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Abstract

Potassium (K+) is a critical determinant of salinity tolerance, and H2O2 has been recognized as an important signaling 
molecule that mediates many physiological responses. However, the details of how H2O2 signaling regulates K+ up-
take in the root under salt stress remain elusive. In this study, salt-sensitive cucumber and salt-tolerant pumpkin 
which belong to the same family, Cucurbitaceae, were used to answer the above question. We show that higher salt 
tolerance in pumpkin was related to its superior ability for K+ uptake and higher H2O2 accumulation in the root apex. 
Transcriptome analysis showed that salinity induced 5816 (3005 up- and 2811 down-) and 4679 (3965 up- and 714 
down-) differentially expressed genes (DEGs) in cucumber and pumpkin, respectively. DEGs encoding NADPH oxi-
dase (respiratory burst oxidase homolog D; RBOHD), 14-3-3 protein (GRF12), plasma membrane H+-ATPase (AHA1), 
and potassium transporter (HAK5) showed higher expression in pumpkin than in cucumber under salinity stress. 
Treatment with the NADPH oxidase inhibitor diphenylene iodonium resulted in lower RBOHD, GRF12, AHA1, and 
HAK5 expression, reduced plasma membrane H+-ATPase activity, and lower K+ uptake, leading to a loss of the sal-
inity tolerance trait in pumpkin. The opposite results were obtained when the plants were pre-treated with exogenous 
H2O2. Knocking out of RBOHD in pumpkin by CRISPR/Cas9 [clustered regularly interspaced short palindromic repeat 
(CRISPR)/CRISPR-associated protein 9] editing of coding sequences resulted in lower root apex H2O2 and K+ content 
and GRF12, AHA1, and HAK5 expression, ultimately resulting in a salt-sensitive phenotype. However, ectopic expres-
sion of pumpkin RBOHD in Arabidopsis led to the opposite effect. Taken together, this study shows that RBOHD-
dependent H2O2 signaling in the root apex is important for pumpkin salt tolerance and suggests a novel mechanism 
that confers this trait, namely RBOHD-mediated transcriptional and post-translational activation of plasma mem-
brane H+-ATPase operating upstream of HAK5 K+ uptake transporters.
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Introduction

Soil salinity is one of the major environmental stresses affecting 
crop production worldwide. It is estimated that ~950 Mha of 
arable land in the world, including 250 Mha of irrigated land, 
are affected by salinity (Ruan et al., 2010). Although improving 
salt tolerance in major cultivated crops is of a great import-
ance for global food security in the 21st century, the process 
is significantly handicapped due to the complexity of salinity 
tolerance (Ismail and Horie, 2017).

The main targeted trait of salinity tolerance is sodium (Na+) 
extrusion from the cytosol, either to external media or via intra-
cellular Na+ sequestration in the vacuoles (Ismail and Horie, 
2017; Yang and Guo, 2018). The importance of maintaining 
optimal potassium (K+)/Na+ ratios is also widely recognized 
(Lauchli and Wieneke, 1979; Koyro and Stelzer, 1988; Gassman 
et  al., 1996; Zhu et  al., 1998; Lauchli, 1999; Hasegawa et  al., 
2000). K+ is an important macronutrient that plays pivotal 
roles in many processes in living cells, including maintaining 
membrane potential, enzyme activation, and protein synthesis 
(Wang and Wu, 2017), as well as having an important signaling 
role (Anschütz et al., 2014; Shabala, 2019). Root K+ retention 
ability is associated with salt tolerance in a broad range of plant 
species (Bose et al., 2014; Chakraborty et al., 2016; Wu et al., 
2018). K+ uptake is controlled by various types of channels 
and transporters (Véry et al., 2014); amongst these, AKT1 and 
HAK5 are primary players in K+ uptake into roots under sa-
line conditions (Nieves-Cordones et al., 2010), while GORK 
channels are considered as a major pathway for K+ efflux under 
saline conditions (Wu et al., 2018).

The plasma membrane (PM) H+-ATPase is an important 
component of cell ionic homeostasis. By extruding protons 
from the cell and generating a membrane potential, this pump 
energizes the PM, which is essential for nutrient uptake and, 
hence, regulation of many physiological processes (Falhof et al., 
2016). It was reported that cell type-specific H+-ATPase ac-
tivity in root tissues enables K+ accumulation and mediates 
salinity tolerance of barley (Shabala et al., 2016).

Reactive oxygen species (ROS) have been characterized as 
important signaling molecules that mediate many develop-
mental and physiological responses (He et al., 2018; Waszczak 
et  al., 2018). Numerous pieces of evidence have suggested 
that ROS play an important role in acclimation-induced salt 
tolerance (Jiang et  al., 2013; Peng et  al., 2014; Hossain et  al., 
2017; Niu et al., 2018; Saini et al., 2018). Due to its relative sta-
bility and ability to diffuse through membranes, facilitated by 
aquaporins, H2O2 is often considered as a predominant ROS 
signaling molecule (Niu and Liao, 2016).

Previous studies found that H2O2 signaling can regulate 
K+ uptake by HAK5 under low K+ conditions (Shin and 
Schachtman, 2004; Jung et al., 2009), and a positive relation-
ship between H2O2 production and root K+ accumulation 
under salt stress was also reported for Arabidopsis (Ma et al., 
2012) and cucumber (Redwan et  al., 2016). However, the 
details of how H2O2 signaling regulates K+ uptake in the 
root under salt stress remain elusive. One of the currently fa-
vored scenarios is that H2O2 interacts with transition metals 
(such as iron or copper) in the cell wall, forming highly re-
active hydroxyl radicals (Demidchik et al., 2014). The latter 

then activate K+-efflux GORK channels, resulting in a K+ 
loss from the cytosol (Demidchik et al., 2014). However, this 
scenario cannot explain the beneficial effects of ROS pro-
duction on root K+ uptake under salt stress mentioned above. 
This implies that some other mechanisms may operate in 
plant cells.

