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Abstract: Watermelon grafting is practiced in order to improve tolerance to poor environments
such as low temperature. This study was conducted to investigate the effect of low-temperature tol-
erant bottle gourd (Lagenaria siceraria) rootstocks on the growth and fruit quality of watermelon
in semi-forcing and retarding culture where plants were exposed to low or high temperature.
Five bottle gourd accessions (FR79, IT207112, BG702, BG703, and FRD22) with low temperature
tolerance were evaluated as rootstock for the watermelon scion ‘Sambokkul’. Non-grafted wa-
termelon and watermelon grafted onto commercial rootstock ‘Shintozwa’ (Cucurbita maxima D. x

C. moschata D.) or ‘Bullojangsaeng’ (L. siceraria) were used as controls. Watermelons were cultivated in
spring (April to June, semi-forcing culture) and autumn (August to October, retarding culture). The
responses to low-temperature, growth, yield, and fruit quality differed depending on the rootstocks
and growing season. In semi-forcing culture, the monthly averages of daily and minimum tempera-
ture in April were, respectively, 13.4 and 1.5 °C. Although the low temperature of the early growth
stage suppressed the initial growth of watermelons, grafting mitigated the low-temperature stress.
The fruit quality of non-grafted watermelons was greater, but the fruit mass was the lowest (4.8 kg).
Grafting onto ‘Shintozwa’ increased the fruit weight (7.0 kg) but reduced the fruit quality. Grafting
onto bottle gourd rootstocks had high affinity, good root growth, tolerance to low temperature, and
little effect on fruit quality. In retarding culture, the temperature conditions in early and late growth
were very high and low, respectively. The growth and fruit quality of grafted watermelons were not
superior to those of non-grafted watermelons. Accordingly, these results suggest that watermelon
grafting onto the bottle gourd rootstocks may increase the low-temperature tolerance, especially
in the early growth stage, and the marketable yield without a reduction in fruit quality. The most
promising accession for this purpose was found to be ‘FR79".

Keywords: grafting; bottle gourd; Lagenaria siceraria; abiotic stress; growing season

1. Introduction

Watermelon (Citullus lanatus) is one of the major cultivated vegetables. The minimum
and maximum temperatures for growth are 35 and 18 °C, respectively. The optimum air
and soil temperature for watermelon growth are in the range of 22 to 30 °C and 20 to
35 °C, respectively.

In Korea, watermelon is cultivated in not only open fields in the summer, but also in
a greenhouse all year round. The purposes of watermelon production in a greenhouse are
stable production, quality improvement, and harvest time control such as early harvest. The
cropping pattern of watermelon in a greenhouse is divided into forcing (January through
March or April), semi-forcing (March through May or June), and retarding culture (August
through October or November) [1]. Watermelon native to the tropical and sub-tropical
areas is particularly sensitive to cold stress [2]. When the temperature drops below 13 °C,
plants do not flower. Young plants stop growing at temperatures below 10 °C and even
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die at temperatures below 1 °C [3]. Cold stress can cause stunted plant growth, wilting,
necrotic lesions on leaves, and increased susceptibility to diseases and pathogens and can
result in yield reduction [4].

Vegetable grafting has been widely practiced around the world for various purposes,
including the enhancement of tolerance to abiotic and biotic stresses [5]. Grafting is mostly
practiced to produce fruit and vegetables of Cucurbitaceae and Solanaceae [6,7]. The main
purpose of watermelon grafting is to improve tolerance to abiotic and biotic stress such as
low temperature [2,8,9], high salinity [10-12], and Fusarium wilt [13]. Most watermelon
growers in Korea use grafted seedlings [14,15].

Cucurbita spp., squash interspecific hybrids, and bottle gourd (Lagenaria siceraria) are
usually used as rootstocks for watermelon [16]. Even though Cucurbita spp. has many
advantages as rootstock, such as a vigorous root system and high tolerance to abiotic and
biotic stress, it often lowers fruit quality in terms of texture, flavor, and taste. On the other
hand, bottle gourd is preferred for watermelon grafting on account of its resistance to high
affinity, Fusarium wilt, and highly stable growth after grafting.

Watermelon grafted onto bottle gourd rootstocks increased fruit yield, flesh firmness,
total sugar content, lycopene, and carotenoid in fruits compared to non-grafted plants [17].
Bottle gourd rootstocks also improve the tolerance to cold, drought, and salt stress by
enhancing antioxidant activity and higher expression of enzymes related to the Calvin
cycle [2]. Recently, the molecular mechanism of improvement of cold tolerance after
grafting onto bottle gourd rootstocks have been studied [18].

Watermelon fruits are usually harvested three or four months after transplanting.
Watermelons are exposed to low-temperature conditions at different growth stages depend-
ing on the cropping pattern. In semi-forcing culture, plants in the early growth stage are
exposed to low temperatures from March to early April. However, in retarding culture,
plants may be exposed to low temperatures at the maturity stage, nearing harvest in late
October to November.

