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Abstract: Watermelon (Citrullus lanatus) grafting has emerged as a promising biological management
approach aimed at increasing tolerance to abiotic stressors, such as unfavorable environmental
conditions. These conditions include environments that are too cold, wet, or dry, have soil nutrient
deficiency or toxicity and soil or irrigation water salinity. Studies to date indicate that fruit yield
and quality may be positively or negatively affected depending on rootstock-scion combination and
growing environment. Growers need information regarding the general effect of rootstocks, as well
as specific scion-rootstock interactions on fruit maturity and quality so they can select combinations
best suited for their environment. This review summarizes the literature on watermelon grafting with
a focus on abiotic stress tolerance and fruit maturity and quality with specific reference to hollow
heart and hard seed formation, flesh firmness, total soluble solids, and lycopene content.
Keywords: flesh firmness; flowering; harvest time; lycopene; rootstock-scion combination;
total soluble solids

1. Introduction
Grafting watermelon (Citrullus lanatus) onto disease resistant rootstock can minimize the problems
associated with soil-borne diseases, such as Fusarium wilt (caused by Fusarium oxysporum f. sp. niveum)
and Verticillium wilt (caused by Verticillium dahliae), as well as infection by root nematodes (Meloidogyne
incognita) [1,2]. In addition, grafting can provide watermelon with tolerance against abiotic stressors,
including temperature extremes, soil salinity, and nutrient deficiency or toxicity [3–6]. For example,
grafting can be used to advance the planting date of watermelon due to tolerance of cool soil [1,7].
The root architecture of selected rootstocks enables better performance against abiotic stress factors
through improved uptake of water and macro/micronutrients [5,8–11]. These recent advances in the
understanding of rootstock-mediated effects on scion performance have broadened the application of
grafting for the cultivation of watermelon under adverse environments.
To take advantage of grafting, growers need information regarding fruit maturity and quality
(flesh firmness, total soluble solids (TSSs), lycopene content, etc.) in response to rootstock-scion
combinations under various environmental conditions. For a non-climacteric fruit like watermelon,
fruit maturity at harvest is especially important. The effect of rootstocks, scion-rootstock interaction,
and environmental conditions on the timing of fruit maturity is needed to ensure fruit quality
from grafted watermelon is optimized. Studies to date indicate that depending on rootstock-scion
combination, fruit yield, and quality attributes may be either positively or negatively affected by
grafting. However, most literature relies on the assumption of synchronous ripening in grafted and
nongrafted plants, potentially leading to the confounding reports for fruit maturity and fruit quality
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resulting from grafting. Therefore, determining an appropriate harvest time for grafted watermelon is
essential to maintain yield and quality stability.
2. Factors Affecting Time of Harvest
Harvest time may be affected when time of flowering is affected. Time of flowering may be
impacted due to modification of hormonal signaling in response to the rootstock-scion combination of
a grafted watermelon) [1,12–15]. Sakata et al. [14] reported that watermelon grafted onto bottle gourd
(Lagenaria siceraria) has early formation of female flowers. In contrast, Davis et al. [1] reported a delay
in flowering of up to 1 week with watermelon grafted on bottle gourd, resulting in an equal delay
in fruit maturity. Delayed flowering was also observed for watermelon cv. Fujihikari, grafted onto
pumpkin (Cucurbita maxima), wax gourd (Benincasa hispida), and interspecific hybrid squash rootstocks
(C. maxima × C. moschata) compared to nongrafted treatments in the greenhouse [16]. Compared to
nongrafted plants, female flowering of cv. Secretariat was delayed by 13 days and by 7 days when
grafted onto bottle gourd cv. Round and interspecific hybrid squash cv., respectively, but there were
no differences in days to harvest or fruit maturity [17]. The differences in flower initiation response
could be due to hormonal signaling, combined with environmental effects that occur during graft
union formation. For example, cytokinin is higher in grafted plants than nongrafted plants and could
potentially have an effect on flowering time [11,18].
Because grafting may affect flowering and the harvest date, harvesting fruit from grafted and
nongrafted plants concurrently may be the cause of conflicting results regarding fruit quality [1].