Plant roots are the first organs sensing and responding to 
salinity stress. These responses are manifested differentially at 
the tissue-specific level, as the longitudinal structure of plant 
roots contains specialized zones of development (Sun et  al., 
2009; Hill et al., 2016; Liu et al., 2019). It was shown that the 
sensitivity of the root apex to salt is higher than that of the 
mature zone (Hill et al., 2016; Shabala et al., 2016). This im-
plies that analyses of whole-root tissue may be counterpro-
ductive as it can dilute information important to understand 
the complex physiological and molecular programs that define 
root response to salt stress. However, very few studies have ac-
counted for this, with the bulk of reported results obtained at 
the whole-root level.

A genomics approach can be instrumental in identification 
of important genes involved in plant adaptation to salt stress. 
This can be done by comparing the transcriptome of tol-
erant and sensitive species in response to salinity (Gong et al., 
2005). Transcriptomics approaches have been applied to iden-
tify salinity-induced differentially expressed genes (DEGs) in 
roots for a range of species (Senadheera et al., 2009; Cotsaftis 
et  al., 2011; Zahaf et  al., 2012; Geng et  al., 2013; Xie et  al., 
2018). However, most of these results were conducted at the 
whole-root level, with only a few studies (Dinneny et al., 2008; 
Gruber et al., 2009; Hill et al., 2016) investigating the response 
of the transcriptome to salinity in different root zones. As a 
result, very few (if any) studies have attempted to link a com-
prehensive transcriptomic analysis of tissue-specific gene ex-
pression with the functional studies of their operation under 
saline conditions. Meanwhile, such integration is critically im-
portant for understanding of the mechanisms underlying dif-
ferential salt tolerance, to facilitate the progress in breeding for 
plant salt tolerance.

Cucumber and pumpkin belong to the same family, the 
Cucurbitaceae, but differ drastically in salt tolerance, with 
cucumber being sensitive and pumpkin tolerant (Zhu et  al., 
2006). As a result, pumpkin is often used as a salt-tolerant root-
stock for cucumber and other cucurbit crops (Edelstein et al., 
2011; Huang et al., 2013; Lei et al., 2014). Previous studies have 
suggested that pumpkin roots exhibited a high efficiency in 
extruding Na+ (Edelstein et al., 2011; Lei et al., 2014; Niu et al., 
2018). However, the role of K+ uptake as a component in the 
salt tolerance of pumpkin has not been investigated so far.

The present study attempts to investigate the physiological 
and molecular mechanisms underlying the differential salt tol-
erance between cucumber and pumpkin, with a specific focus 
on H2O2 signaling and K+ uptake, at the root tissue-specific 
level. The physiological responses were linked with changes in 
the transcriptional profile of several key DEGs. Our analyses 
yielded the new physiological and molecular mechanisms that 
are likely to contribute to the differential salt tolerance within 
the Cucurbitaceae family.
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Materials and methods

Plant materials and growth conditions
A salt-sensitive cucumber (Cucumis sativus L.) cv. Jinchun No. 2 and a salt-
tolerant pumpkin (Cucurbita moschata) cv. Chaojiquanwang were used. 
Seeds were surface sterilized with 1% HClO for 30 min and rinsed thor-
oughly with distilled water, and then incubated in the dark at 28 °C until 
germination. The germinated seeds were then grown hydroponically in 
an aerated basic salt medium (BSM) solution (0.5 mM KCl, 0.1 mM 
CaCl2, pH 5.7 non-buffered) in the dark at room temperature (24 °C). 
Five days later, 75 mM NaCl was added to BSM solution for either 24 h 
or 48 h, to assess effects of acute salinity stress on cell viability, root ion 
fluxes, K+ content, H2O2 content, PM H+-ATPase activity, transcriptome, 
and quantitative real-time PCR analysis. The main reason for using dark-
grown seedlings was to maximize the species difference in physiological 
and molecular responses from the roots (Cuin et al., 2011).

Cell viability staining
Plants were treated with 75 mM NaCl for 48 h, then the cell viability of 
roots (apex and mature zone) was assessed using the fluorescein diacetate 
(FDA)–propidium iodide (PI) double staining method as described by 
Chakraborty et al. (2016). To determine the extent of cell death, the red 
and green channels of the fluorescent images were separated and the fluor-
escent intensity of the respective images was quantified using ImageJ soft-
ware (version 1.48, US National Institutes of Health, Bethesda, MD, USA).

Determination of K+ content
Plants were grown and salt treated as described in the cell viability staining 
section. Roots were washed with distilled water. The apical (0–5  mm 
from the root tip) and mature (5–25 mm from the root tip) segments of 
root were collected and weighed. Root sap was mechanically extracted as 
described elsewhere (Cuin et al., 2009), and its K+ content was quantified 
using an atomic absorption spectrophotometer (Varian spectra AA 220, 
Varian, Palo Alto, CA, USA).