This study evaluated the effects of bottle gourd rootstocks with low-temperature
tolerance on the growth, yield, and fruit quality of grafted watermelons under greenhouse
conditions in semi-forcing and retarding culture.

2. Materials and Methods
2.1. Plant Materials

Five bottle gourd accessions (FR79, 1T207112, BG702, BG703, FRD22) with low-
temperature tolerance were evaluated as rootstocks (Table 1). Low-temperature toler-
ance was evaluated based on early seedling growth in a growth chamber set at 15/8 °C
light/dark period) for three weeks and early growth in an unheated greenhouse during
the low-temperature period from November to February of the following year [19]. These
rootstocks were also screened for their resistance to both Fusarium wilt and Monosporascus
root rot and vine decline [20].

The watermelon ‘Sambokkul” (FarmHannong Co., Ltd., Seoul, Korea) was used as
a scion. Non-grafted watermelon and watermelon grafted onto commercial rootstock
‘Shintozwa’ (Cucurbita maxima D. x C. moschata D.) or ‘Bullojangsaeng’ (L. siceraria, Syngenta
Korea Co., Ltd., Seoul, Korea) were used as controls.

Rootstocks and scions were sown into 50- (W 280 x L 540 x H 46 mm, 73 cc/cell,
Bumnong Co., Ltd., Jeongeup, Korea) and 128-cell plugtrays (W 280 x L 540 x H 41 mm,
17.5 cc/cell, Bumnong Co., Ltd., Jeongeup, Korea) filled with commercial growing media
(Biomedia, FarmHannong Co., Ltd., Seoul, Korea), respectively. In semi-forcing culture,
scions were sown four days after sowing of rootstocks. In retarding culture, scions and
rootstock were sown on the same day. After sowing, plugtrays were over-irrigated and
placed in a germination room set at 28 °C for two days to promote germination. Then, they
were moved to a greenhouse and grown on the bench. Non-grafted watermelons were
sown seven days after sowing scions.
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Table 1. The characteristics of bottle gourd accessions used as rootstocks.
Fruit Disease Resistance
Accession Scientific Weigh Ski F i MRR/
Name eight Shape in usaflum R
(kg) Color Wilt VD
) ) yellowish y X
FR79 L. siceraria 1.5 pear type white 29 MR
IT207112 L. siceraria - long yellowish 17 R
cylindrical white
BG702 L. siceraria 2.0 cylindrical green - -
. . long
BG703 L. siceraria - cylindrical green - -
FRD22 L. siceraria - pear type green 1.7 MR

* Monosporascus root rot and vine decline; ¥ Disease index of Fusarium wilt in watermelon 1: symptomless,
2: slightly wilting, 3: wilting, 4: severely wilting, 5: death; * R, resistant; MR, moderately resistant.

Eight days after sowing scions, non-grafted watermelons were sown, and grafting
was conducted using one cotyledon splice-grafting method described by Lee et al. [5].
Grafted watermelon seedlings were placed on a multi-stage bed (W 500 x L 2000 x
H 1500 mm) with LED lights (Red:Blue = 2:1, PPF 80 pmol-m~2:s~!) in a healing room. They
were healed and acclimatized for seven days. After six-day healing and acclimatization in
a healing room, they were grown in a greenhouse before transplanting.

2.2. Cultivation of Grafted Watermelons in a Greenhouse

The research was carried out in the greenhouse of the National Institute of Horticul-
tural and Herbal Science located in Wanju (35.8 °N, 127.1 °W, altitude 56 m), Jeollabuk-do,
Korea. The annual mean temperature was 12.5 °C and the annual precipitation was
1326.8 mm. Watermelons were cultivated in spring (April to June, semi-forcing culture)
and autumn (August to October, retarding culture) in order to evaluate the effects of bottle
gourd rootstocks with low-temperature tolerance on the growth, yield, and fruit quality of
grafted watermelons under greenhouse conditions without heating (Figure 1).

Semi-forcing culture [ M. Exposure to low temperature ]
1% day 40t day ~ 86t day ~
Transplanting Fruit set Harvesting

in a greenhouse

Retarding culture

1%t day 30t day ~ 76t day ~
p_. y_.
o v )
Transplanting Fruit set Harvesting

in a greenhouse

Figure 1. Cultivation schedule in semi-forcing (April to June) and retarding culture (August
to October).

In semi-forcing culture, 36-day-old grafted and 29-day-old non-grafted watermelon
seedlings were transplanted in a greenhouse (W 7 x L 40 m, 280 m?) on 31 March 2020. In
retarding culture, 26-day-old grafted and 19-day-old non-grafted watermelon seedlings
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were transplanted on 20 August 2019. Two rows (2 x 36 m) were made and each row was
mulched with black plastic film before planting. Three rows of drip irrigation tapes were
placed under the plastic mulching film in each row.

The distance between plants within a row was 0.5 m and the plant density was
1.94 m?. In both growing seasons, the experiment was arranged in a randomized complete
block design with two blocks. Each block consisted of eight treatments (seven rootstocks,
including two commercial rootstocks and non-grafted watermelon). The number of repli-
cates for each treatment in the block was six plants in semi-forcing culture and ten plants in
retarding culture, except rootstock with low emergence percentage or graft-take.

