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Abstract: Watermelon is an important fruit widely cultivated in tropical and temperate regions
across the world. Particularly in China, both the production and consumption of watermelon lead
the world. Watermelon is popular all over the world because it is rich in a variety of nutrients.
Despite its widespread appeal, watermelon cultivation is frequently challenged by biological and
abiotic stresses, which can significantly impair both yield and fruit quality. Grafting is a technique
known to enhance the yield and quality of watermelons, yet the identification of suitable rootstocks
and a comprehensive understanding of the cytological, physiological, and biochemical aspects of
grafting remain elusive. In this study, we had identified the ‘Heiniu’ pumpkin variety as the optimal
rootstock for watermelon grafting. Furthermore, we had determined that the most appropriate
stages for scion and rootstock grafting are the one-true-leaf stage and the two-true-leaf stage,
respectively. During the grafting process, the necrotic layer of the graft junction gradually
dissipated, facilitating a tight connection between the scion and rootstock. Concurrently, there was
a notable fluctuation in the levels of key plant hormones and protease activity throughout the
healing process of the graft union, suggesting that these factors were pivotal to the success of
watermelon grafting. Additionally, our findings indicated that grafting can significantly increase
the sugar and titratable acid content within watermelons. This research contributes to a deeper
comprehension of the histological and physiological mechanisms underlying watermelon grafting.
It offers both theoretical insights and practical guidance essential for the advancement of
watermelon grafting techniques.

Keywords: watermelon; grafting; cytological; physiological; hormones; protease

1. Intruduction

Watermelon (Citrullus lanatus Thunb. Matsum and Nakai), the third most consumed fruit
worldwide, is extensively cultivated in both tropical and temperate regions. In 2021, the global annual
production of watermelons reached an impressive 101.63 million tons. China, Turkey, India, Brazil,
and Algeria lead the world in watermelon production. Notably, China's annual watermelon
production soared to 60.247 million tons in 2021, accounting for a staggering 59.3% of the global
output (FAOSTAT 2021). Watermelon is rich in an array of natural substances beneficial to human
health, including various natural sugars, organic acids, ascorbic acid (vitamin C), and lycopene. These
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components contribute to the growing popularity of watermelon in China, where its health benefits
are increasingly recognized.

Watermelon cultivation is a battle against a multitude of biotic stresses, including insect pests
like spider mites and diseases such as gummy stem blight [1-3]. In addition to these biological threats,
watermelons also face a barrage of abiotic stresses throughout their life cycle, such as salinity [4,5],
cold [6,7], drought [8,9], and flooding [10,11], all of which can severely compromise yield. Developing
stress-tolerant varieties is a promising approach to mitigate these issues; however, the limited
availability of germplasm resources and the lengthy process of breeding hinder the progress of
creating varieties resistant to both abiotic and biotic stresses.

Grafting technology is a proven asexual reproduction method in plants, which involves joining
the scions of superior varieties onto robust rootstocks to enhance resistance and quality. This
technique is particularly beneficial for watermelon cultivation, as it can significantly increase yield
and stress tolerance. Watermelons grafted onto certain rootstocks have been shown to gain resistance
against fusarium wilt from bottle gourd (Lagenaria siceraria) and interspecific hybrid squash
(Cucurbita moschata x C. maxima) [12,13]. Additionally, resistance to powdery mildew [14,15], melon
necrotic spot virus [16], and crown rot [17], can be imparted through grafting onto wild watermelon
(Citrullus mucosospermus, C. lanatus var. citroides), bottle gourd rootstocks (Lagenaria siceraria), and
interspecific hybrid rootstocks (Cucurbita maxima x Cucurbita moschata). Grafting not only improves
the watermelon's disease resistance but also enhances its tolerance to environmental stresses such as
cold [18,19], drought [20,21], salinity [22,23], and heavy metals [24,25]. Beyond stress tolerance,
grafting also improves watermelon's photosynthetic efficiency and overall biomass [26].