Determination of H2O2 levels
Confocal laser scanning microscopy (Leica TCS-SP2, Leica Microsystems 
GmbH, Wetzlar, Germany) was used to visualize H2O2 accumulation in 
roots in vivo, according to the method described by Niu et al. (2018). For 
spectrophotometric measurements, H2O2 was extracted from 0.5 g fresh 
root (apex, 0–5 mm from the tip) samples ground in 3 ml of 1 M HClO4. 
After centrifugation at 6000 g for 5 min, the supernatant was adjusted to 
pH 6.0–7.0 using KOH and filtered through a Sep-Pak C18 cartridge 
(Millipore, Milford, MA, USA). After elution with 4 ml of distilled water, 
an aliquot of the sample (800 μl) was mixed with 400 μl of reaction buffer 
containing 4 mM 2,2′-azino-di (3-ethylbenzthiazoline-6-sulfonic acid), 
100 mM potassium acetate at pH 4.4, and 400 μl of deionized water. 
The reaction was started by the addition of 3 μl (0.5 U) of horseradish 
peroxidase, then the H2O2 content was measured at an optical density of 
412 nm (Willekens et al., 1997). Relative H2O2 content (NaCl/control) 
in the root apex of pumpkin was calculated.

K+ flux measurements
Net K+ flux in the root apex (1 mm from the tip) was measured under 
the BSM background in the presence of NaCl, using the non-invasive 
microelectrode ion flux estimation (MIFE) technique (University of 
Tasmania, Hobart, Australia) as described previously (Bose et  al., 2014; 
Chakraborty et al., 2016). The tips of the electrodes were front filled with K+-
selective cocktails (Potassium ionophore I-Cocktail 99311, Sigma-Aldrich).

Pharmacology
In pharmacological experiments, plant roots were pre-treated for 1  h 
prior to application of 75 mM NaCl stress with either 20 µM diphenylene 
iodonium (DPI, an NADPH oxidase inhibitor) or 1 mM H2O2. Then net 
K+ flux, PM H+-ATPase activity, RBOHD, GRF (encoding a 14-3-3 

protein), AHA (PM H+-ATPase genes), and HAK5 expression in the root 
apex (0–5 mm from the tip) was measured at 24 h after 75 mM NaCl 
stress. The H+-ATPase activity was determined by measuring the release 
of inorganic phosphate (Pi) (Kłobus and Janicka-Russak, 2004) and ex-
pressed as the difference between the activities measured in the absence 
and presence of Na3VO4.

Transcriptome analysis
Plants were subjected to 75 mM NaCl stress for 24 h. The root apex (0–5 mm 
from the tip) was then harvested. Total RNA was isolated using a TRIzol 
kit (Invitrogen, Carlsbad, CA, USA) with three biological replicates for each 
treatment. RNA concentration was measured in a Qubit® 2.0 Flurometer 
(Life Technologies, CA, USA). RNA integrity was assessed using the RNA 
Nano 6000 Assay Kit in the Bioanalyzer 2100 system (Agilent Technologies, 
CA, USA). Library construction and RNA sequencing (RNA-seq) were 
conducted by the Novogene Bioinformatics Institute (Beijing, China) on a 
HiSeq 4000 platform (Illumina, San Diego, CA, USA).

Clean data reads were obtained by removing low quality reads from the 
raw data and then mapped to the cucumber (Chinese Long) and Cucurbita 
moschata (Rifu) genome assembly using TopHat v2.0.12 (Trapnell et al., 
2009). Fragments per kilobase of transcript sequence per million base pairs 
sequenced (FPKM) were calculated using HTSeq v0.6.1 to estimate gene 
expression levels. Differential expression analysis of RNA-seq between 
NaCl and control for cucumber and pumpkin was performed using the 
edgeR package (Robinson et al., 2010). The resulting P-values were ad-
justed using the Benjamini and Hochberg’s approach for controlling the 
false discovery rate (FDR). Genes with FDR <0.01 and |log2foldchange 
(log2FC)|>2 were assigned as DEGs. The identified DEGs were then 
subjected to GO (Gene Ontology) enrichment analyses by using the GO 
enrichment Tool from the Cucurbit Genomics Database website (http://
cucurbitgenomics.org). GO terms with corrected P-value <0.05 were 
considered significantly enriched. RNA-seq data were deposited in the 
National Center for Biotechnology Information (NCBI) Sequence Read 
Archive (SRA) under accession number PRJNA437579.

Quantitative real-time PCR (qRT-PCR)
Twenty-three genes were selected to carry out qRT-PCR for determin-
ation of the DEG results of RNA-seq. In addition, relative expression 
of RBOHD, GRF, AHA, and HAK5 was also determined after 24 h of 
exposure to 75 mM NaCl, with or without pre-treatment with DPI and 
H2O2. We amplified the PCR products in triplicate using 1× Top Green 
qPCR SuperMix (TransGen Biotech, Inc., Beijing, China) in 10  μl of 
qRT-PCR assays. The PCR was performed using the ABI 7000 machine 
(Applied Biosystems), and the cycling conditions consisted of denaturation 
at 94 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 5 s, 
annealing at 55 °C for 15 s, and extension at 72 °C for 15 s. The specific 
primers (Supplementary Table S1 at JXB online) were designed based on 
the published mRNA of cucumber (Chinese Long) and Cucurbita moschata 
(Rifu) on the Cucurbit Genomics Database (http://cucurbitgenomics.
org/) using Primer 5 software. The relative gene expression was deter-
mined as previously described by Livak and Schmittgen (2001).