Irrigation and fertilizer application were carried out using standard procedures for
watermelon cultivation [1]. After the fruit set, 200 g and 400 g of ‘Hanbang’ for vegetable
cultivation (N-P-K-Ca-Mg = 15-3-6-8 me-L~1 Coseal Co., Ltd., Seoul, Korea) were applied
twice at weekly intervals.

Rice straw was laid on the plastic mulching film and watermelon vines were trained
and fixed with pins. Watermelons were pruned to a primary vine and two secondary vines.
Manual cross-pollination was conducted for the fruit set 37 days after transplanting in
retarding culture and 17 days after transplanting in semi-forcing culture, respectively. The
second and third female flowers on the primary vine were pollinated and one fruit per
plant was set.

To measure photosynthetic photon flux (PPF), air and root temperature, and relative
humidity data inside the greenhouse, the PAR (Photosynthetically active radiation) sensor
(LightScout Quantum Light sensor, Range/Resolution 0~2500 umol-m~2:s~!, Accuracy
£5%, Spectrum Technologies, IncAurora, IL, USA) and the data logger embedded with the
temperature-humidity sensor (WatchDog 1000 Series Micro Stations, Temperature range
—40~85 °C, Accuracy: £0.6 °C at —20 to 50 °C, else £1.2 °C, RH range 0~100%, Accuracy:
£3% at 25 °C and 10~90%, else £5%, Spectrum Technologies, Inc., Aurora, IL, USA) were
installed at the center of the house near plants (0.3 m high above the floor). The data were
collected per 30 min during the cultivation period. Growing degree days (GDD) were
calculated using the equation below [21,22].

GDD = [(Tmax + Tvin) /2] — Teask

where Tyax is the daily maximum air temperature, Ty is the daily minimum air temper-
ature, and Tpagg is the temperature below which the growth does not progress. Tpasg of
watermelon was calculated as 10 °C.

2.3. Measurements and Sensory Evaluation

At eight days after sowing and before grafting, hypocotyl length, cotyledon length,
and the width of five rootstock and scion plants were measured. Before transplanting, the
growth parameters such as shoot length, number of true leaves, leaf area (by LI-3100 area
meter, Li-Cor Bioscience, Lincoln, NE, USA), SPAD value (by SPAD 502 Plus Chlorophyll
meter, Konica Minolta, Tokyo, Japan), and fresh mass of three grafted and non-grafted
watermelon transplants were measured. Dry mass was measured after drying the samples
at 80 °C for at least three days using the dry oven (DS-80-3, Dasol Scientific Co., Ltd.,
Hwaseong-si, Gyeonggi-do, Korea). The length of the primary vine was measured to
evaluate the early growth at 27 days after transplanting. The stem diameter of the graft
junction usually related to graft compatibility was measured before harvesting [23].

Mature fruits were harvested on 25 June (86 days after transplanting in the semi-
forcing culture) and 4 November (76 days after transplanting in the retarding culture)
according to the date of pollination. Six mature fruits per treatment were harvested, except
for the treatments in which the fruit could not be harvested due to the failure of the fruit set.
The length, width, and weight of the fruit were measured. Three fruits of each treatment
were longitudinally sliced into two, and the rind thickness at the middle of the slice was
measured. From the center of the slice, a piece of fruit flesh was cut off and squeezed
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to extract the juice for measuring total soluble solids (TSS) using a refractometer (ABBE
refractometer, PAL-1, Atago, Tokyo, Japan).

Referring to the sensory evaluation method of Lee et al., the sensory evaluation of
watermelon fruits was conducted by 59 and 30 evaluators with experience in evaluation
in semi-forcing and retarding cultures, respectively [24]. The sample evaluation was
conducted using a 10-point hedonic sensory evaluation scale anchored in the middle and
extreme regions of the scale (1 = disliked extremely, 5 = neither liked nor disliked, 10 = liked
extremely) for the following attributes: sweetness, texture, flavor, and overall acceptance.

2.4. Statistical Analysis

All data were statistically analyzed by analysis of variance using SAS version 9.4
175 (SAS Institute Inc., Cary, NC, USA) software. The data were subjected to one and
two-way analyses of variance. Levene’s test was used for homogeneity of variances. The
Kruskal-Wallis test was used for the analysis of sensory evaluation. Duncan’s multiple
range test was performed at p < 0.05 on each of the variables measured.

3. Results
3.1. Environment in Semi-Forcing and Retarding Culture

In semi-forcing culture, the average daily minimum, mean, and maximum air temper-
atures were 10.3, 19.8, and 32.0 °C, respectively (Figure 2). The monthly averages of daily
minimum and mean temperature in April of the early growth stage were, respectively, 1.5
and 13.4 °C. As time went by, the temperature rose and the monthly average minimum
temperature in May and June of the middle and late growth stages was 12.6 and 19.1 °C,
respectively. The average daily minimum, mean, and maximum root temperatures in May
and June were 21.2, 25.4, and 29.7 °C, respectively. The root temperature was stable, with
less variation than the air temperature. The average daily light integral (DLI) during the
cultivation was 32 mol-m~2-day 1.