A variety of cucurbitaceae crops are widely employed as rootstocks in watermelon grafting,
including bottle gourd (Lagenaria siceraria), pumpkin (Cucurbita pepo L.), Luffa (Luffa aegyptiaca), and
wax gourd (Benincasa hispida). Additionally, wild watermelon species such as Citrullus amarus and
Citrullus colocynthis are also used as rootstocks [27]. The compatibility between these rootstocks and
watermelons is different, leading to diverse survival rates among grafted seedlings. The compatibility
process in grafted plants is intricate, involving a series of anatomical, physiological, and biochemical
steps, as outlined by Melnyk [28]. This process can be broken down into four clear stages: The first
stage is the attachment of the cut tissues between the scion and rootstock; the second, following
attachment, cell differentiation and division initiate at the graft junction; the third, auxin and
cytokinin responses are activated, which are crucial for promoting vascular reconnection; ultimately,
a stable graft union is established by integrating the rootstock and scion.

In the grafting process, a series of hormones and proteases orchestrate the success of the union.
Abscisic acid (ABA) plays a dual role, directly engaging in the wound response and indirectly
influencing vascular formation [29,30]. Auxin perception stands as a pivotal element for a successful
graft, guiding the early stages of tissue integration [31]. Cytokinins (CKs) contribute to the
reconnection of vascular tissues, ensuring the flow of nutrients and signals post-graft [32]. Ethylene
signaling is crucial for the reorganization of wounded tissues, facilitating the healing process [33].
Gibberellins (GAs) promote cell expansion in the wounded areas, aiding in the physical union of the
scion and rootstock [33]. Beyond hormonal regulation, a suite of proteases is essential for the physical
restructuring of cells during grafting. These enzymes, primarily involved in cell wall adhesion and
reconstruction, include expansin, [-1,3-glucanase, [3-1,4-glucanase, and xyloglucan hydrolase [34].
They are crucial for the breakdown and reformation of cell walls, allowing for the successful
integration of the graft.

Grafting significantly influences the morphological characteristics and yield of watermelon. The
use of Cucurbita pepo L. and interspecific rootstocks can markedly increase yields [35], as well as alter
fruit size, rind thickness, and pulp firmness [36]. Furthermore, grafting affects the quality traits of
watermelon. For instance, the total sugar content decreases when Lagenaria siceraria and Cucurbita
maxima x C. moschata are used as rootstocks [37], while the acid concentration increases with grafting
on Citrullus lanatus var. Citroides [38]. Beyond taste, the functional compounds in watermelon, such
as [3-carotene, citrulline, carotenoids, and ascorbic acid, are significantly enhanced when grafted onto
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Cucurbita maxima x C. moschata hybrid rootstocks compared to non-grafted watermelons [39]. These
improvements can lead to enhanced nutritional value and health benefits for consumers.

Here, we investigated the compatibility between various rootstocks and watermelon by
comparing survival rate and seedling index of grafting seedling, and utilized paraffin section to
meticulously observe the anatomical structure of graft junction during grafting process. Further, we
quantified the content of hormones and proteases activity within the grafted seedlings, measured the
total sugar and titratable acid content in the grafted watermelons. Our findings not only reveal the
underlying anatomical structures and physiological mechanisms of watermelon grafting but also
offer practical insights for optimizing grafting practices.

2. Materials and Methods

2.1. Plant Materials

Our experiment was conducted at the Tropical Crops Resources Institute, Chinese Academy of
Tropical Agricultural Sciences, located at 19°28'N, 109°29'E, and 105 meters above sea level.
Watermelon “Youdu’ (Citrullus lanatus, Fuyou Seedling Co., Ltd., Haikou City, China) was selected
as the scion, the interspecific pumpkin ‘Zaoshenxizhen’ and ‘Jinzuan’ (Cucurbita moschata, Hengrui
Seed Co., Ltd., Qingzhou City, China), ‘Jinzhen-8 (Citrullus lanatus, Kerun Agricultural Technology
Co., Ltd., Tianjin City, China), ‘Jingxinzhen-2’, ‘Jingxinzhen-3’, ‘Jingxinzhen-9" and ‘Heiniu’ (Citrullus
lanatus, Jinyan Yinong Seed Sci-Tech Co., Ltd., Beijing City, China), and wild watermelon “Yongzhen’
(Citrullus lanatus, Jinyan Yinong Seed Sci-Tech Co., Ltd., Beijing City, China) were used as the
rootstocks. The seeds for both scion and rootstock were sown into 50-cell plug trays containing
commercial “Beilei” matrix (Zhenjiang Beilei Matrix Organic Fertilizer Co., Ltd., Zhenjiang City,
China). The ‘amplexiform grafting’ method was employed for all watermelon seedlings, with self-
graft or non-grafted watermelon seedlings serving as a control in our experiments. After grafting, the
seedlings were transferred to a greenhouse with a temperature of 28 °C during the day and 18 °C at
night, and a relative humidity (RH) maintained between 60% and 80%. After a two-week acclimation
period, these plants were ready for subsequent experimental procedures.