Functional analysis of pumpkin RBOHD by CRISPR/Cas9 
genome editing and ectopic expression in Arabidopsis
Generation of RBOHD mutation mediated by CRISPR/Cas9 [clus-
tered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated protein 9] in the hairy root transformation system 
of pumpkin was conducted following the methods described by Hu 
et  al. (2017) and Kirchner et  al. (2017). The genome DNA sequence 
of RBOHD was downloaded from the Cucurbit Genomics Database 
(http://cucurbitgenomics.org/), and the small guide RNA (sgRNA) 
was designed by Geneious (Bioinformatics Software for Sequence Data 
Analysis). The construct (pKSE402) containing the Cas9 nuclease and 
the sgRNA were delivered by the Agrobacterium rhizogenes (Ar Qual)-
mediated hairy root transformation technique, and a successful transform-
ation was monitored by green fluorescent protein (GFP) fluorescence. 
The non-transgenic roots were cut off and plants with transgenic roots 
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were cultivated further. For the verification of the gene editing, the gene 
region including the sgRNA region was amplified by PCR (RBOHD 
Forward,TTCGGACGCAGATGGAAGAA; RBOHD Reverse, 
TTAGAACTCGGCTGTCGCTC), and was sequenced and compared 
with the control (empty vector). The regenerated pumpkin plants at the 
fourth true leaf stage were treated with 75 mM NaCl as described by Niu 
et al. (2018). Relative plant dry weight (NaCl/control) and K+ content in 
the root apex (0–5 mm from the tip) were measured at day 12 after salt 
treatment. H2O2 content and relative gene expression (NaCl/control) in 
the root apex were measured at 24 h after salt treatment. The methods for 
K+ and H2O2 determination and gene (RBOHD, GRF12, AHA1/9/11, 
and HAK5) expression analysis by qRT-PCR were described above. The 
specific primers are listed in Supplementary Table S1.

For the ectopic expression of pumpkin RBOHD in wild-type (WT) 
Arabidopsis (Columbia-0), RBOHD was cloned, and transgenic Arabidopsis 
plants were generated following the method described by Cao et al. (2017). 
Arabidopsis T3 homozygous lines were used for the salt experiment. All the 
Arabidopsis plants were grown at 22–24 °C under a 16 h light (100 µmol 
m−2 s−1) and 8 h dark photoperiod. Seeds were imbibed at 4 °C for 2 d 
and geminated on Murashige and Skoog (MS) Petri dishes containing 
0.5% phytagel and 3.0% sucrose in a light growth chamber. For salt toler-
ance assays, 10-day-old seedlings grown on MS medium were transferred 
to medium containing 75 mM NaCl. At 24 h after salt treatment, gene 

expression (NaCl/control) was analyzed in the root apex (0–5 mm from 
the tip) of RBOHD ectopic expression (OE-RBOHD) and WT plants. 
Plant fresh weight and K+ content of the whole plant were measured at 
day 7 after salt treatment. The methods for K+ and gene (RBOHD, GRF12, 
AHA1/5/9/11, and HAK5) expression analysis by qRT-PCR were de-
scribed above. The specific primers are listed in Supplementary Table S1.

Statistical analysis
Data were presented as the means of 3–6 biological replicates. Duncan’s 
multiple range tests were used to evaluate significant differences between 
treatments at P<0.05. Student’s two-sample t-test was also used for com-
paring the means of two independent samples. Statistical analyses were 
performed using SAS version 8.0 (SAS Institute Inc., Cary, NC, USA).

Results

The difference in salt tolerance between pumpkin and 
cucumber is conferred by the root apex

Pumpkin species have higher salt tolerance than cucumber 
(Supplementary Fig. S1; see also Zhu et al., 2006; Huang et al., 
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2013; Lei et al., 2014). This difference originates from the su-
perior ability of pumpkin to maintain viability of the apical 
cells (Fig. 1A, B, D). Unlike the root apex, the mature zone of 
both species showed less loss of viability under salt stress, and 
there was no difference between cucumber and pumpkin (Fig. 
1C, E). Salinity treatment significantly decreased K+ content 
in the root apex of cucumber (by ~20%) but it remained un-
changed in pumpkin (Fig. 2A). At the same time, K+ content 

between the two species was similar in the mature zone under 
salt stress (Fig. 2B).

Salinity induced a higher genome-wide expression 
level in pumpkin

RNA-seq was used to investigate the molecular response of the 
two species to salinity (Fig. 3A–F). High-quality transcriptome 
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readings were obtained, as shown by the sequencing data 
quality (Supplementary Table S2), transcriptome assembly 
evaluation (Supplementary Table S3), Pearson correlation be-
tween samples (Supplementary Table S4), and the validation by 
qRT-PCR (Fig. 4A, B). The genome-wide expression level was 
distinctly higher in pumpkin compared with cucumber, as re-
vealed by a higher relative value of the FPKM interval of 3–15, 
15–60, and >60 under NaCl stress, compared with control (Fig. 
3A–E). Salinity decreased the percentage of ‘FPKM interval 
>60’ by 10% in cucumber, but increased it by 8% in pumpkin 
(Fig. 3A–E). Meanwhile, salinity induced 5816 (3005 up- and 
2811 down-) and 4679 (3965 up- and 714 down-) DEGs in 
cucumber and pumpkin, respectively (Fig. 3F; Supplementary 
Tables S5, S6), suggesting that the percentage of up-regulated 
DEGs was higher in pumpkin (85%) than in cucumber (51%). 
In cucumber, DEGs related to membrane transport were sig-
nificantly enriched in GO terms, namely transporter activity 
(GO:0005215) (Supplementary Table S7). In pumpkin, GO 
terms related to membrane transport including secondary ac-
tive transmembrane transporter activity (GO:0015291), trans-
porter activity (GO:0005215), transmembrane transporter 
activity (GO:0022857), antiporter activity (GO:0015297), and 
active transmembrane transporter activity (GO:0022804) were 
significantly enriched (Supplementary Table S8).