In retarding culture, the average daily minimum, mean, and maximum air tempera-
tures were 16.9, 23.6, and 33.3°C, respectively. The monthly averages of daily minimum
and mean temperature in August of the early growth stage were, respectively, 20.8 and
26.6 °C. As time went by, the temperature dropped and the monthly average minimum
temperature in September and October of the middle and late growth stages was 19.0 and
11.0 °C, respectively. The average daily minimum, mean, and maximum root temperatures
were 25.6,29.8, and 33.1 °C, respectively.

The cumulative GDD from transplanting to harvesting in semi-forcing and retarding
culture were 934 and 975, respectively. In semi-forcing culture, the cumulative GDD
increased slowly in the early period but rapidly increased in the later period. On the
other hand, the cumulative GDD in retarding culture increased rapidly in the early stage
and gradually increased in the later stage. The average DLI during the cultivation was
22 mol'm~2-day 1.

3.2. The Growth of Bottle Gourd Rootstock Accessions and Grafted Watermelon Transplants

Bottle gourd rootstock accessions except ‘BG702" germinated between the fourth
and sixth days after sowing (Figure 3). The germination of ‘BG702” was slower than
that of other rootstock and the germination percentage of ‘BG702” was only 20% on the
seventh day after transplanting (Figures 3 and 4). Thus, ‘BG702” was excluded from the
greenhouse evaluation.

The hypocotyl length of bottle gourd rootstock accessions at 11 days after sowing in
semi-forcing culture was around 3 cm (Table 2). The size of the cotyledon was 4.3-5.9 cm in
length, 2.3-3.2 cm in width, and 17.1-29.4 cm? in area, smaller than that of the commercial
bottle gourd rootstock ‘Bullojangsaeng” and pumpkin rootstock ‘Shintozwa’.



Agronomy 2023,13, 67

6 of 16

50

40

30

20

10

Air temperature (°C)

-10

40

30

20

10

Root temperature (°C)

-10

1000

800

600

400

200

Cumulative GDD (>10 °C)

50

40

30

20

10

Daily light integral (mol'm'z'day'l)

A Ii Semi-forcing culture ,4|

(Spring) AT
*

'7 Retarding culture
|

Iy nhae

Ay W

l' v W l!\I R
U

—

Max
- == Mean
Min
B |
| A
noo e
/\';I‘ ! \f\"/" LA /N
vt / / vl N
V L LI s
WIRAVRTIN
i
90 120 150 T 240 2700 300
Julian day

Figure 2. Changes in daily minimum (min), mean, and minimum (max) air (A) and root temperature
(B), cumulative GDD (C), and daily light integral (D) during semi-forcing (March to June) and
retarding culture (August to October).

100 4

80 A

60 -

40 -

Germination percentage (%)

FR79
IT207112
BG702(063379)
BG703

FRD22
Bullojangsaeng

44109

-

r100 §
()
teo §
c
8
F60 g
o
c
L4ao S
©
£
r2o E
[
o
0

100 200 300 400

Hours after sowing

o)
(’?:\ 101’0?, 6’5319\
NI

%O

Rootstock

> 12 )
10 o N
W© ac‘f’ae
%0\\0\

Figure 3. Germination percentage of Lagenaria rootstock accessions after sowing (A) and at
seven days after sowing (B).



Agronomy 2023, 13, 67 7 of 16

1T207112 Btllojangsaeng

Figure 4. The seeds and seedlings of Lagenaria accessions at seven days after sowing.

Table 2. The growth of bottle gourd rootstock accessions at 11 days after sowing in semi-
forcing culture.

Shoot Stem Cotyledon Fresh Mass (g) Dry Mass (g)
Accession Length  Diameter Length Width Area
(cm) (mm) (cm) (cm) (cm?) Shoot Root Shoot Root
FR79 35b* 26a 4.5cd 23c¢ 172 ¢ 1.15d 0.17d 0.086 bc 0.004 d
17207112 33b 2.7a 43d 23c 171c 1.05d 0.27 cd 0.063 c 0.008 cd
BG703 3.0b 26a 4.7 cd 26¢ 215¢ 1.25d 0.28 ¢ 0.093 bc 0.010 cd
FRD22 31b 29a 51c 31b 294Db 174 ¢ 0.35¢ 0.120b 0.011 ¢
Bullojangsaeng 35D 31a 59b 32b 36.5b 220b 0.55b 0.175a 0.021b
Shintozwa 58a 2.7a 7.0a 40a 47.1a 277 a 074 a 0.193 a 0.030 a

* Different letters indicated a significant difference within the column at the p < 0.05 according to Duncan’s
multiple range test.

The fresh mass of bottle gourd rootstock accessions was 1048-1744 mg in the shoot,
169-346 mg in the root and the dry mass was 1048-1744 mg in the shoot, 169-346 mg in the
root. Among bottle gourd rootstock accessions, the dry mass of ‘FRD22" was 130.7 mg and
greatest. That of 'IT207112" was 90.0 mg, which was the smallest.