Most studies have assumed concurrent ripening of fruit from grafted and nongrafted plants, and fruit
has been harvested at the same time for all treatments. Further, most studies reporting the effect
of different rootstocks on fruit quality have not reported fruit maturity indices at harvest, such as
senescence of leaflet and tendril attached to the fruit pedicel, skin color development, or ground spot
formation. Yet for non-climacteric fruit, such as watermelon, fruit maturity at harvest has a major
impact on fruit quality characteristics [18,19]. Kroggel and Kubota [20] reported that grafted fruit
should be harvested 5 days after the leaflet and tendril are completely dry. Devi et al. [21] found that
fruit quality of grafted watermelon was optimized with a 7-day delayed harvest from when those
indicators of fruit physiological maturity occurred. The increase in time to harvest is likely due to the
increased vigor of the rootstock, including increased water, oxygen, and mineral uptake [22,23]. Thus,
reports of reduced fruit quality of grafted watermelon may not be an attribute imparted from grafting,
rather reduced quality may be a factor of improper (early) harvest timing [24].
3. Effect of Grafting on Fruit Quality
Regardless of the advantages of grafting, there are still concerns that grafting could potentially
reduce watermelon fruit quality below United States Department of Agriculture market standards of
10% soluble solid content (SSC) and 13 N flesh firmness [25]. Quality of grafted fruit must be equal to or
better than that of nongrafted watermelon to ensure market acceptability [3,26,27]. Grafting can enhance
fruit quality of watermelon by increasing the synthesis of endogenous hormones and the acquisition
and transport of mineral nutrients [2,28] and also by altering secondary metabolites [2,29]. While fruit
quality attributes from grafted plants have generally been found to be consistent with or slightly
improved compared to nongrafted plants, results appear to be specific to rootstock-scion combinations
under particular environmental conditions [30–35]. These effects contribute to contradictory reports of
the impact of grafting on fruit quality [1]. Overall, most rootstocks, except bottle gourd, have been
reported to increase watermelon fruit flesh firmness, total soluble solids (TSSs), and lycopene content
compared to nongrafted fruit [26,36–39].
3.1. Hollow Heart and Hard Seed Formation
Hollow heart (placental detachment from the rest of the flesh) (Figure 1A) and hard seed formation
(Figure 1B) are morphological abnormalities sometimes associated with grafted triploid watermelon
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onto interspecific hybrid rootstock has been shown to increase fruit tissue firmness and may decrease
the susceptibility of hollow heart formation in triploid watermelon [41]. For example, in North
and may reflect rootstock-scion incompatibility and/or adverse environmental conditions or cultural
Carolina, where day/night temperature was 25 °C/15 °C, hollow heart incidence was reduced by 25–
practices [1,16,22]. Seedless watermelon varieties are known to be more susceptible to hollow heart
30% in fruit of triploid cv. Liberty grafted onto interspecific squash hybrid rootstock cvs. Carnivor
than seeded varieties, and currently, 95% of US watermelon production uses seedless cultivars [40,41].
and Kazako, compared to nongrafted fruit [45]. In contrast, Devi et al. [17] reported that in northwest
Although there is no definitive cause, multiple factors, such as genetics, pollination, pollen viability,
Washington (16 °C/10.5 °C mean day/night temperature during the growing season), hollow heart
flowering time, decreased fruit tissue firmness, and environmental stressors, such as cold night
formation was high (13–25 mm cracking, non-marketable) for cv. Secretariat nongrafted, as well as
temperatures, can cause this physiological disorder, especially in seedless watermelon [40,42,43].
that grafted onto interspecific hybrid squash cvs. Tetsukabuto and Super Shintosa, bottle gourd cv.
A challenging problem with hollow heart disorder is that it is difficult to predict when it will occur.
Pelop, and wax gourd cv. Round.