Pumpkin species had higher expression of DEGs 
involved in K+ transport and cell division but lower 
expression of those involved in cell death

There were 9 and 11 DEGs involved in K+ transport in cucumber 
and pumpkin, respectively (Table 1). In cucumber, two HAK5 
homologs (Csa4G001590 and Csa4G007060) and one AKT1 
homolog (Csa3G878850) were found. In pumpkin, there were three 
HAK5 homologs (CmoCh14G009180, CmoCh17G010860, and 
CmoCh08G004000) (Table 1). The average log2FC of HAK5 
homologs was –0.04 in cucumber, while the value was 4.36 in 
pumpkin (Table 1). Two of the three DEGs involved in cell div-
ision were down-regulated, and all eight DEGs involved in cell 
death were up-regulated in cucumber (Table 1). In pumpkin, one 
DEG (CmoCh14G001330) involved in cell division and two 
DEGs (CmoCh13G008030 and CmoCh13G008040) involved 
in cell death were up-regulated (Table 1).

Salt-tolerant pumpkin up-regulates DEGs encoding 
respiratory burst oxidase (NADPH oxidase), 14-3-3 
protein, and PM H+-ATPase under salt stress

There were two and three DEGs encoding respiratory burst 
oxidase (NADPH oxidase) in cucumber and pumpkin, re-
spectively (Table 2). Among them, Csa5G529950 (RBOHE) 
and Csa5G152170 (RBOHF) were down-regulated in cu-
cumber and CmoCh06G017360 and CmoCh14G010850 
(RBOHD) were up-regulated in pumpkin (Table 2). The 
average log2FC of RBOH homologs was –3.15 in cucumber, 
while the value was 2.45 in pumpkin (Table 2). There were 
two DEGs (Csa3G890040 and Csa2G372150) encoding 
14-3-3 protein in cucumber; both were down-regulated 

(Table 2). One DEG encoding 14-3-3 protein was ob-
served in pumpkin, and it was up-regulated (Table 2). In cu-
cumber, two out of five DEGs encoding PM H+-ATPase were 
down-regulated (Csa1G423270 and Csa1G045600); while 
three others were up-regulated (Table 2). In pumpkin, all 
three DEGs (CmoCh11G003690, CmoCh14G013950, and 
CmoCh04G028780) were up-regulated (Table 2). The average 
log2FC of AHA homologs was 1.0 in cucumber, while the 
value was 3.71 in pumpkin (Table 2).

NADPH oxidase-dependent H2O2 signaling is essential 
for the salt tolerance of pumpkin and is upstream of 
the PM H+-ATPase-mediated K+ uptake

To determine the possible involvement of H2O2 signaling in salt 
tolerance, the levels of H2O2 in cucumber and pumpkin were 
measured (Fig. 5A, B). The H2O2 level was significantly higher 
in the roots of pumpkin than in those of cucumber, when visu-
alized using the H2DCF-DA fluorescence probe (Fig. 5A), and 
quantified by spectrophotometry tools (Fig. 5B). An NADPH 
oxidase inhibitor, DPI, was used to investigate the potential role 
of the RBOH-dependent H2O2 production in regulating root 
K+ uptake (Figs 6A–D, 7A–J). Inhibition of the NADPH oxidase 
resulted in a significantly lower expression of RBOHD, GRF12 
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(encoding 14-3-3 protein), AHA1 (encoding PM H+-ATPase), 
and HAK5, reduced PM H+-ATPase activity, and smaller K+ 
influx in pumpkin (Figs 6C, D, 7B, D, F, H, J). In contrast, in 
cucumber, NADPH oxidase inhibitor did not result in a signifi-
cant difference in GRF8, AHA11, and HAK5 expression, PM 
H+-ATPase activity, and K+ flux (Fig. 7A, C, E, G, I). In addition, 
exogenous application of H2O2 significantly increased the above 
parameters in both species (Fig. 7A–J). Taken together, these data 
suggest that RBOHD-dependent H2O2 operates upstream of 
H+-ATPase and 14-3-3 protein, and affects K+ uptake via regu-
lation of H+-ATPase in pumpkin.

Functional analysis of pumpkin RBOHD showed that 
H2O2 signaling is essential for K+ uptake and salt 
tolerance at the genetic level

The CRISPR/Cas9 system has emerged as a robust tech-
nology for efficient genome editing, and has been successfully 

applied in many crops (Hu et al., 2017; Kirchner et al., 2017). 
Since stable transgenic pumpkin plants require a relatively long 
time (~12 months) to develop, we opted to use hairy roots as a 
model system which only take ~2 months (Supplementary Fig. 
S2A–F). In this study, we set out to test the function of pumpkin 
RBOHD by hairy root transformation using A.  rhizogenes 
combined with the CRISPR/Cas9 system. Compared with 
control (empty vector), deletions of two nucleotides (TT) 
were observed in rbohd-cas9 mutant pumpkin plants (Fig. 
8A), resulting in a loss-of-function mutation in RBOHD. 
The rbohd-cas9 mutant had significantly lower salt tolerance, 
as indicated by the relative plant dry weight (Fig. 8B, E),  
and H2O2 and K+ content, as well as expression of RBOHD, 
GRF12, AHA1/9/11, and HAK5 (Fig. 8C, D, F). In this 
study, the function of pumpkin RBOHD was also inves-
tigated by the ectopic expression system in Arabidopsis 
(Supplementary Fig. S3). Compared with the WT, ectopic ex-
pression of RBOHD (OE-RBOHD) significantly increased 

