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Abstract: Recently, grafting has been used to improve abiotic stress resistance in crops. Here, using
watermelon “Zaojia 8424’ (Citrullus lanatus) as scions, three different gourds (Lagenaria siceraria, 0526,
2505, and 1226) as rootstocks, and non-grafted plants as controls (different plants were abbreviated
as 0526, 2505, 1226, and 8424), the effect of cold stress on various physiological and molecular param-
eters was investigated. The results demonstrate that the improved cold tolerance of gourd-grafted
watermelon was associated with higher chlorophyll and proline content, and lower malondialdehyde
(MDA) content, compared to 8424 under cold stress. Furthermore, grafted watermelons accumu-
lated fewer reactive oxygen species (ROS), accompanied by enhanced antioxidant activity and a
higher expression of enzymes related to the Calvin cycle. In conclusion, watermelons with 2505 and
0526 rootstocks were more resilient compared to 1226 and 8424. These results confirm that using
tolerant rootstocks may be an efficient adaptation strategy for improving abiotic stress tolerance in
watermelon.
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1. Introduction

Cold stress is one of the key environmental factors that severely affect plant growth
and development, especially for watermelon (Citrullus lanatus). Watermelon is an important
global fruit due to its economic importance and nutritional qualities, it contains a great
quantity of antioxidants and may mitigate oxidative damage in tissues. Originating from
Africa and tropical regions in Asia, watermelon is sensitive to low temperatures. The best
growing conditions for watermelon are between 21 and 29 °C. When the temperature
drops to 10 °C, watermelon stops growing and it even dies at temperatures below 1 °C [1].
Extreme weather frequently occurs in China, especially during the seedling stage, such
as winter, late autumn, and early spring, in which watermelon usually suffers cold stress.
Thus, it is hard to grow the fruit and obtain high yields. Therefore, the study of how to
improve cold resistance in watermelon has become a vital part of watermelon breeding
projects. One way to improve cold tolerance is to graft plants onto rootstocks with higher
cold tolerance [2-7].

Grafting originated in Japan in the late 1920s and was initially used to improve
resistance to soil pathogens [8]. Since then, the use of grafting has spread around the world.
In Korea and Japan, approximately 95% and 92% of the land area, respectively, is cultivated
with grafted watermelon [9]. Recently, grafting was proposed as a promising approach to
improve tolerance to abiotic stress and can represent an efficient technique for reducing
or eliminating losses in production. Over the years, many studies have demonstrated the
ability of grafting to enhance salt tolerance in different plants, such as melon (Cucumis melo
L.) [10], pumpkin (Cucurbita moschata D.) [4], cucumber (Cucumis sativus L.) [11], grapevines
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(Vitis vinifera L.) [12], and watermelon [13]. Other studies have demonstrated that grafting
induces resistance to high temperatures [14] and water stress [15], improves the yield and
quality of watermelon under low potassium supply [16], and enhances nutrient uptake [17],
among other things. However, to date, there are few studies concerning the results of
grafting with appropriate rootstocks for cold tolerance in watermelon.

Accumulating evidence has demonstrated that certain stresses lead to oxidative stress
by overproducing reactive oxygen species (ROS), such as superoxide anions (O, ™) and
hydrogen peroxide (H;O;). The improved performance of grafted plants, especially under
abiotic stress, is usually associated with the higher accumulation of osmolytes, such as
proline, as well as higher antioxidant enzyme activity, such as that of superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT), which protect the cellular systems from the
cytotoxic damage by ROS [18,19]. Moreover, some studies have shown that grafted plants
have enhanced tolerance to stress via the induced the expression of some key genes, espe-
cially those related to photosynthesis. Li et al. [20] identified novel photosynthetic proteins
in grafted cucumber seedlings. Similarly, Yang et al. [21] found that the amelioration of
photosynthetic capacity in grafted watermelon seedlings under salt stress might be due
to enzymes of the Calvin cycle. They further proved that rootstock grafting watermelon
seedlings enhanced the gene expression of enzymes related to ribulose-1,5-bisphosphate
(RuBP) regeneration under salt stress [22]. Xu et al. [7], who analyzed the transcriptomic
results of grafted watermelon under cold stress, found 702 genes that were differentially
expressed, among which 180 genes associated with photosynthesis were downregulated.
These studies demonstrated that rootstocks could regulate gene expression patterns, espe-
cially those related to photosynthesis, in scions under stress.