The watermelon transplants before transplanting had 4-6 true leaves irrespective
of cropping season (Table 3). The shoot length in the retarding culture was longer than
that in the semi-forcing culture. The non-grafted watermelon seedlings in the retarding
culture were 26.1 cm and 2.4 times longer than in the semi-forcing culture. The grafted
watermelon transplants had a thicker stem diameter and greater root mass than non-grafted
transplants. The watermelon seedlings grafted onto commercial bottle gourd rootstock ‘Bul-
lojangsaeng’ had the greatest growth, regardless of cropping season. Among bottle gourd
rootstock accessions, ‘FR703” exhibited higher growth in both seasons. The non-grafted wa-
termelon seedlings in the semi-forcing culture and ‘FRD22" in retarding culture showed the
lowest growth.

3.3. The Growth of Watermelons in the Greenhouse

In semi-forcing culture, watermelons were grown under low-temperature conditions
in the early stages of cultivation in spring (April to June). The low temperature in April
delayed the early growth. The mean main vine length of grafted watermelons at 27 days
after transplanting was 70 cm and about 2 times that of non-grafted ones in semi-forcing
culture (Figure 5).

Conversely, the watermelon plants in retarding culture were exposed to high tem-
peratures at the early growth stage and low temperatures at the late growth stage. High
temperature in August, an average of 13 °C higher than in April, stimulated the early
growth. The main vine length of grafted watermelons was 120-230 cm and was shorter
than the non-grafted one in retarding culture. Among bottle gourd rootstock accessions,
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‘FR79” was the longest, and ‘FRD22” was the shortest. The watermelon plants grafted onto
‘FRD22’" exhibited delayed growth, and some plants died during the growth.

Table 3. The growth of watermelon transplants influenced by bottle gourd rootstock accessions

before transplanting.

Stem

Shoot No. of Leaf Diameter (mm) Fresh Mass (g) Dry Mass (g)
SPAD
Rootstock Length True Area Value Root Graft
(cm) Leaves (cm?) oo ra Shoot Root Shoot Root
Stock Union
Semi-forcing culture (Spring)
Samboldul 111c”  40b 131.3d  37.0a  38c - 647¢  033c  0590c  0.037c
(non-graft)
FR79 15.8b 5.0a 181.6 ab 40.2 a 5.3 ab 44a 9.86 ab 0.82b 0.823b 0.054 bc
1T207112 153Db 53a 158.2 b-d 384 a 5.1 ab 42a 8.53b 1.09 ab 0.771b  0.073 ab
BG703 159b 57a 168.4 a— 38.3a 5.3 ab 43a 9.17b 1.32a 0.885b 0.080 ab
FRD22 13.5 bc 5.0a 146.9 cd 413 a 56a 42a 8.60 b 1.30 a 0.833b 0.078 ab
Bullojangsaeng 19.0 a 5.7a 1944 a 37.8a 5.0b 41a 10.63 a 128 a 1.101 a 0.086 a
Shintozwa 11.8 ¢ 5.0a 147.7 d 39.1a 5.1ab 3.8a 9.00b 1.24 ab 0.893 b 0.093 a
Retarding culture (Autumn)
Samboldul 26.1a 50a 1602a  339a  40b - 700a  020b  0.669a 0.018d
(non-graft)
FR79 204b 53a 132.8 b 325a 51a 33a 7.36 a 1.16a 0.717a 0.057 a—c
1T207112 252 a 6.0a 1339b 3l4a 49a 29a 6.69 a 0.78 a 0.581 a 0.046 bc
BG703 19.5b 5.0a 130.5 be 322a 4.5 ab 32a 6.97 a 1.08 a 0.745 a 0.061 ab
FRD22 14.0 c 5.0a 100.0d 31.6a 48a 33a 5.34b 0.76 a 0.542 a 0.041 ¢
Bullojangsaeng ~ 21.0b 50a 123.4b-d 315a 49a 32a 720 a 1.16a 0.769 a 0.066 a
Shintozwa 15.6 ¢ 43a 104.8 cd 33.2a 4.5 ab 3.0a 6.33 ab 0.94 a 0.630 a 0.076 a
F value
Cropping <0.001 1.0000 <0.0001  <0.0001  0.0005  <0.0001 <0.0001 00127  <0.0001  0.0001
pattern (A)
Rootstock (B) <0.001 0.0224 0.0008 0.7412 <0.0001 0.3409 0.0001 <0.0001 0.0003 <0.0001
A x B <0.001 0.0768 0.0002 0.3672 0.0811 0.8243  0.0004 0.0798 0.0240 0.3766
* Different letters indicated a significant difference within the column at the p < 0.05 according to Duncan’s
multiple range test.
300
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250 H b
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< 100 A L
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Figure 5. Main vine length influenced by bottle gourd rootstocks at 27 days after transplanting in

semi-forcing and retarding culture. Different letters indicated a significant difference within the

column at the p < 0.05, according to Duncan’s multiple range test.
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In semi-forcing culture, the fruit was set on the main vines between the 25th and 29th
node from 45 to 49 days after transplanting. There was no significant difference between
rootstock (Figure 6). However, in retarding culture, the non-grafted watermelon with
early vigorous growth set the fruit on the 21st day after transplanting. This was about
ten days earlier than the grafted watermelons. Among rootstocks, ‘FR79’, '1T207112’, and
‘Bullojangseang’ had earlier fruit sets.
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Rootstock