Table 1. A summary of the differentially expressed genes (DEGs) (significant at FDR <0.01, |log2FC|>2) involved in potassium transport, 
cell division, and cell death in the transcriptome of cucumber and pumpkin

ID Log2FC Annotation Arabidopsis homologs

Cucumber
Csa4G001590 2.78 Potassium transporter AT4G13420/HAK5
Csa4G007060 –2.86 Potassium transporter AT4G13420/HAK5
Csa3G878850 4.60 Voltage-dependent potassium channel AT2G26650/AKT1
Csa5G220400 –2.03 Potassium transporter AT2G40540/KUP2
Csa1G532340 2.98 Potassium transporter AT2G30070/KUP1
Csa3G835810 –3.88 Potassium transporter AT1G70300/KUP6
Csa4G107490 3.15 Potassium transporter AT5G09400/KUP7
Csa5G070180 –2.28 Potassium transporter AT5G09400/KUP7
Csa7G098760 –2.28 Outward rectifying potassium channel AT5G55630/TPK1
Csa7G343310 –3.48 Cell division control protein 45 AT3G25100/CDC45
Csa1G571790 2.13 Cell division cycle protein AT4G05440/EDA35
Csa4G095030 –2.43 Cell division cycle-associated 7-like protein AT5G38690/unknown
Csa3G121010 2.04 Programmed cell death protein AT2G46200/unknown
Csa6G014680 3.18 Programmed cell death protein 2-like protein AT5G64830/unknown
Csa1G050020 2.03 Programmed cell death protein AT5G63190/MRF1
Csa5G608410 2.32 Programmed cell death 6 interacting protein AT1G13310/unknown
Csa1G701950 3.06 Development and Cell Death domain protein AT2G35140/DCD
Csa4G052730 3.06 Development and Cell Death domain protein AT5G42050/DCD
CsaUNG029290 2.41 Development and Cell Death domain protein AT2G32910/DCD
Csa4G007630 2.90 Development and Cell Death domain protein AT5G61910/DCD
Pumpkin    
CmoCh14G009180 2.96 Potassium transporter AT4G13420/HAK5
CmoCh17G010860 4.19 Potassium transporter AT4G13420/HAK5
CmoCh08G004000 5.94 Potassium transporter AT4G13420/HAK5
CmoCh11G017020 –2.18 Potassium transporter AT1G70300/KUP6
CmoCh13G008810 2.45 Potassium transporter AT2G35060/KUP11
CmoCh13G008820 2.37 Potassium transporter AT1G31120/KUP10
CmoCh15G007530 2.25 Potassium voltage-gated channel AT3G02850/SKOR
CmoCh04G017080 4.32 Potassium voltage-gated channel At2G02710/TLP1
CmoCh11G014470 2.59 Glutathione-regulated potassium-efflux protein AT4G04850/KEA3
CmoCh01G011250 –2.22 Outward rectifying potassium channel AT5G55630/TPK1
CmoCh10G005870 2.24 Outward-rectifying potassium channel AT3G15760/unknown
CmoCh14G001330 6.05 FtsJ cell division protein-like AT5G02220/unknown
CmoCh13G008030 2.31 Programmed cell death protein AT5G63190/MRF1
CmoCh13G008040 2.14 Programmed cell death protein AT5G63190/MRF1

Measurements were taken in the root apex (0–5 mm from the tip) in plants exposed to 75 mM NaCl for 24 h.
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plant fresh weight (Fig. 9A, B), K+ content, and RBOHD, 
GRF12, AHA1/5/9/11, and HAK5 expression (Fig. 9C, D). 
These genetic results strongly demonstrated that RBOHD-
dependent H2O2 signaling is essential for K+ uptake and salt 
tolerance of pumpkin.

Discussion

In this work, we describe a novel mechanism that contributes 
to differential salinity tolerance amongst Cucurbitaceae spe-
cies, namely RBOHD-dependent H2O2 signaling to the PM 
H+-ATPase that results in improved HAK5-mediated K+ up-
take and a salt-tolerant phenotype. The supporting arguments 
are given below.

Maintenance of K+ homeostasis in the root apex is 
critical for salt tolerance in pumpkin

Maintenance of K+ homeostasis is essential for enzyme activ-
ities, ionic and pH homeostasis, and charge balance (Dreyer 
and Uozumi, 2011), and salinity stress results in a K+ loss from 
plant roots (Shabala and Pottosin, 2014). A strong correlation 
between the root’s K+ retention ability and plant salinity stress 
tolerance was reported for several species including wheat 
(Cuin et al., 2008), barley (Chen et al., 2007), poplar (Sun et al., 
2009), and cucumber (Redwan et al., 2016). Our present study 
demonstrated that K+ retention in the root apex, but not the 
mature zone, is important for the salt tolerance of pumpkin, 
possibly due to the higher cell division and metabolic demand 
for K+ in the root tip.
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Fig. 5. Endogenous H2O2 level in the root apex of cucumber and pumpkin exposed to 75 mM NaCl for 24 h. H2O2 levels were measured by using 
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Table 2. A summary of the differentially expressed genes (DEGs) (significant at FDR<0.01, |log2FC|>2) encoding NADPH oxidase 
(respiratory burst oxidase), 14-3-3 protein, and PM H+-ATPase in the transcriptome of cucumber and pumpkin