Recently, different authors have demonstrated that the effects of grafting on plant
growth and stress tolerance depend on different rootstocks [12,13,23,24]. Therefore, select-
ing suitable rootstocks with higher compatibility and resistance is a promising strategy.
However, studies on rootstock screening to improve watermelon’s cold tolerance are lack-
ing and urgently required. Due to their vigorous root systems, bottle gourd (L. siceraria
Standl) and pumpkin have been used as rootstocks by watermelon growers to improve
fruit quality and sensory parameters [4]. Recently, some local bottle gourd genotypes that
may have potential for use as a rootstock against stress tolerance were selected and bred
by the Ningbo Academy of Agricultural Sciences, but no studies have been performed on
them. Information about the molecular responses of grafted watermelon to cold stress is
also limited. Therefore, this investigation aimed to understand the mechanisms by which
grafted watermelon can develop improved cold resistance. The ‘Zao]ia 8424” watermelon
was chosen for grafting onto three gourd rootstocks to evaluate ROS and osmolyte ac-
cumulation, membrane stability, antioxidant defense system, and the expression level
of photosynthesis-related genes. The performed study will help to explain cold-tolerant
mechanisms in grafted horticultural crops, which may be useful when exploring potential
rootstocks to improve watermelon cold tolerance.

2. Materials and Methods
2.1. Plant Material and Treatments

The watermelon (Citrullus lanatus (Thunb.) Matsum. and Nakai) cv. ZaoJia 8424 was
used as a scion, and two cold-tolerant gourds (L. siceraria Standl. cv. LS0525, and LS50526)
and a cold-sensitive gourd (L. siceraria Standl. cv. LS1226) were selected as rootstocks.
The rootstock-grafted watermelon plants have been abbreviated as 2505, 0526, and 1226,
respectively. The nongrafted watermelon plants (abbreviated as 8424) were used as controls.
The watermelon and gourds used here were selected and bred by the Ningbo Academy of
Agricultural Sciences of China.

The seeds of the gourds (rootstocks) and watermelons (scion and nongrafted plants)
were sown on May 5 and 8 in a sand/soil/peat (1:1:1 by volume) mixture. The scion
plants were grafted onto the rootstock six days after the watermelon scion seeds were
sown using the method of Lee [25]. To improve graft formation, transparent plastic film
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was used to cover the seedlings. All grafted seedlings were kept in the shade for 72 h.
To ensure the stability of relative humidity, the plastic film was opened every day and
completely removed 7 days after grafting. Then, all different seedlings were grown under
the following conditions in the greenhouse: approximately 28/23 £ 1 °C (D/N) with 60%
relative humidity, a 12 h photoperiod, and a photosynthetic photon flux density (PPFD) of
300 umol-m~2 - s~. After the third true leaves had fully unfolded, 12 plants of uniform size
from each group were transplanted into different pots (one seedling per pot) and cultivated
in an illuminating incubator under the controlled environment described above. After
another two days of acclimation, the plants were randomly distributed to two identical
illuminating incubators; one was a control group, and the other was a cold stress group.
The control group remained in the same conditions, while the experimental group was
subjected to cultivation for two days with a temperature of 20/15 °C (D/N) and then for
five days under 10/6 °C (D/N). Samples were collected at the same time, i.e., after one
week from both control and cold-stressed plants (2-day acclimation period and 5 days
under cold exposure). The third leaves from the tops of different groups were harvested
and used for HyO; and O, detection, each replicated three times. The remaining leaves
were also sampled immediately and frozen in liquid N, before being kept at —80 °C. Leaves
from the same position were used to measure the same parameter.

2.2. Chlorophyll Content and Plant Growth Measurements

Chlorophyll content was measured spectrophotometrically according to Porra et al. [26].
The height and stem diameter of seedlings from each treatment were measured using a
ruler and vernier caliper, respectively. The dry weights were determined after drying at
105 °C for 10 min and then at 70 °C for 72 h. The total number of leaves was counted on
each plant.