2.2. Measurements of Plant Growth

We measured the stem thickness using a vernier caliper and the height with a ruler. These
measurements were taken for 15 plants per group, and the process was repeated three times.
Following the measurements, the grafted seedlings were subjected to a drying process to determine
their dry weights (DW). Initially, they were placed in an air oven at 105 °C for 10 minutes, followed
by a longer drying period at 70 °C for 72 hours. The survival rates and seedling index of the grafted
seedlings were evaluated 10 days post-graft [40]. Survival rate (%) = (survival number / total number
of grafted plants) x 100%.

Seedling index = (scion stem thickness / scion height) x plant dry weights (g).

2.3. Microscopic Observation of the Anatomical Structure

The samples were collected at 6, 8, and 10 days post-grafting(dpg) to observe of anatomy
structure. At each time point, six grafted seedlings were selected. These samples were fixed with FAA
fixative solution and processed into paraffin sections. The sections were carefully cut longitudinally
along the vertical direction of the grafting surface, with each section measuring a precise thickness of
12 pum. The sections were subsequently stained with Safranin O-Fast Green, then photographed
under Zeiss Axio Imager. A2 fluorescence microscope.

2.4. Quantification of ABA, IAA, ZR, GA3 and ETH

The hormones from the grafted samples were extracted according to the method described
previously with a slight modification [41,42]. Briefly, 0.5g grafted samples was homogenized with
5ml 2-propanol/H20/concentrated HCI (2:1:0.002, vol/vol/vol). After shaking at 4 °C for 30min, 5 ml
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of dichloromethane were added to the extracts, which were then transferred to a refrigerated
microcentrifuge and centrifuged at 13,000g for 5 minutes at 4 °C. Following centrifugation, the lower
phase was concentrated by using nitrogen flow. The dried samples were dissolved in 0.1 ml ethanol
for hormone detection.. The hormones, including ABA, IAA, ZR, GA3 and ETH in the samples were
quantified using an ELISA kit in accordance with the manufacturer’s instructions (Shanghai Fantai
Biotechnology Co., Ltd., Shanghai city, China).

2.5. Assay of Enzyme Activity

Enzyme extraction from the grafting joints was performed with a slight modification of a
previously described method [43]. The samples were ground with pestle in extraction buffer [50 mM
Hepes-KOH (pH 7.5), 1 mM EDTA, 5 mM dithioerythritol (DTE), 10% (v/v) glycerol, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), 2 mM benzamidine, 2 mM e-aminocaproic acid]. The
homogenized samples were centrifuged at 4 °C for 15 min at 13,000 g, then the supernatants were
collected for the detection of enzymatic activity. Protein concentration was measured accord to the
method of Bradford and Williams[44]. The enzyme activity in the grafted samples and control were
assayed by the ELISA kit in accordance with the manufacturer’s instructions (Shanghai Fantai
Biotechnology Co., Ltd., Shanghai city, China).

2.6. Sugar Extract and Determination

The sugar of sample was extracted following a modified version of a previously described
method [45]. Briefly, 2g samples were ground and homogenized with pestle in 20 mL of 80% ethanol.
The homogenates were centrifuged at 5,000 x g for 15 min at 4 °C, and the 20 pL supernatants were
injected into an HPLC system(Agilent 1290 Infinity Series high-pressure liquid chromatography
system, USA). The sugar, including fructose, glucose, sucrose, maltose contents were calculated by
using standard curves. The total sugar contents was obtained by summing the concentrations of these
individual sugars.