Figure 6. The fruit set position and period for fruit set after transplanting influenced by bottle gourd
rootstocks. Different letters indicated a significant difference within the column at the p < 0.05
according to Duncan’s multiple range test.

The stem diameter of graft union in semi-forcing culture ranged from 11 mm to 16 mm
(Figure 7). The watermelon plants grafted onto ‘Shintozwa’, ‘FR79’, ‘1T207112’, "BG703’
had thicker stems than non-grafted watermelon or watermelon grafted onto ‘FRD22’. The
ratio of stem diameter between scion and rootstock (scion stem diameter/rootstock stem
diameter) was over 0.90 in all bottle gourd rootstock accessions except ‘IT207112" (0.83). In
retarding culture, the stem diameter of graft union and the ratio of stem diameter between
scion and rootstock ranged from 9 mm to 12 mm and from 0.77 to 1.02, respectively. There
was no significant difference between rootstocks concerning the stem diameter and the
ratio of stem diameter between scion and rootstock.

After harvesting, the grafted watermelons exhibited thicker and greater root growth
than non-grafted ones (Figure 8). ‘Shintozwa’ produced the greatest quantity of root and
well-developed fine root.

In the semi-forcing culture, the average fruit mass was 4.8-7.0 kg (Table 4). The
watermelon fruits grafted onto ‘Shintozwa’ were the heaviest, and those of the non-grafted
watermelon and those grafted onto ‘IT207112" were the lowest. TSS of ‘Sambokkul’ was the
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highest at 15.3 °Brix, followed by the watermelon grafted onto ‘Bullojangsaeng’ at 12.6 °Brix.
The fruits grafted onto the other rootstocks were as low as 11 °Brix. In retarding culture,
the average fruit mass was 3.4-4.9 kg, which was smaller than those in the semi-forcing
culture. The TSS of fruits was in the range of 13-14 °Brix. Among them, the watermelon
grafted onto the ‘BG703” was heavy and had a high TSS of 14.9 °Brix.
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Figure 7. The stem diameter of graft union and ratio of stem diameter between scion and rootstock
influenced by bottle gourd rootstocks before harvesting. Different letters indicated a significant
difference within the column at the p < 0.05 according to Duncan’s multiple range test.

Sambogkkul 17207112 FRD22 Sambogkkul 1T207112 FRD22

Retarding

Semi-forcing
culture

culture

Bullojangsaeng Shintozwa

Figure 8. The root of bottle gourd rootstocks after planting in semi-forcing and retarding culture.
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Table 4. Fruit mass, fruit length and width, flesh thickness, and total soluble solids (TSS) of water-
melon influenced by bottle gourd rootstocks.

Flesh

Rootstock Fruit Mass Fruit Length  Fruit Width Thickness TSS_ z
(kg/plant) (cm) (cm) (°Brix)
(mm)

Semi-forcing culture (Spring)
Sambokkul 48bcY 242a 200b 93a 153a
(non-graft)
FR79 5.1bc 23.8a 20.4 ab 9.7 a 11.8 bc
1T207112 4.8 bc 244 a 20.1b 91a 11.2 ¢
BG703 59b 252a 204 ab 94a 11.8 be
FRD22 5.1bc 226a 19.0b 9.5a 11.5bc
Bullojangsaeng 5.1bc 24.6a 20.3 ab 93 a 126 b
Shintozwa 70a 26.5a 21.6a 115a 11.5bc
Retarding culture (Autumn)
Sambokdul 43a—c 193a 189a 99a 144 ab
(non-graft)
FR79 3.8 bc 21.6 cd 17.6 a 119a 13.6 ¢
1T207112 39bc 23.1a—c 18.0a 104 a 13.9 bc
BG703 49a 243a 19.2a 11.7 a 149 a
FRD22 34c 21.0d 16.9 a 10.5a 14.2 bc
Bullojangsaeng 3.8 bc 22.3b-d 17.6 a 95a 14.1 bc
Shintozwa 45ab 246a 17.0a 121a 14.3 a—c
F value
Cropping <0.0001 <0.0001 <0.0001 0.0314 <0.0001
pattern (A)
Rootstock (B) <0.0001 0.0069 0.1304 0.5190 <0.0001
AXxB 0.0124 0.2971 0.0017 0.7604 <0.0004

“ Total soluble solids (TSS) of the flesh of the fruit center were measured; Y different letters indicated a significant
difference within the column at the p < 0.05 according to Duncan’s multiple range test.