2.3. Measurements of ROS, MDA, and Proline Content

Histochemical staining of O~ was performed using nitroblue tetrazolium (NBT) [27].
Leaf stalks were immediately combined with 0.1% NBT (w/v) in 25 mmol L~! K-HEPES
buffer (pH7.8) and kept at 25 °C in the dark for 4 h. After the leaves were boiled in 95%
ethanol, they were photographed. The different staining colors indicated the different
degrees of lipid peroxidation.

Detection of H,O; in the leaves and measurements of O, generation, H,O,, and
MDA content were all carried out according to our previous methods [28]. Proline content
was analyzed according to the method of Bates et al. [29].

2.4. Antioxidant Enzyme Analysis

The extraction of antioxidant enzymes and the determination of those enzyme activ-
ities (SOD, CAT, and POD) were all carried out according to our previous methods [18],
while the activity of GPX was measured following Huang et al. [30]. Electrophoretic sepa-
ration of POD and CAT bands was performed as described by Lu et al. [18] and Woodbury
etal. [31].

2.5. Gene Expression Analysis

Leaves of different watermelons were used to extract total RNA using the TRI Reagent
(Takara Bio Inc. Dalian, China) according to the manufacturer’s protocol. Reverse tran-
scription reactions were performed using a PrimeScript RT Reagent Kit with genomic
DNA Eraser (Takara Bio Inc. Dalian, China). Suitable primers were designed based on
the National Center for Biotechnology Information (NCBI) and the watermelon genome
sequence in the cucurbit genomics database. All primers used in this study are provided
in Table 1. Quantitative gene expression analysis was performed using a Light Cycler 480
II, Roche Real Time PCR System (Roche Diagnostics Ltd., Basel, Switzerland). qPCR was
carried out in a 20 puL reaction mixture containing 1 pL diluted first-strand cDNA, 125 nM
of each primer, and 10 pL Lightcycler 480 SYBR Green I Master (Roche Diagnostics GmbH,
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Mannhein, Germany). The

2—AACt

method was used to determine the relative change in
gene expression [32], and melt curve analysis (from 55 to 94 °C) was used to determine the
specificity of PCR amplification. All measurements were performed in triplicate, and the

data are presented as the means and their standard errors.

Table 1. Gene-specific primers designed for qRT-PCR.

Gene Forward Primer Reverse Primer
rbcL TCTTGGCAGCATTCCGAGTAA TCGCAAATCCTCCAGACGTAG
TPI GAAATTCTTCGTCGGTGGC GAACCCAACAATTCCGTGCTG
FBPA GTTGGTCCCTATTGTGGAGCC CCTTGTAAACCGCAGC
FBPase TCACAGCCCTCGAATTTA CTTCGGAAACAAGGATACAAG
SBPase TCGAGGCCTTGAGATACTCAC GCCATCGCTGCTGTAACC
PRK GGGCTGAGAAGATTACC GAAGGATCTACAATCTCATGG

Note: rbcL: Rubisco large subunit (RBCL) gene; TPI: oftriose-3-phosphate isomerase gene; FBPA: fructose-1,6-
bisphosphate aldolase gene; FBPase: fructose-1,6-bisphosphatase gene; SBPase: sedoheptulose-1,7-bisphosphatase

gene; PRK: ribulose-5-phosphate kinase gene.

2.6. Statistical Methods

All data were statistically analyzed with SPSS 13.0 software (SPSS Chicago, IL, USA).
Two-way analyses of variance (ANOVA) were used to evaluate the effects of rootstock and
cold treatment. Tukey’s honestly significant difference (HSD, p < 0.05) post hoc test was
performed to test the existence of statistical differences between different rootstocks under

normal and cold-stressed conditions.