2.7. Organic acid Extract and Determination

0.5 g watermelon fruit were ground with pestle in 2.5 mL of ultrapure water. The homogenates
were centrifuged at 5,000 x g for 15 min at 4 °C, and the supernatants were injected into the HPLC
system(Agilent 1290 Infinity Series high-pressure liquid chromatography system, USA) with a diode
array detector (DAD). The concentrations of organic acids, such as oxalic acid, tartaric acid, malic
acid, maleic acid, citric acid, succinic acid, were calculated using standard curves. Total organic acid
concentrations were calculated by summing individual concentrations of the various acids detected.

2.8. Statistical Analysis

All experiments were randomly designed and repeated three times, each treatment contained at
least 10 plants. Statistical data were analyzed based on one way analysis of variance (ANOVA) and
Student’s t-test, Significant differences were indicated by p <0.05, p <0.01 and p < 0.001.

3. Results

3.1. Survival Rate and Seedling Index of Watermelon Grafted onto Various Rootstocks

The survival Rates of watermelon grafting onto various pumpkins and wild watermelon ranged
from 58.56% to 90.145% (Figure 1C). Among them, ‘Heiniu’ exhibited the highest survival rate, while
“Yongzhen’ showed the lowest, there was a significant difference between the seedlings grafted onto
“Yongzhen’ rootstocks and self-rooted grafted seedlings. Additionally, we calculated the seedling
index for different rootstocks and self-rooted grafted seedlings, which varied from 0.0494 to 0.135
(Figure 1D), The ‘Jin xin zhen-3" rootstock had the highest seedling index, followed by ‘Heiniu’ with
an index of 0.11, while “Yongzhen’ had the lowest. These results showed that the choice of rootstock
significantly influences both the survival rate and seedling indexes (Figure 1C and D). By considering


https://doi.org/10.20944/preprints202412.0885.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 December 2024 d0i:10.20944/preprints202412.0885.v1

both survival rate and seedling index, we selected pumpkin variety ‘Heiniu” as the optimal rootstock
for subsequent research.
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Figure 1. Survival rates and seedling index of watermelon grafted onto different rootstocks  (n=100).
(A) The grafted watermelon seedlings by using the ‘amplexiform grafting’ method, (B) watermelon
growth pictures at two weeks after grafting, (C) wurvival rates and (D) seedling index of grafted
seedlings. *, ** and *** indicate significant differences at p<0.05, 0.01 and 0.001 levels, respectively.

3.2. Optimal Seedling Ages for Watermelon Grafting onto ‘Heiniu’ Rootstock

The ‘Heiniu” was used as rootstock, the survival rates of different seedling ages “Youdu’ scions
grafting onto ‘Heiniu’ rootstocks of various seedling ages were 86.9%-97.69% (Tablel, Figure 2C). The
highest survival rate was observed for the "Youdu' scion at the first true leaf stage grafted onto
‘Heiniu’ rootstock at the second true leaf stage (T5), while the lowest was for the “Youdu’ scion at the
second true leaf stage grafted onto ‘Heiniu’ rootstock also at the second true leaf stage (T6).
Compared to the control (CK), there were extremely significant statistical differences for both T5 and
T6. Meanwhile, we recorded the seedling index for the various grafted seedlings, which ranged from
0.061 to 0.088 (Figure 2D). the highest seedling index was the “Youdu’ scion at the first true leaf
grafting onto ‘Heiniu’ rootstock at the second true leaf (T5), and the lowest was the “Youdu’ scion at
the first true leaf grafting onto ‘Heiniu’ rootstock at the cotyledon flattening. Based on the the analysis
of both survival rates and the seedling indices, we chose the first true leaf and the second true leaf as
the optimum seedling ages of scions and rootstocks, respectively.

Table 1. The grafting combinations of scions and rootstocks in different seedling ages.