In the sensory evaluation, the non-grafted watermelon fruit had the best evaluation in
taste, texture, aroma, and overall taste, irrespective of the growing season (Table 5). The
evaluation of the fruit grafted onto ‘FR79” was close to the non-grafted fruit of ‘Sambokkul’.
In semi-forcing culture, the fruit grafted onto the ‘Shintozwa’ had the lowest evaluation
value. In retarding culture, the evaluation value of the fruit grafted onto the ‘FRD22" with
bad growth and plant death was the lowest, and the fruit grafted to the ‘Shintozwa’ was

the next lowest.

Table 5. The sensory characteristics of watermelon influenced by bottle gourd rootstocks.

Rootstock Sweetness * Texture Flavor Overall
Acceptance

Semi-forcing culture
Sambokkul 7.08aY 6.32a 6.86 a 6.75a
(non-graft)
FR79 6.25Db 6.29 a 6.56 ab 6.24 ab
1T207112 5.29 c-e 6.20 a 5.82 c—f 5.58 b—d
BG703 5.07 e 5.37 be 532 e-g 5.05d
FRD22 522de 5.07 ¢ 5.24 fg 515d
Bullojangsaeng 6.00 bc 6.22 a 6.36 a— 6.07 bc
Shintozwa 3.76 £ 5.05¢ 480¢g 422e
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Table 5. Cont.

Rootstock Sweetness * Texture Flavor Overall
Acceptance

Retarding culture
Sambokkul 7.57 a 7.67 a 6.53a 720 a
(non-graft)
FR79 6.93 bc 6.63 b 6.90 a 6.87 ab
1T207112 493 ¢ 5.37 c¢d 517b 513 ¢
BG703 5.00 ¢ 5.27d 5.10b 517 ¢
FRD22 3.10d 390e 3.27c¢ 3.20d
Bullojangsaeng 6.10b 6.30 bc 6.10a 6.20b
Shintozwa 4.67d 520d 490b 5.01c¢

* A 10-point hedonic sensory evaluation (0 = extremely disliked, 5 = neither liked nor disliked, 10 = extremely
well-liked ); ¥ Different letters indicated a significant difference within the column at the p < 0.05 according to
Duncan’s multiple range test.

4. Discussion

Watermelon is a thermophilic crop with an optimum temperature range of 22 to 30 °C.
However, watermelon is often cultivated under non-optimal stressful conditions in order
to extend the production period. In the experiments, watermelon was exposed to seasonal
temperature variations ranging from below zero to more than 40 °C. Depending on the
growing season, the watermelon plants were exposed to low temperatures at the different
growth stages. In semi-forcing culture, the watermelon plants in the early growth stage
were exposed to low temperatures below 0 °C, but the plants in the late growth stage were
exposed to high temperatures over 40 °C. On the other hand, in the retarding culture, the
watermelon plants at early and late growth stages were exposed to high temperatures over
40 °C and low temperature near 0 °C, respectively.

Low temperature negatively impacts cold-sensitive plants and restricts their growth
and yield [25]. Sub-optimal temperature causes serious damages such as the increase in the
production of reactive oxygen species (ROS), cell membrane stiffness, ion leakage and un-
balance, cell death, chlorosis, a change in hormone production, reduction in photosynthesis,
wilting, and growth retardation [25-27].

The impact of temperature on plant growth depends on the growth stage, as well as
the exposure intensity and length. Watermelons are highly temperature sensitive and the
optimal temperature in their early growth stage is 25 °C. Young watermelon plants stop
growing at 10 °C and cannot survive below 1 °C. However, mature plants can survive
at an extremely high temperature above 45 °C [3,28]. Chilling damage is also affected
by the light conditions, and the water status of plants before and after exposure to low
temperatures [29].

The impact of low temperature was greater in the semi-forcing culture than in the
retarding culture. In the semi-forcing culture, the growth of non-grafted watermelons
was inhibited by the low temperature at the early stage. The main vine length of non-
grafted watermelons one month after transplanting was about 30 cm. On the other hand,
the watermelons grafted onto low-temperature rootstocks were twice as long. Delayed
growth in the early stage inhibited the vegetative growth of non-grafted watermelons. The
fruit mass was lower than that of grafted watermelons, even though the fruit quality of
non-grafted watermelons was greater.

Grafting onto low-temperature tolerant rootstocks has many advantages, such as the
prevention of plant and fruit damage from low temperatures, the extension of the growing
season and area, better use of greenhouse facilities, and the saving fossil fuel, water, and
fertilizer. Low-temperature-tolerant rootstocks maintain higher root growth (sink strength)
and absorption of nutrients and water via an increase in the root hydraulic conductance
and photosynthesis and a decrease in lipid peroxidation [27].

Fast and uniform germination and growth of scions and rootstocks are very important
for grafted transplant production [30]. The seeds of Largenaria species usually germinate
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slowly. Largenaria species are reported to be very sensitive and require longer times to
germinate at low temperatures [31]. Slow and uneven germination and growth restrict the
availability of a rootstock. Bottle gourd rootstock accessions except ‘BG702” germinated
within seven days after sowing. However, ‘BG702’ required over a week for germination
and showed low uniformity in germination and growth.