3. Results

3.1. Growth Parameters

Under control conditions, all the grafted seedlings exhibited higher growth rates
than non-grafted 8424, among which 2505 and 0526 exhibited the best performance trend,
followed by 1226 (Table 2). Cold stress caused remarkable changes, and the growth of
8424 was significantly inhibited, whereas the growth inhibition of grafted plants was
clearly alleviated, and the level significantly varied depending on rootstock genotypes,
among which 2505 and 0526 were better than 1226. All growth parameters under cold
stress decreased significantly compared with the control, with 2505 and 0526 having a
smaller decrease than 1226. These results indicate that grafting increased the tolerance of
watermelon seedlings to cold stress, and the degree of resistance depended on the rootstock.
These growth parameters were significantly influenced by both different rootstocks and

cold stress, and a significant interaction of rootstock and cold was observed (Table 2).

Table 2. Effects of graft combinations and cold stress on watermelon seedlings.

Treatment Seedlings Plant Height (cm)  Stem Diameter (mm) Dry Weight (g) Number of Leaves
2505 16.69 + 0.87 332+035¢ 1.04 +£0.11°¢ 9.11+051°¢
Normal 0526 17.08 + 0.28 290 + 0.27 @ 1.15 + 0.08 853 +0.60 ¢
1226 15.20 + 1.03 P 267 +0.16° 0.92 +0.07b 7.18 + 0.57 P
8424 8.47 +0.642 213 +0.12°2 051 +0.052 407 +0.652
2505 15.06 &+ 0.99 3.04 4+ 027b 0.92 +0.06 ¢ 7.62 +043¢
Cold 0526 15.82 + 0.43 d 247 +£0.19b 0.81+0.054 7.02 4+ 0.68P
1226 13.03 +0.82P 218 +0.14b 1.06 +0.10" 5.57 +0.48 b
8424 7.08 +0.382 1.81 +0.082 0.48 +0.042 3.82+0.312
Two way ANOVA
Fs 10.05 *** 5.33 ** 6.27 ** 3.97 **
Fc 6.85 *** 17.19 * 6.43 ** 10.58 **
Fsxc 3.27 %% 6.84 * 9.51* 2.20 **

Values are means of three replicates & standard error (SE). Small case superscript letters in the same column show statistically significant
differences among different rootstocks for the same parameter under normal and cold stress at p < 0.05 according to Tukey’s tests. Fs:
rootstock effect, Fc: cold effect, Fsyc: rootstock X cold interaction effect. *, **, and ***: significant at p < 0.05, 0.01, and 0.001, respectively.
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3.2. Chlorophyll Content

Photosynthetic pigments play a significant role in plant photosynthesis. Under control
conditions, the chlorophyll content of grafted watermelon was significantly higher than that
of non-grafted 8424 (Table 3). Under cold stress conditions, chlorophyll content decreased
significantly, and the reduction was greater in 8424 (37%) and 1226 (34%) than in 2505 (26%)
and 0526 (25%) compared with normal conditions (Table 3). No significant changes were
found in the ratios of Chl a/b under normal conditions, while the ratio of Chl a/b in grafted
seedlings was significantly higher than that in non-grafted 8424 under cold stress.

Table 3. Variability of total chlorophyll content and ratio of Chl a/b between different graft combina-
tions after cold stress.

Chlorophyll

Treatment Seedlings (mg g1 FW) Chl a/b
2505 1.84 +0.04P 346 £0.102
Normal 0526 1.86 + 0.02° 3414 0.032
1226 1.71 £ 0.07° 3.39 +0.082
8424 1.46 +£0.132 329 4+0.102
2505 1.36 + 0.03 ¢ 244 4+0.03¢
Cold 0526 1.39 £+ 0.03° 2.35+0.02¢
1226 1.13 £ 0.07 3 228 +0.04b
8424 0.92 +0.092 2.03+£0.022

Two-way ANOVA

Fs 10.15 ** 8.14 **

Fc 13.24 ** 6.82 **

Fsxc 12.49 * 9.37 *

Values are means of three replicates + standard error (SE). Small case superscript letters in the same column show
statistically significant differences among different rootstocks for the same parameter under normal and cold
stress at p < 0.05 according to Tukey’s tests. Fs: rootstock effect, Fc: cold effect, Fsc: rootstock X cold interaction
effect. *, **, and ***: significant at p < 0.05, 0.01, and 0.001, respectively.