ID Log2FC Annotation Arabidopsis homologs

Cucumber
Csa5G529950 –3.22 Respiratory burst oxidase AT1G19230/RBOHE
Csa5G152170 –3.07 Respiratory burst oxidase AT1G64060/RBOHF
Csa3G890040 –2.28 14-3-3 protein AT5G65430/GRF8
Csa2G372150 –2.70 14-3-3 protein AT5G65430/GRF8
Csa2G378540 6.43 Plasma membrane H+-ATPase AT2G24520/AHA5
Csa1G423270 –3.08 Plasma membrane H+-ATPase AT2G24520/AHA5
Csa4G006220 2.96 Plasma membrane H+-ATPase AT1G80660/AHA9
Csa1G045600 –3.80 Plasma membrane H+-ATPase AT5G62670/AHA11
Csa5G635370 2.48 Plasma membrane H+-ATPase AT5G62670/AHA11
Pumpkin
CmoCh06G017360 5.20 Respiratory burst oxidase AT5G47910/RBOHD
CmoCh14G010850 4.16 Respiratory burst oxidase AT5G47910/RBOHD
CmoCh11G002090 –2.01 Respiratory burst oxidase AT1G64060/RBOHF
CmoCh01G016540 4.25 14-3-3 protein AT1G26480/GRF12
CmoCh11G003690 4.30 Plasma membrane H+-ATPase AT2G18960/AHA1
CmoCh14G013950 2.60 Plasma membrane H+-ATPase AT1G80660/AHA9
CmoCh04G028780 4.22 Plasma membrane H+-ATPase AT5G62670/AHA11

Measurements were taken in the root apex (0–5 mm from the tip) in plants exposed to 75 mM NaCl for 24 h.
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HAK5 contributes to the K+ accumulation in the root 
apex of pumpkin

HAK5 is one of the primary players in K+ uptake into roots 
under low K+ concentrations (Shin and Schachtman, 2004; 
Jung et  al., 2009; Véry et  al., 2014). In this study, no DEGs 
encoding AKT1 were observed in pumpkin, and pumpkin had 
significantly higher HAK5 expression under salt stress than cu-
cumber. This is consistent with higher K+ influx (Fig. 7I, J), 
suggesting that HAK5 contributes to the K+ accumulation in 
salt-tolerant pumpkin species. Jiang et  al. (2013) found that 
ethylene promotes the accumulation of K+ via an AtrbohF-
independent mechanism, possibly via an increase in the level of 
transcripts encoding AtHAK5 in saline conditions.

Higher AHA expression and PM H+-ATPase activity are 
responsible for the K+ uptake in the roots of pumpkin 
during salt stress

HAK5 is a K+/H+ symporter, so a higher rate of H+ efflux via 
H+-ATPase may create steeper H+ gradients, hence being a 
driving force for K+ uptake (Scherzer et al., 2015). Pre-treating 
pumpkin roots with 20 µM DPI significantly decreased AHA 
expression and PM H+-ATPase activity, decreasing K+ in-
flux (Fig. 7B, D, F, H, J). This indicates that pumpkin roots 
rely heavily on PM H+-ATPase for the regulation of K+ up-
take during salt stress, at both the transcriptional and protein 

(enzyme activity) level. The H+-ATPase activity can be af-
fected by the cytosolic K+ concentration, and vice versa, as it 
was shown that the plant PM H+-ATPase is regulated by K+ 
bound to the proton pump at a site involving Asp617 in the 
cytoplasmic phosphorylation domain, suggesting a role for K+ 
as an intrinsic uncoupler (Buch-Pedersen et al., 2006).

H2O2 probably regulates PM H+-ATPase through 
14-3-3 protein binding in pumpkin under salt stress

Despite the wealth of evidence indicating that H+-ATPase 
activity confers regulation of K+ homeostasis (Shabala et  al., 
2016), the exact molecular mechanism whereby H2O2 regu-
lates H+-ATPase remains largely unknown (Majumdar and Kar, 
2018). In addition to the transcriptional control, phosphoryl-
ation of the PM H+-ATPase plays a major role in its regula-
tion (Falhof et al., 2016). Our study revealed the presence of 7 
and 14 AHA members in cucumber and pumpkin, respectively 
(Supplementary Table S9). Only 3 of 14 AHA members in 
pumpkin were regulated at the transcriptional level, implying 
that post-transcriptional control may be more critical for other 
AHA members in this species. Phosphorylation of several Thr 
and Ser residues in the C-terminal region is crucial for the 
regulation of PM H+-ATPase activity (Rudashevskaya et  al., 
2012). 14-3-3 proteins interact directly with the C-terminal 
region of the Thr947 phosphorylation site to activate PM H+-
ATPase (Jahn et  al., 1997; Svennelid et  al., 1999). Salt stress 
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induces phosphorylation and 14-3-3 protein binding to PM 
H+-ATPase (Janicka-Russak et al., 2013). In pumpkin, salinity 
up-regulated the expression of GRF12 which encodes 14-3-3 
protein (Table 2), and DPI treatment decreased the expression 
of GRF12 (Fig. 7B), suggesting that H2O2 regulates PM H+ 
ATPase through 14-3-3 protein.