Scion Seedling Age Rootstock seedling age

Treatment. (You Du) (Hei Niu) Grafting combination
Cotyledon flattening Cotyledon flattenin: Cotyledon flattening
T1 y & y & / Cotyledon

(Six Days) (Five Days) flattening
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Figure 2. Survival rates and seedling index of different seedling age scions grafted onto various
seedling age rootstocks (n=100). (A) The optimal rootstocks and scions used for grafting, (B) grafted
watermelon seedling, (C) survival Rates and (D) seedling index. *, ** and *** indicate significant
differences at p< 0.05, 0.01 and 0.001 levels, respectively.

3.3. The Anatomical Structures of Watermelon Graft Union

Extensively previous research has utilized microscopy to examine the anatomical structures of
grafted plants [34,46]. Thus, to observe the structural changes at graft junctions union, we generated
paraffin sections and employed microscopy to scrutinize the anatomical changes at the graft junctions
across various stages. In the control, as the graft junctions developed, parenchyma cells within
injured tissues, positioned at different sites along both sides of the necrotic layers, initiated a
differentiation process. The mechanically damaged cells were progressively resorbed, leading to the
gradual dissolution of the necrotic layers and the concurrent formation of substantial callus tissue.
By 10 days post-grafting, the necrotic layers were nearly completely resolved, resulting in a tight
apposition of cells from both the rootstock and scion (Fig 3, A-C). Agreement with the controls, the
Yd/Hn grafts retained necrotic layers at 6 and 8 days post-grafting. Subsequently, these layers were
eliminated, and an intimate contact between the scion and rootstock cells was established (Figure 3,
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D-F). These results might implicate that by 10 days after grafting, a vascular bridge between the
rootstock and scion had been established, and the wound at the graft junction had predominantly
healed and consolidated.
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Figure 3. The concrescence characteristics of watermelon graft junction on the different days after
grafting (x 400) . (A) Watermelon graft junction on the 6 days, (B) watermelon graft junction on the
8 days, (C) watermelon graft junction on the 10 days in the control after grafting, (D) watermelon graft
junction on the 6 days, (E) watermelon graft junction on the 8 days, (F) watermelon graft junction on
the 10 days in the Yd/Hn after grafting. H: ‘Heiniu’ rootstock, Y: “Youdu’ scion, NL: Necrotic layer,
CT: Callus tissue, Bars=500 pm.

3.4. Measurement of Hormone Contents for Watermelon Graft Union During the Grafting Process

Plant hormones play an pivotal role for the grafting process [29,31]. To elucidate the hormonal
dynamics during the watermelon grafting process, we quantified hormone levels at the graft junction
post-grafting. As shown in Figure 4A, the ABA content in watermelon seedlings initially surged and
then declined post-grafting, whereas in grafted seedlings, it exhibited an initial decrease followed by
an increase, with a significant even extremely significant difference observed between the two groups
(**p <0.01 and ***p < 0.001).

The IAA content exhibited a decline from 3119.82 ug/g to 1914.96 ug/g (Figure 4B), exhibited a
decline from 3119.82 ug/g to 1914.96 ug/g post-grafting. In contrast, grafted seedlings showed an
increase from 1813.32 ug/g to 3003.94 ug/g, followed by a decrease to 1604.84 ug/g, with significant
difference even extremely significant difference noted between watermelon seedlings and grafted
seedlings.

ZR levels showed extremely significant difference between watermelon seedlings and grafted
seedlings at 6 and 10 days post-grafting (Figure 4C). In watermelon seedlings, ZR content decreased
to 38.84 ng/g from 6 to 8 days and then increased to 75.87 ng/g, while in grafted seedlings, it decreased
to 43.96 ng/g and then increased to 60.75 ng/g. Notably, no significant difference was observed
between watermelon seedlings and grafted seedlings at 8 days post-grafting.

The GA3 content significantly decreased in both watermelon seedlings and grafted seedlings
from 6 to 8 days post-grafting (Figure 4D), then elevated at 10 days. The highest GA3 content were
0.405 ng/g in watermelon seedlings and 0.423 ng/g in grafted seedlings at 6 and 10 days, respectively,
while the lowest were 0.24 ng/g in watermelon seedlings and 0.215 ng/g in grafted seedlings at 8
days, respectively, which displayed extremely significant difference between watermelon seedlings
and grafted seedlings at 6 and 10 days post-grafting.