3.3. Oxidative Stress Evaluation

The accumulation of HyO; in leaves was reflected by necrotic lesions, which were
easily detected by chlorophyll bleaching. Obviously, under control conditions (Figure 1A),
the accumulation of H,O, in grafted 1226 and non-grafted 8424 was higher than in grafted
2505 and 0526. Necrotic lesions were mainly located on the leaf base and main veins in
2505 and 0526 leaves, while in 1226 and 8424 leaves, even the small veins had brown spots.
Furthermore, significant brown spot accumulation was observed in 1226 and 8424 leaves
under cold stress conditions, while this phenomenon was slight in 2505 and 0526 leaves
(Figure 1A). The measurement of HyO; content (Figure 1C) matched the effects of H,O,
accumulation in leaves. Under control conditions, no significant difference was found in
H,O; content between grafted and non-grafted watermelons, whereas cold stress noticeably
increased the HyO; content in 8424 and 1226, which, compared with the controls, increased
by 56.3% and 21.1%, respectively.

Figure 1B shows the results of O, generation and accumulation in the inoculated
leaves by nitroblue tetrazolium staining. The trend in O, concentration was similar to that
of H,O;. Under control conditions, more dark blue staining was detected in 8424, followed
by 1226, whereas very little dark blue staining was found in 2505 and 0526. Cold stress
improved the accumulation of O, ™, which was reflected in greater NBT staining spots,
especially in 8424, where the blue color was sinificantly deepened. The influence of cold
stress on the O, ~ production rates of different seedlings was also measured (Figure 1D).
Under control conditions, no significant difference was observed between grafted seedlings
in terms of O, ~ production rate, whereas in 8424, the O, production rate was significantly
higher. Furthermore, cold stress induced a sharp increase in the O, production rate
in 8424 (34.0%), while a lower increase was observed in 2505, 0526, and 1226, the rates
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for which were increased by 26.8%, 24.3%, and 14.9%, respectively. The interaction of
rootstocks x cold stress significantly affected the H,O, content and O, production rate.

2505 8424 2505 0526 8424

g&g*qﬁﬁﬁéﬁ
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Grafted seedling Grafted seedling

Figure 1. Effects of cold stress on the accumulation of H;O, (A) and O, (B), as well as the content
of HyO, (C) and O, producing rate (D) in leaves of different watermelon seedlings. The numbers
0526, 2505, and 1226 represent watermelon grafted onto three different gourds, while 8424 means
non-grafted watermelon. Scale bars correspond to 2 cm. Data are the mean =+ SE. Bars with different
letters indicate a significant difference (p < 0.05).

3.4. Lipid Peroxidation and Proline Accumulation

Lipid peroxidation, reflected by MDA content, usually accompanies ROS accumula-
tion. Under control conditions, the MDA content was significantly higher in 8424 than
in grafted seedlings (Figure 2A). A sharp increase was observed when seedlings were
exposed to cold stress. The MDA content of 8424 underwent the greatest increase under
cold stress (50.0%), and 0526 and 1226 showed intermediate increases (39.5% and 34.1%,
respectively). A minimal increase was displayed by 2505 (18.6%). Under control conditions,
no significant differences in the level of proline content were observed between grafted
and non-grafted seedlings (Figure 2B). Although cold stress promoted leaf proline content,
a significantly greater increase was observed in grafted seedlings than in non-grafted 8424.
When compared with the corresponding controls, proline accumulation in 2505 and 1226
was increased by 79.2% and 66.9%, respectively, while in 0526 and 8424, the increase was
only 57.4% and 49.1%, respectively. Moreover, the interaction of rootstocks x cold stress
significantly affected the MDA and proline contents.

3.5. Antioxidant Enzyme Activity

The effect of cold stress on the activities of SOD, CAT, POD, and GPX in leaves of
different watermelons is shown in Figure 3A-D. SOD is the first enzyme in the enzymatic
antioxidative pathway. Under control conditions, SOD enzymatic activity was significantly
higher in grafted 2505 and 0526 than in grafted 1226 and non-grafted 8424 (Figure 3A). Cold
stress decreased the SOD activity of both grafted and self-rooted watermelons compared
with the control, while the reduction was less notable in 2505 and 0526 (25% and 28%,
respectively) than in 1226 and 8424 (31% and 32%, respectively). In contrast, cold stress
increased the CAT activity of both grafted and self-rooted seedlings (Figure 3B). However,
the values in grafted watermelons were significantly higher than those in non-grafted 8424