Johnson [40] reported that the primary cause of hollow heart is inadequate pollination. Triploid
Immature white seed is commonly found in triploid watermelon, and under certain
watermelon does not produce sufficient viable pollen and requires diploid (seeded) pollen sources [44].
stress/environmental conditions, some seed coats may become hard and black and look like a mature
When the distance from triploid plants to pollenizer plants increases, the incidence of hollow heart
seed but are empty inside [44,46] Unfavorable conditions, such as moisture extremes (drought, flood),
increases. Triploid plants located 1.5 m away from a pollenizer plant showed a hollow heart incidence
fertilizer imbalance, or temperature extremes may cause the formation of hard seeds [44]. There is
of 56%, and plants located 2.4 m away from a pollenizer had a 74% incidence [40]. Prolonged
concern among growers that grafting may adversely increase the formation of hard seeds in triploid
periods of hot day-time temperatures also lower bee activity and pollination rates. Furthermore,
watermelon. Devi at al. [17] found six hard seeds per fruit on average for both grafted and nongrafted
pollen viability and rates of pollination are reduced by cold weather and prolonged periods of hot
watermelon fruit in northwest Washington. At this study site, night temperature was 10.5 °C on
day-time temperature.
average, which could account for the high incidence of hollow heart and formation of hard seed.
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Figure
1. Hollow heart (A) and black seed formation (B) in grafted triploid watermelon.
Figure 1.
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heart is less likely to occur when fruit set is later in the season [43]. Grafting watermelon
3.2. Flesh
Firmness
onto interspecific hybrid rootstock has been shown to increase fruit tissue firmness and may decrease
Increased flesh firmness of grafted watermelon fruit has been shown in many studies
the susceptibility of hollow heart formation in triploid watermelon [41]. For example, in North Carolina,
[17,21,26,31,32,47–49], while no change was reported by some studies [50–52] Interspecific squash
where day/night temperature was 25 ◦ C/15 ◦ C, hollow heart incidence was reduced by 25–30% in fruit
hybrid rootstocks appear to increase watermelon flesh firmness most consistently in both diploid and
of triploid cv. Liberty grafted onto interspecific squash hybrid rootstock cvs. Carnivor and Kazako,
triploid scions [26,38,53]. Liu et al. [54] reported no difference in firmness when diploid watermelons
compared to nongrafted fruit [45]. In contrast, Devi et al. [17] reported that in northwest Washington
(16 ◦ C/10.5 ◦ C mean day/night temperature during the growing season), hollow heart formation was
high (13–25 mm cracking, non-marketable) for cv. Secretariat nongrafted, as well as that grafted onto
interspecific hybrid squash cvs. Tetsukabuto and Super Shintosa, bottle gourd cv. Pelop, and wax
gourd cv. Round.
Immature white seed is commonly found in triploid watermelon, and under certain stress/
environmental conditions, some seed coats may become hard and black and look like a mature seed
but are empty inside [44,46] Unfavorable conditions, such as moisture extremes (drought, flood),
fertilizer imbalance, or temperature extremes may cause the formation of hard seeds [44]. There is
concern among growers that grafting may adversely increase the formation of hard seeds in triploid
watermelon. Devi at al. [17] found six hard seeds per fruit on average for both grafted and nongrafted
watermelon fruit in northwest Washington. At this study site, night temperature was 10.5 ◦ C on
average, which could account for the high incidence of hollow heart and formation of hard seed.
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3.2. Flesh Firmness
Increased flesh firmness of grafted watermelon fruit has been shown in many
studies [17,21,26,31,32,47–49], while no change was reported by some studies [50–52] Interspecific
squash hybrid rootstocks appear to increase watermelon flesh firmness most consistently in both
diploid and triploid scions [26,38,53]. Liu et al. [54] reported no difference in firmness when diploid
watermelons were grafted onto five different L. siceraria and Cucurbita ficifolia rootstocks. In contrast,
Yamasaki et al. [16] reported a significant increase in firmness when diploid watermelon cv. Fujihikari
was grafted onto C. maxima × C. moschata hybrid rootstock than onto L. siceraria. Bruton et al. [26] reported
increased firmness in both diploid and triploid watermelon when grafted onto C. ficifolia and C. maxima
× C. moschata hybrid rootstocks, but L. ciceraria rootstock produced lower or more varied fruit firmness.