ETH levels were significantly higher in grafted seedlings compared to watermelon seedlings at
6 and 8 days post-grafting. ETH content decreased from 11.49 pg/g to 8.63 pg/g in grafted seedlings
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from 6 to 10 days, while it increased from 9.09 pg/g to 9.87 pg/g in watermelon seedlings. These
findings suggested that hormones, particularly ABA, IAA, ZR, GA3, and ETH, play a crucial role in
the grafting process of watermelon, with distinct mechanisms of action observed between
watermelon seedlings and grafted seedlings.
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Figure 4. The hormone contents in watermelon and Hn/Yd seedling at 6, 8,10 DAG. (A) The ABA
content, (B) the TAA content, (C) the ZR content, (D) the GA3 content and (D) the ETH content. *, **
and *** indicate significant differences at p <0.05, 0.01 and 0.001 levels, respectively.

3.5. Measurement of Enzyme Activities of Watermelon Graft Union During the Grafting Process

A close relation between glucanase, expansin and grafting has been verified in model plants
such as Arabidopsis and rice [34,47]. Nevertheless, the role of these enzymes, including xyloglucan
hydrolase (XTH), in the grafting process of watermelon remains elusive. To investigate their potential
roles, we quantified the activities of these enzymes at various time points following watermelon
grafting. The (3-1,3 glucanase activity in watermelon seedlings and grafted seedlings exhibited
statistically difference, significant difference and extremely significant difference at 6, 8 and 10 days
post-grafting, respectively (Figure 5A). In watermelon seedlings, (3-1,3 glucanase activity increased
from 0.487 U/g at 6 days to 0.783 U/g at 8 days, then decreased to 0.677 U/g at 10 days. In contrast, in
grafted seedlings, the activity started at 0.583 U/g, decreased to 0.35 U/g, and subsequently increased
to 0.56 U/g.

Expansin activity in watermelon seedlings decreased from 35.333 U/g to 30.427 U/g and then
rose to 30.197 U/g from 6 to 10 days post-grafting (Figure 5B). Compared to the watermelon seedlings,
Grafted seedlings exhibited an increase in expansin activity from 21.3 U/g to 33.887 U/g from 6 to 8
days, followed by a decrease to 30.057 U/g at 10 days post-grafting. Statistically difference, significant
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difference and extremely significant difference were observed between watermelon seedlings and
grafted seedlings at 6, 8, and 10 days, respectively.

Watermelon seedlings had significantly higher xyloglucan hydrolase (XTH) activity compared
to grafted seedlings (Figure 5C). At 6 days, XTH activities were 12.487 U/g in watermelon seedlings
and 10.647 U/g in grafted seedlings. At 8 days, XTH activities were 11.6 U/g and 6.03 U/g,
respectively. Notably, at 10 days, there was no significant difference in XTH activities between
watermelon seedlings (6.623 U/g) and grafted seedlings (6.75 U/g). These results indicated that the
variation trends of these three enzymes levels were inversely related between watermelon seedlings
and grafted seedlings during the grafting process, implying grafting may alter these protease
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Figure 5. The protease levels in watermelon seedlingYd/Hn and at 6, 8,10 DAG. (A) The -1,3
glucanase level, (B) the expansin level and (C) the XTH level. *, ** and *** indicate significant
differences at p < 0.05, 0.01 and 0.001 levels, respectively.

3.6. Total Soluble Sugar and Titratable Acid Content in the Grafting Junction Among Watermelon Seedlings
and Grafted Seedlings

Sugar and acid content are crucial quality characteristics of watermelon, and different rootstock
varieties exert varying influences on these components following grafting [39,48]. In our study, we
observed a higher total soluble sugar content in grafted seedlings than in watermelon seedlings, the
total soluble sugar content were 4.813% and 6.903% in watermelon seedlings and grafted seedlings,
respectively. Consistent with the trend observed for total soluble sugar, grafted seedlings exhibited
a greater titratable acid content than non-grafted seedlings, with levels at 0.27% and 0.42%,
respectively. Consequently, the use of ‘Heiniu’ as a rootstock can enhance the total soluble sugar and
titratable acid content in watermelons through grafting, thereby potentially improving their overall

quality.
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Figure 6. Total soluble sugar and titratable acid content of watermelon seedlings and grafted
seedlings. (A) The total soluble sugar content, (B) the titratable acid content. *, ** and *** indicate
significant differences at p <0.05, 0.01 and 0.001 levels, respectively.