Horticulturae 2021, 7, 391

7 of 13

25

20

15

1.0

MDA content (nmol.g-1FW)

05

0.0

under both control and cold stress conditions. Conversely, the activity of POD was severely
inhibited in both grafted and non-grafted seedlings when they were exposed to cold stress
(Figure 3C). A lesser decrease was observed in plants grafted onto 0526 (17.7%), 1226
(23.4%), and 2505 (24.5%) than in non-grafted 8424 (30.3%). The GPX activity was reduced
by cold stress in non-grafted 8424 (25.2%) (Figure 3D), while in grafted seedlings, cold
stress led to a considerable increase in GPX activity (5.5%, 16.8%, and 21.3% for 0526, 2505,
and 1226, respectively). Moreover, the activities of those enzymes were all significantly
affected by the interaction of rootstocks x cold.
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Figure 2. Effects of low temperature on MDA (A) and proline (B) content in leaves of different grafted seedlings. Data are

the mean =+ SE. Bars with different letters indicate a significant difference (p < 0.05).
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Figure 3. Effect of low temperature on activities of SOD, CAT, POD, and GPX (A-D) in leaves of different grafted seedlings.
Data are the mean & SE. Bars with different letters indicate a significant difference (p < 0.05).

To evaluate the enzyme activity as stimulated by cold stress, polyacrylamide gel elec-
trophoresis analysis of enzyme isoform patterns was performed. No significant differences
were found in POD and GPX isoforms (data not shown), but there was a significant differ-
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ence in SOD and CAT isoforms (Figures 4 and 5). At least five isoforms were detected in
the leaves of different watermelon seedlings under both control and cold stress conditions,
while CAT 6 was only found under cold stress conditions. The cold-induced increase in
CAT enzyme activity coincided with the increased expression of CAT isoforms. Under
both control and stress conditions, the expression of CAT isoforms in grafted watermelons
was much higher than that in non-grafted 8424 (Figure 4). Conversely, the expression of
SOD isoforms was downregulated by cold stress (Figure 5). Under control conditions, at
least nine isoforms were detected in different seedlings, with SOD1-3 and 6-8 being the
major ones, while under cold stress conditions, the expression of these isoforms was greatly
diminished. Similar to CAT isoforms, the expression of SOD isoforms in grafted water-
melons was also much stronger than in non-grafted 8424, among which 0526 displayed
the highest expression, followed by 2505 and 1226. The differences observed in the SOD
isoform patterns match the changes in total SOD activity described above.

Figure 4. CAT isozymes in leaves of different grafted seedlings (different numbers represent different
bands).

Figure 5. SOD isozymes in leaves of different grafted seedlings (different numbers represent different
bands).

3.6. Gene Expression

Quantitative expression analyses were used to evaluate the association of the selected
genes with cold resistance, as well as their differential expression under stress conditions in
different watermelon seedlings, and the results are shown in Figure 6. Grafting increased
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the expressions of RbcL, TPI, FBPA, SBPase, and PRK, whereas the expression of FBPase
was only slightly upregulated in 0526, while it decreased in 2505 and 1226. The expression
of SBPase was significantly upregulated by cold stress in both grafted and non-grafted
seedlings, while the expressions of TPI, FBPA, and SBPase were only enhanced by cold
stress in grafted watermelons and decreased in non-grafted 8424. The expressions of RbcL
and PRK were reduced in all four seedlings by cold stress. The expression of these six
genes in grafted watermelons was higher than those in non-grafted 8424 under cold stress.
Moreover, the interaction of rootstocks x cold significantly affected the expressions of RbcL,

TPI, FBPA, and SBPase.
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Figure 6. qRT-PCR analysis of the studied genes. Total RNA was extracted from scion leaves, converted to cDNA, and
subjected to comparative real-time RT-PCR quantification. Relative transcript levels from qRT-PCR are the mean =+ SE of
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4. Discussion