Similarly, triploid watermelon cv. Secretariat grafted onto C. maxima × C. moschata hybrid, L. siceraria,
and Benincasa hispida rootstocks had greater firmness than nongrafted fruit [17]. Increased flesh firmness
in grafted watermelon could be due to higher cell density [55,56] and is a positive enhancement of
fruit quality, as firm fruit have an extended shelf-life [26,57]. The impact of scion-rootstock genotypic
effects on watermelon flesh firmness can be significant; therefore, choosing the right combination may
be a necessary element for improving fruit quality and postharvest shelf-life [26,46,49,58]
3.3. Total Soluble Solids
Sugar and acids are the primary constituents of TSSs, in addition to small amounts of dissolved
vitamins, fructans, proteins, pigments, phenolics, and minerals. TSSs are an important measure of
sweetness of watermelon fruit [59]. While most research studies have generally shown that grafting
has no effect on TSS content in watermelon fruit [7,17,21,31,60,61] the rootstock-scion combination can
affect TSSs of grafted fruit [1,4,27]. For example, Petropoulos et al. [62] reported variable TSSs when
watermelon cvs. Sugar Baby and Crimson Sweet were grafted onto C. maxima × C. moschata hybrid
rootstocks. While most studies did not find a significant effect in TSS for grafted watermelon with
L. siceraria rootstocks [33,35,36,63], 0.5–1.0% reduction in TSSs was reported for grafted compared to
nongrafted watermelon treatments in several studies [26,32,35,47]. Only a few studies found grafting
to have a negative impact on TSSs [64,65] and Davis and Perkins-Veazie [32] reported that TSSs were
reduced only in their grafted diploid watermelon treatment.
3.4. Fruit pH and Titratable Acidity
Unlike SSC, which shows a continuous increase during watermelon fruit growth and development,
fruit pH was at 4.6–4.7 until about 19 days postanthesis, which increased to 5.2 just before full red
color and increased to 5.4 or greater at full ripeness [66]. The pH of fully ripe watermelon can differ
with production area, ranging from 5.4 to 6.2, with a pH over 6.5 indicating overripe watermelon [67].
The pH of diploid watermelons grafted to an interspecific hybrid squash rootstock (cv. TZ148)
was slightly lower than that of self-grafted fruit (5.7 and 5.8 pH, respectively) [24]. In a triploid
watermelon (cv. Liberty), the pH of nongrafted or grafted fruit to an interspecific hybrid squash
rootstock (cv. Carnivor) was 5.4 [45]. Titratable acidity was very low in watermelon, from 0.08–0.23%
malic acid equivalents [24,68] In grafted watermelons, titratable acidity remained higher, even after
ripeness, than in nongrafted fruit [24,39]. The slightly lower pH and higher titratable acidity of grafted
fruit may be due to both the slight delay in fruit ripening and delayed fruit senescence, but neither had
a significant effect on the marketability of fruit.
3.5. Lycopene Content
Watermelon is an important source of natural antioxidants due to lycopene, a fat-soluble
carotenoid with valuable health-promoting benefits [69]. Lycopene content of red fleshed watermelon
(4.81 mg/100 g on average) is almost 40% higher than that of tomato (3.03 mg/100 g) [69].
Lycopene content is an important measure of watermelon fruit quality and has been reported as
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higher [24,27,47,70], lower [32,37], and unchanged [17,21,26,31,32,52,65] in grafted fruit compared with
nongrafted watermelon. Grafting was reported to increase lycopene content in diploid watermelon cv.