4. Discussion

Grafting is a horticultural technique that has been proven to significantly enhance the yield,
quality, and resistance to biotic and abiotic stress of many crops, so it is widely employed in the
cultivation of a variety of crops [49,50]. In particular, grafting watermelon onto various pumpkin or
wild watermelon rootstocks has been widely utilized in the major watermelon-producing regions
around the world. Wild watermelon [citrullus colocynthis (L.) Schrad, ‘Esfahan’] and a commercial
interspecific cucurbita hybrid [Cucurbita maxima Duch. x Cucurbita moschata Duch., ‘Shintoza’] serve
as rootrocks to inherently boost the resistance in a given setting of drought stress, although this comes
at the cost of reduced growth and biomass compared to ungrafted plants [51]. Grafting watermelon
cultivar ‘Zaojia 8424" onto bottle gourd °‘Jingxinzhen 1° [Lagenaria siceraria] and pumpkin
‘Qingyanzhen 1" [Cucurbita maxima x C. moschata] remarkablely elevate the fruit flesh, rind firmness,
and rind thickness when compared to the non-grafted plants [52]. However, the compatibility
between different rootstocks and scions remains unclear. In order to investigate the compatibility, we
conducted a survey to assess the survival rates and seedling indices of various rootstocks. Among
them, the highest survival rate was the ‘Heiniu’, and the highest seedling index was the ‘Jing
Xinzhen-3'. By taking into account both survival rates and seedling indices, we selected ‘Heiniu” as
the optimal rootstock.

The seedling age is an vital factor influencing grafting success, as the compatibility between
scion and rootstock varies with their ages, ultimately impacting the survival rate of grafted seedlings.
Greenwood et al. demonstrated that the rootstock age significantly impacts vegetative growth, foliar
morphology, and reproductive development in grafted red spruce (Picea rubens Sarg.) [53]. Nguyen
et al. also revealed that rootstock age has a notable effect on the percentage of graft success and the
length of scion sprout[54]. In agreement with the previous studies, our results uncovered that the
survival rates and seedling indices arrive at the maximum value when the scion and rootstock age
are eight and nine days, respectively. These results suggest that both scion and rootstock age play
pivotal roles in the success of grafting. Understanding these age-related factors can help optimize
grafting techniques and improve overall grafting outcomes in horticultural practices.

During grafting process, the formation of a necrotic layer at the graft union is a key
developmental event, and it is a dynamically changing structure [55]. In the initial stages of grafting,
the necrotic layer serves as a barrier, isolating the graft union from the external environment. This
isolation is beneficial for wound healing and provides a defense against pathogen invasion [56]. In
addition, the differentiation of callus tissue is a crucial step in the development of graft union. This
tissue not only connects the scion and rootstock but also absorbs and metabolizes the substances from
the necrotic layer, this process allows the cells of the rootstock and scion to re-establish new material
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connections. At the same time, the callus tissue also provides the potentiality to differentiate into
vascular bundles which are essential for connecting the scion and rootstock [57]. In line with these
study, our results showed that the necrotic layer recedes as the graft union matures, and necrotic
layer essentially disappeared at ten days after grafting, enabling the cells of the rootstock and scion
to come into close contact with each other. Therefore, we can consider ten days as a time marker for
successful grafting, signifying the point at which the graft union is well-established and the scion and
rootstock have fused successfully.