The scion and rootstock of grafted plants sometimes grow at different growth rates,
causing disproportionate overgrowth above or below the graft union [32]. This symptom is
reported especially frequently in fruit tree grafting [33]. This is attributed mainly to poor
scion-rootstock compatibility, which may result in blocking the transport of photoassimi-
lates, sugars, amino acids, organic acids, hormones, nutrients, and water between scions
and rootstocks [32,34,35]. In the experiment, the stem diameter below the graft union was
slightly thicker than that above the graft union, and the ratio of stem diameter between
scion and rootstock ranged from 0.77 to 1.02.

Grafting also affects the flowering and harvesting of fruits. The watermelons grafted
onto bottle gourd rootstocks formed female flowers earlier than other rootstocks. However,
under suboptimal conditions, grafting onto bottle gourd rootstocks delays flowering and
harvesting for up to one week [16].

The vigorous root growth of rootstock has been reported to promote the growth of
grafted seedlings [16,36-38]. ‘Shintozwa’ rootstock has a vigorous root system [39]. The root
mass of ‘Shintozwa’ rootstock at 11 days after sowing and of the watermelon transplants
grafted onto ‘Shintozwa’ before transplanting were greater than those of bottle gourd
rootstock accessions and non-grafted seedlings. The watermelon grafted onto ‘Shintozwa’
after fruit harvesting had well-developed roots with high fine-root density. Grafting
onto ‘Shintozwa’ improves resistance to Fusarium wilt and tolerance to low temperature,
drought, and salinity especially under stressful conditions, resulting in greater growth and
yield [16,36,40-42]. However, grafting onto ‘Shintozwa’ adversely affects watermelon fruit
quality, leading to a decrease in taste, TSS, and sugar content [38].

The effect of grafting on fruit quality depends on the combination of scion and root-
stock, and it is positive or negative [16,43]. Watermelon fruits grafted onto ‘Shintozwa’ are
reported to have lower sugar content and poor taste [44]. This deterioration of watermelon
fruit quality is attributed to vigorous nutrient uptake [16]. In particular, the grafting of
mini-watermelon onto vigorous Cucurbita spp. rootstocks resulted in severe deterioration
in quality, leading to the occurrence of fruit enlargement, shape deformation, and the
appearance of white fibers at the heart of fruits [45]. In semi-forcing culture, grafting onto
‘Shintozwa’ increased the fruit mass but reduced the fruit quality. The fruits grafted onto
‘Shintozwa’ obtained the lowest score in sensory evaluation.

Bottle gourd is a vine crop of the Cucurbitaceae that originated from sub-Saharan
Africa and has been cultivated in arid and semi-arid tropics. Bottle gourd is widely used
as a rootstock, as well as in food, medicine, decoration, and household utensils. Bottle
gourd has been reported to have tolerance to biotic and abiotic stress such as soil-borne
diseases, low temperature, drought, and salt stress without the deterioration of watermelon
fruit quality [46—49]. In the experiment, BG703 had excellent growth and the greatest fruit
mass among bottle gourd rootstocks. However, the fruit quality grafted onto BG703 was
poor, similar to those grafted onto pumpkin rootstock. Watermelons grafted onto bottle
gourd rootstock ‘FR79” had the highest grafting affinity, good root growth, low-temperature
tolerance, and had little effect on fruit quality.

However, in retarding culture, when watermelons were exposed to low temperature
at the late growth stage, grafting onto low-temperature-tolerant rootstocks merely affected
the growth of watermelons. The main vine of non-grafted watermelons in the early growth
stage when plants were exposed to high temperature was the longest. The reciprocal
grafting of a stress-tolerant scion onto a stress-sensitive rootstock has been reported to
reveal that the stress-sensitive rootstock weakened the stress tolerance of scions [50-52].
In the experiment, it is considered that the high-temperature tolerance of watermelons
was greater than that of bottle gourd or pumpkin rootstocks. Grafting watermelons onto
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bottle gourd or pumpkin rootstocks caused an adverse effect, reducing the early growth
of watermelons under high-temperature conditions. In grafting cultivation using low-
temperature tolerant rootstocks, it is necessary to select a rootstock in consideration of the
cultivation season so that positive effects can be obtained without adverse effects caused
by grafting.

5. Conclusions

The low-temperature-tolerant bottle gourd accessions as the rootstock could maintain
growth under cold stress conditions. Although the growth of the watermelon was improved
by grafting onto low-temperature rootstocks, it depended on the growing season and
growth stage. The grafting was more effective in semi-forcing culture exposed to low
temperature in the early growth stage. In retarding culture, when watermelon plants
were exposed to low temperatures in the late growth stage, the effect of grafting onto
low-temperature tolerant rootstock was not significant. Accordingly, it is necessary to
select a rootstock considering the cultivation environmental characteristics according to
cropping season. Furthermore, it is required to develop a multi-stress-tolerant rootstock for
year-round stable production.
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