RBOHD is essential for H2O2 production in pumpkin 
under salt stress

NADPH oxidases represent an important source of apoplastic 
ROS production. They transfer electrons across the PM from 
the cytoplasmic NADPH to molecular oxygen to produce 
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O2· 
−, which can be dismutated to H2O2 either spontaneously 

or by the apoplastic superoxide dismutases (Waszczak et  al., 
2018). The Arabidopsis genome contains 10 genes for the 
RBOH isoforms (Suzuki et al., 2011). Two specific isoforms, 
RBOHD and RBOHF, seem to be critical to salt stress re-
sponses (Xie et al., 2011; Ma et al., 2012). There are 8 and 12 
genes for the RBOH isoforms in cucumber and pumpkin 
(Supplementary Table S10) genomes, respectively. This study 
showed that RBOHD is the key member for H2O2 production 

in pumpkin, as only RBOHD was found to be up-regulated 
under salt stress (Table 1). In addition, RBOHD expression 
was consistent with H2O2 accumulation in the root apex 
of pumpkin at different times of salt stress (Fig. 6A, B). In 
Arabidopsis, it was shown that a ROS-assisted calcium wave, 
which was dependent on the AtRBOHD NADPH oxidase, 
propagates the systemic response to salt stress (Evans et  al., 
2016). In this study, the importance of RBOHD in the salt tol-
erance of pumpkin was also verified at the genetic level. Using 
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Fig. 8. CRISPR/Cas9-induced nucleotide deletion (TT) in pumpkin RBOHD (A, rbohd-cas9 mutant) results in a salt-sensitive phenotype (B). (C, D) K+ and 
H2O2 content of empty vector-transformed and rbohd-cas9 mutant pumpkin plants under control and NaCl stress conditions, respectively. (E) Relative plant 
dry weight (NaCl/control); (F) relative expression of RBOHD, GRF12, AHA1/9/11, and HAK5 genes (NaCl/control). Values are the mean ±SE (n=4). Different 
letters indicate a significant difference at P<0.05 according to Duncan’s multiple range tests. * and ** indicate a significant difference at P<0.05 and 0.01 
levels between empty vector-transformed and rbohd-cas9 mutant plants by Student’s t-tests. Plant pictures were taken and relative plant dry weight and K+ 
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pumpkin CRISPR/Cas9-mediated genome editing and ec-
topic expression of pumpkin RBOHD in Arabidopsis, our 
study explicitly demonstrated that RBOHD-mediated activa-
tion of PM H+-ATPase results in a salt-tolerant phenotype, as a 
result of enhanced K+ uptake mediated by HAK5 transporters.

Compared with other cucurbit genera, such as cucumber 
(2n=14), Cucurbita has a higher chromosome number (2n=40) 
(Bisognin, 2002). A recent study provided evidence supporting 
an allotetraploidization event in Cucurbita (Sun et  al., 2017). 
The ploidy level was shown to be causally related to salinity 
tolerance (Yang et al., 2014), and both K+ uptake (Chao et al., 
2013) and operation of RBOH (Liu et al., 2019; Shabala, 2019) 
were found to be more efficient in polyploids. This work is 
fully consistent with these recent findings, demonstrating that 
the larger number of genes in the AHA and RBOH family in 

pumpkin lead to its superior salinity tolerance, as compared 
with cucumber.

Conclusions

The results reported here demonstrate that the superior sal-
inity stress tolerance in pumpkin was conferred by its better 
ability to take up K+ in the root apex (Fig. 10). This trait was 
mediated by a HAK5 transporter that operated downstream of 
RBOH-generated H2O2 signaling that resulted in increased 
AHA expression and post-translational regulation of the PM 
H+-ATPase (most probably via 14-3-3 proteins) (Fig. 10). As 
a result, pumpkin can accumulate more K+ in the root apex, 
thus preventing programmed cell death in this tissue and hence 
displaying superior salinity stress tolerance.
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Supplementary data

Supplementary data are available at JXB online.
Fig. S1. Effect of NaCl stress on the root morphological 

parameters in cucumber and pumpkin.
Fig. S2. Generation of the pumpkin rbohd-cas9 mutant by 

CRISPR/Cas9 in the hairy root transformation system.
Fig. S3. Ectopic expression of pumpkin RBOHD in 

Arabidopsis plants (OE-RBOHD) under control and 75 mM 
NaCl stress (24 h) conditions.

Table S1. List of primer sequences used for qRT-PCR and 
RT-PCR analysis.

Table S2. Sequencing data quality.
Table S3. Transcriptome assembly evaluation.
Table S4. Pearson correlation between samples.
Table S5. Significant differentially expressed (FDR<0.01, 

|log2FC|>2) genes in the transcriptome of cucumber under 
NaCl stress compared with control.

Table S6. Significant differentially expressed (FDR<0.01, 
|log2FC|>2) genes in the transcriptome of pumpkin under 
NaCl stress compared with control.

Table S7. Summary of Gene Ontology biological process, 
cellular component, and molecular function terms significantly 
enriched in differentially expressed genes in the cucumber 
transcriptome in response to NaCl stress.

Table S8. Summary of Gene Ontology biological process, 
cellular component, and molecular function terms significantly 
enriched in differentially expressed genes in the pumpkin tran-
scriptome in response to NaCl stress.

Table S9. The characteristics of AHA family members in cu-
cumber and pumpkin.

Table S10. The characteristics of RBOH family members in 
cucumber and pumpkin.
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