Grafting is a widely used technique in plants for improving tolerance to abiotic
stress [10-13]. The results of the present study showed that grafted plant growth was
significantly better than that of non-grafted 8424, especially under cold stress (Table 1).
Furthermore, plants grafted on 2505 and 0526 rootstocks showed better tolerance to cold
stress than the plants grafted onto 1226. The results demonstrate that grafting improved
watermelon tolerance to cold stress, but the inhibition level varied depending on rootstock
genotypes. Similarly, Ramon et al. [17] reported that sweet pepper (Capsicum annuum L.),
when grafted with appropriate rootstocks, could overcome the negative effects of heat
stress conditions. Yan et al. [13] also stated that the use of ‘Kaijia No.1’ rather than ‘Jingxin
No.2" or ‘Quanneng Tiejia” improved watermelon salt tolerance. In the present study, the
superior performances of 2505 and 0526 under cold stress conditions were attributed to the
use of an appropriate rootstock, which can absorb more water and nutrients than 8424 and
1226. Our results indicate that rootstock genotypes might play a crucial role in resistance to
abiotic stress.

The chlorophyll content reflects the physiological status of plants and is closely related
to photosynthetic potential and primary production. The present study shows that the
chlorophyll content increased significantly in grafted plants under normal conditions
(Table 2), while no significant difference was found in the ratio of Chl a/b. Under cold
stress conditions, a reduction in chlorophyll content was observed in 8424 and grafted
watermelons, whereas these values were higher in the latter, indicating that the grafted
watermelon alleviated the photosynthetic inhibition induced by cold stress. Similarly, Yan
et al. [13] showed that the chlorophyll content increased in grafted watermelons under
salt stress conditions, and Tao et al. [33] also indicated that cucumber plants grafted onto
bitter melon (Momordica charantia L.) had higher chlorophyll contents than self-grafted
plants. The reduced chlorophyll content in stressed plants could be attributed to decreased
chlorophyll synthesis, faster chlorophyll degradation, or both.

Environmental stress leads to the accumulation of ROS, which are highly toxic to
plants, causing necrotic symptoms [34]. The ROS concentration is a good indicator of
oxidative stress. Our results show the greater accumulation of H,O; and O, in non-
grafted 8424 (Figure 1), whereas in gourd-grafted plants, this accumulation was relatively
lower, indicating that gourd grafting alleviated the inhibition of oxidative stress. This
difference was even clearer under cold stress conditions. Cold stress induced more severe
oxidative stress in non-grafted 8424 plants than in grafted plants, as manifested by their
high ROS accumulation. Among the three rootstocks, 2505 and 0526 were considered
more cold-resistant than 1226, which suggests that the different degrees of oxidative stress
induced by cold stress were closely related to the rootstock genotype. Similar observations
for cold tolerance in grafted grapevines (Vitis vinifera L.) [35] and salt tolerance in grafted
watermelons [13] have been reported, whereby plants using tolerant rootstocks displayed
lower ROS accumulation than those using sensitive rootstocks.

An increase in ROS accumulation under abiotic stress parallels increased lipid per-
oxidation. MDA, as the final product of peroxidation, is responsible for cell membrane
damage [36]. Our results show that, under control conditions, the degree of lipid peroxi-
dation in 8424 and 1226 was significantly higher than that in 0526 and 2505, while upon
exposure to cold stress, the MDA content in 8424 increased more pronouncedly than that in
grafted watermelons (Figure 2A), indicating that the damage caused by cold injury in 8424
was more serious than that in grafted watermelons. Among the tested rootstocks, 2505
showed the lowest increase. The results confirm that rootstock grafting enhanced the cold
tolerance of watermelon, but this was genotype dependent. These findings validate the
results of previous investigations, wherin chilling injury increased MDA accumulation [19].

As a compatible solute, proline plays an important role in protecting enzymes from
denaturation in order to stabilize the machinery of protein synthesis [37]. Proline accumu-
lation during stress conditions was also thought to be correlated with tolerance. Our results
also showed that cold stress promoted the accumulation of proline (Figure 2B), especially
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in grafted seedlings, indicating that grafting improvs the cold tolerance of watermelon
by promoting proline accumulation. These results are also similar to those of Krasensky
and Jonak [38], who found that proline was accumulated under abiotic stress conditions in
many plant species.

