More 
importantly, the PCI method allows injection of bacterial 
mass into the cotyledon-node, which can directly induce 
hairy roots that are suitable for fluorescent screening 
and nematode infection (Fig. 1c). Transgenic hairy roots 
enable the accomplishment of nematode parasitic cycle 
[26, 41, 43] and the functional analysis of the promoter 
for the target gene [44, 45], inferring the capacity of the 
PCI method to explore candidate genes associated with 
nematode parasitism.

The PCI method can be effectively used for CRISPR/
Cas9-mediated genome editing in hairy roots, as dem-
onstrated by the CsMS gene associated with nematode 
parasitism as a case study (Figs. 3 and 4). To the best of 
our knowledge, this is the first report on the editing of 
genes encoding malate synthase (MS) which is closely 

associated with nematode parasitism. The MS is a key 
enzyme responsible for malic acid synthesis in the glyox-
ylate cycle [46] and may be involved in plant response to 
abiotic stresses (e.g. salinity and high temperature [47]). 
However, little information is available regarding the role 
of MS in plant response to biotic stresses (e.g. RKN infec-
tion). Nematode infection stimulates root metabolism 
due to the requirement of nutrients by nematode for the 
establishment of nematode feeding sites [48]. In plant 
cells, malic acid, whose synthesis is catalyzed by MS [46], 
is a substance that links various metabolisms of different 
organelles and participates in metabolic reactions [49]. 
Reduction of CsMS expression after nematode infection 
indicated the disruption of glyoxylate cycle at early stage 
of nematode parasitism (Fig. 3a). The CsMS gene expres-
sion is repressed in roots where the sucrose is actively 
imported [50] which may consistent with the condition of 
the sucrose flow to the giant cells from the phloem [51]. 
The CRISPR/Cas9-mediated knockout CsMS gene in 
hairy roots resulted in a significant reduction in the num-
ber of both galls and egg masses (Fig. 4h, i). Collectively, 
a significant developmental delay was observed in the 
CRISPR/Cas9-guided CsMS knock-out hairy roots due 
to the disruption of feeding site establishment (Fig. 4a–
f). Therefore, the CsMS gene in glyoxylic acid cycle 
responded to nematode infection and the rearrange-
ment of the metabolic activities of root tissues. There is 
also evidence that plant-growth-promoting rhizobacteria 
(e.g. Bacillus subtilis) can induce biosynthesis of malic 
acid in plant roots [52], suggesting that the MS gene may 
play an important role in the interaction between roots 
and microbes. Taken together, the PCI method-induced 
transgenic hairy roots system offers the opportunity to 
explore the function of candidate genes associated with 
nematode parasitism.

In addition to candidate genes, root system develop-
ment is another aspect that is frequently concerned by 
studies related to root-nematode interaction [38, 53]. 
Due to the similar development patterns shared by lat-
eral root development and RKN gall formation [54], we 
selected the Arabidopsis AtLBD16 homologous gene 
CsLBD16, which may play an important role in the 
development of the cucumber root system, to meas-
ure host response to nematode parasitism. Clearly, M. 
incognita infection induced the expression of the GUS 
gene in cucumber roots, especially in the gall (Fig. 5c). 
The root primordium and the pericycle cells showed 
strong GUS signals in the paraffin sections, indicat-
ing that CsLBD16 gene was involved in the initiation 
of cucumber root primordium (Fig.  5d, f ). A previous 
study showed the transcription factor AtLBD16 played 
an important role in both lateral root formation and M. 
javanica-induced gall development in Arabidopsis [38]. 
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The giant cells in the gall result from nuclear divisions 
of vascular cells without cytokinesis [8]. The activation 
of AtLBD16 expression leads to organ initiation via 
promotion of cell division and establishment of root-
primordium identity in pericycle cells [55]. It has been 
demonstrated that AtLBD16 participates in the auxin 
signaling cascade leading to the division of specific 
XPP cells to form the new organ [56], and induces the 
formation of nematode permanent feeding site in the 
pericycle/endodermis [57]. Similarly, in this study, the 
GUS signal detected around both the giant cell (Fig. 5e) 
and the lateral root primordium (Fig. 5f ) confirmed the 
connection between lateral root emergence and root 
gall development in cucumber roots after M. incognita 
infection.

Conclusion
In conclusion, the transgenic hairy roots induced by 
the PCI method can replace the original roots to sus-
tain cucumber growth and enable nematode parasitism. 
This method forms a rapid and efficient tool for eas-
ily exploring interactions between cucumber root and 
RKNs, making it possible to study of root development 
and the establishment of feeding sites during nematode 
parasitism. Moreover, the PCI method allows fast, easy 
and efficient in vivo studies of potential genes related to 
root-knot nematode parasitism and host response.
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