Pegasus when grafted onto interspecific hybrid squash rootstock cv. TZ148 compared to nongrafted,
where optimum harvest maturity was reached between 35 and 40 days after flower initiation in the
nongrafted watermelon compared to 40–45 days for the grafted watermelon [24]. Further, a decrease in
lycopene content as reported with L. siceraria and C. argyrosperma rootstocks [32,37]. Proietti et al. [27]
reported a 40% increase in lycopene content for diploid mini-watermelon cv. Ingrid when grafted
onto C. maxima × C. moschata hybrid cv. PS 1313 compared to nongrafted watermelon, whereas
Bruton et al. [26] found only a 5% increase in lycopene content for triploid watermelon cv. Summer
Sweet Brand 5244, grafted onto C. maxima × C. moschata cv. RS 1330 and C. ficifolia cv. RS 1420. These
results demonstrate that lycopene content in grafted watermelon fruit is a rootstock-scion combination
dependent trait. Differences in time to peak maturity of the cultivars in the different studies, combined
with rootstocks from different genera, may influence lycopene content, possibly due to rootstock
mediated regulation of lycopene metabolism [71]. Kong et al. [71] reported that L. siceraria rootstock
enhanced lycopene content before the fully ripe stage in grafted watermelon by upregulating the
lycopene biosynthetic genes, whereas wild watermelon (C. lanatus var. citroides) rootstock promoted
lycopene accumulation in grafted watermelon fruit, potentially by downregulating lycopene catabolic
genes at the fully ripe stage. Other research studies have shown that environmental conditions, such as
soil fertility, irrigation, light intensity, and day/night temperatures, as well as harvest maturity and
vine health, can affect lycopene formation, development, and stability in watermelon [69,72]. While
numerous studies have evaluated lycopene content, the underlying mechanism of lycopene metabolism
is still unclear in grafted watermelon fruit.
3.6. Citrulline
Although not present in most foods, the non-essential amino acid L-citrulline is found in high
amounts in watermelon. Consumption of watermelon juice containing 4–6 g citrulline + arginine was
found to effectively lower blood pressure and arterial stiffness [73,74]. The effects of grafting rootstock
on subsequent fruit citrulline content was mixed. Soteriou et al. [23] reported higher amounts in grafted
watermelon fruit (2.5 vs 3.0), although no significant differences in L-citrulline were found in ‘Liberty’
(2.7–3.1 in 2017 and 3.4 in 2019) [45]. The different results may be from different rootstock genetics and
relative amounts of root-available potassium. Zhong et al. [75] found that nongrafted watermelon
fruit were lower in citrulline than those grafted to wild watermelon, bottle gourd, or interspecific
hybrid rootstocks when hydroponic solutions of 0.1- and 6-mM potassium were applied. The amount
of citrulline increased at low levels of applied potassium, except for fruit grafted to the interspecific
rootstock. Amounts of potassium found in the fruit tissue corresponded to application rates and were
similar among grafted plants but were reduced for the low potassium application rate in nongrafted
plants [76].
4. Conclusions
Research studies demonstrate that grafting can effectively mitigate the adverse effects of
environmental stress on watermelon production. Abiotic stress tolerance of grafted plants is
facilitated by the modifications in root traits, such as deeper and more extensive root systems,
higher root hydraulic conductance, and faster induction of hormone accumulation (for example,
abscisic acid). Rootstock/scion combinations can influence stress tolerance of grafted plants under
different environmental conditions. Hormonal signaling plays an important role in graft union
formation, rootstock–scion communication, growth and yield, and potential flowering and fruit quality.
Fruit quality measures can be confounded by non-standardization of harvest maturity of grafted and
nongrafted plants, and there is need for further research regarding timing of maturation to optimize fruit
quality of grafted watermelon. Although the changes in fruit quality after grafting have been widely
reported, the mechanisms involved in regulating fruit characteristics with different rootstocks are still
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unknown. Future research needs to focus on rootstock performance within specific growing regions,
soil type, and weather conditions to enhance fruit quality and extend shelf-life. In addition, there is a
need to evaluate multiple scion and rootstock combinations to better understand the interaction effects
on fruit quality under varying environmental conditions. To fully understand the impact of grafting
on fruit yield and quality, studies need to provide cultivar information and climate data. Furthermore,
research efforts are needed to understand the diverse roles of post-grafting biological and metabolic
processes at the molecular level and should take watermelon rootstock selection into consideration.
Formation of hollow heart and hard seeds also need special attention in grafted triploid watermelon,
as there is limited research that has addressed these two fruit quality issues. This information will
enable growers to select scion and rootstock cultivars for consistency of performance across locations.
Perhaps most importantly, there is a need to determine the impact of grafting on fruit development and
ripening in order to recommend maturity indicators and timing for harvest to optimize fruit quality of
grafted watermelon. Finally, researchers, agriculture extension specialists, and industry professionals
need to work together to disseminate this information in order for growers to view grafting as an
effective tool for producing high-quality watermelon under unfavorable environmental conditions.
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