Phytohormones involve every aspect of plant development and resistance to biotic and abiotic
stresses. The success of grafting hinges on the regeneration of vascular tissue and the adhesion
between the rootstock and scion. Phytohormones are pivotal at various stages of the plant grafting
process. Exogenous phytohormones, especially auxin, stimulate differentiation of phloem and xylem
at different concentrations [57,58]. The application of 6-benzylaminopurine (6-PA) to apple rootstocks
has been shown to restore the growth of secondary shoots, whereas the use of GA4+7 has been found
to reduce the percentage of both primary and secondary shoots [59]. Both cytokinin (Kinetin) and
indole-3-butryic acid (IBA), when dripped onto the cut surfaces of both rootstock and scion, have
been observed to accelerate the rapid proliferation of callus tissue [60]. By monitoring the fluctuations
of various hormones during the grafting process, including ABA, IAA, ZR, GA3, and ETH, we
discovered that hormone levels vary at different post-grafting intervals. This indicates that hormones
are likely to play a significant role in the grafting process of watermelons. Moreover, the contrasting
trends in hormone changes between grafted seedlings and the watermelon seedling imply that
grafting can influence hormone synthesis.

Grafting in plants is intricately linked to a myriad of physiological and biochemical processes,
including injury responses, callus formation, and hormone signal transduction [61]. A multitude of
proteins are involved in these processes, encompassing plant tissue adhesion, amino acid
metabolism, stress response, DNA damage repair, and plant-microbe interactions [62,63]. Enzymes
such as (3-1,4-glucanase, 3-1,3-glucanase, xyloglucan hydrolase, and expansin, which act as proteases
for cell wall modification, are crucial for successful grafting in the majority of crops. The healing
process in the TRV-CmGH9B3 melon, which is a crucial gene of (3-1,4-glucanase, is slower compared
to the wild type [64]. Transcriptome analysis has revealed that the expression of four genes associated
with cell wall modification is upregulated following the grafting of tobacco onto Arabidopsis thaliana
[34]. In agreement with these reports, our data shows that the activity levels of $-1,3-glucanase, XTH
and expansin alter at different days after grafting, with significant differences in enzyme activity
observed between grafted seedlings and watermelon seedlings. Based on these observations, we
conclude that these three proteases play a critical role in the graft healing process of watermelon.

Watermelon quality encompasses a wide range of characteristics, including physical properties,
soluble solid content, titratable acid content, and flavor. Grafting is a horticultural technique that not
only enhances resistance to biotic and abiotic stresses but also has the potential to improve the quality
of watermelons. In addition to a variety of dissolved proteins, minerals, pigments, and vitamins,
sugar and acid are the main components of total soluble solids (TSSs). Most of studies find that the
TSSs can be significantly affected by grafting, the TSSs increase when watermelon cvs. Crimson Sweet
and Sugar Baby are grafted onto C. maxima x C. moschata hybrid rootstocks [65,66]. However, a few
studies manifest that grafting have a negative impact on TSSs, there is a decrease observed post-
grafting compared to ungrafted plants [67,68]. In line with these reports, our results revealed that the
sugar and titratable acid content of grafted watermelon fruits are significantly higher than those of
non-grafted watermelons, indicating that utilizing the pumpkin 'Hei Niu' as rootstock can effectively
enhance the quality of watermelon.

5. Conclutions

In our study, we conducted a comprehensive comparison of the survival rate and seedling index
for pumpkin and wild watermelon rootstocks following grafting. Through this analysis, we identified
‘Heiniu” pumpkin as the superior rootstock. Additionally, we determined that the optimal seedling
ages for the scion and rootstock are at the stage of the first true leaf and the second true leaf,
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respectively. Using paraffin sections and microscopic observation, we observed that the necrotic layer
between the rootstock and scion had disappeared after 10 days post-grafting, with a significant
amount of callus tissue formation. This finding indicates that by this time point, the graft union is
well-established, which is crucial for the success of the graft. Throughout the grafting process, we
monitored the levels of various hormones, including ABA, IAA, ZR, GA3 and ETH. We noted
variations in hormone content. Consistent with hormones content, cell wall modification enzymes,
such as -1,3-glucanase, xyloglucan hydrolase, and expansin, were fluctuant at different days post-
grafting. These hormones and proteinase are essential for the successful grafting of watermelon.
Furthermore, we found that the quality of watermelon, particularly the sugar and titratable acid
content, was significantly improved by using the pumpkin variety ‘Heiniu’ as a rootstock.
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