To alleviate oxidative damage under stress conditions, plants have developed a se-
ries of effective detoxification mechanisms, among which antioxidant enzymes play an
important role [15,35]. In the present research, the activities of these antioxidant enzymes
(SOD, CAT, POD, and GPX) were higher in grafted seedlings than in the non-grafted 8424
(Figure 3), which indicates that grafted seedlings counteracted oxidative stress by elevation
the antioxidant enzyme activity so as to scavenge ROS and protected the membrane from
damage. Compared to normal conditions, the CAT and GPX activities increased when
plants were exposed to low temperatures, while the POD and SOD activities decreased.
Among the three different rootstocks, 2505 and 0526 showed higher increments and lower
reductions. This suggests that CAT and GPX might play a crucial role in antioxidant
defense. The cold-induced increase in CAT enzyme activity was likely due to the enhanced
expression of CAT isoforms (Figure 4), while the decrease in SOD enzyme activity was
also correlated with the decreased expression of SOD isoforms (Figure 5). Similar results
were also obtained in other studies, which reported that CAT played an important role
in alleviating the oxidative injuries induced by low temperatures [39,40]. Other studies
found that SOD activity [39] and POD activity [41] increased under cold stress conditions.
Recently, Yan et al. [13] reported that SOD activity, as well as CAT, POD, and APX activity,
were increased in watermelon grafted onto P2, which suggests this grafted seedling had
a higher HyO, scavenging capacity than those using other rootstocks. These contrasting
reports indicate that different plants might employ different pathways to cope with ox-
idative stress. Here, CAT and GPX might play a more important role in impeding the
accumulation of ROS under cold stress.

Abiotic stress is known to influence gene expression. As the last rate-limiting step
in carbon fixation, the carboxylated activity of Rubisco is closely related to the Rubisco
large subunit (RBCL) and RuBP [42]. In this study, the transcript levels of the Rubisco large
subunit (RbcL) and enzymes involved in RuBP regeneration were analyzed (Figure 6). As
shown in Figure 6, the higher transcript level of RbcL in grafted plants, especially under
stress conditions, implies the existence of a correlation between cold tolerance and RbcL
expression, while the latter ameliorates the photosynthetic capacity. As the main genes
encoding enzymes required for RuBP regeneration, triose-3-phosphate isomerase (TPI) and
fructose-1,6-bisphosphate aldolase (FBPA) catalyze two triose-3-phosphates to fructose-1,6-
bisphosphate (FBP). Fructose-1,6-bisphosphatase (FBPase) catalyzes the hydrolysis of FBP
to fructose-6-bisphosphatase (Fru6P), while sedoheptulose-1,7-bisphosphatase (SBPase)
catalyzes the conversion of sedoheptulose-1,7-bisphosphate (SBP) to sedoheptulose 7-
phosphate (Sed7P). Ribulose phosphate epimerase (RuPE) and ribulose-5-phosphate kinase
(PRK) are the last rate-limiting enzymes in RuBP synthesis. Except for RuPE, which
was almost unchanged between different gourd-grafted and non-grafted plants (data not
shown), and FBPase, in which there was no significant difference between plants under
control conditions, the other genes of gourd-grafted plants were expressed much more
highly than those of non-grafted plants, especially under cold stress. These results imply
that gourd-grafted watermelons could sense cold-induced changes early, and reponse with
quick regulations at the transcript level so as to guarantee greater RuBP regeneration, which
would activate the carboxylated activity of Rubisco and result in higher carboxylation
efficiency.

5. Conclusions

The selection of stress-tolerant rootstocks might be a promising approach to alleviate
the detrimental effects of abiotic stress on watermelon productivity. In the present study;,
the results show that the cold-induced inhibition of growth was significantly ameliorated
in gourd-grafted watermelons, as manifested by physiological indices, such as much better
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growth parameters; much higher chlorophyll and proline contents; lower levels of ROS
and lipid peroxidation; higher antioxidant enzyme activities, especially CAT and GPX;
and higher expression levels of enzymes related to the Calvin cycle. Overall, as evidenced
by the presented data, watermelon grafted with 2505 and 0526 rootstocks showed better
resilience than those grafted with 1226 and 8424.
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