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Abstract
Interspeci�c hybrid Cucurbita rootstocks (Cucurbita maxima × Cucurbita moschata) are the most widely used rootstocks for Cucurbitaceous vegetables in the
world. In recent years, scientists have focused on understanding and exploiting root architectures as new opportunities for crop improvement. Selection of
parents and hybrids based on combining ability test is an effective approach in interspeci�c hybrid variety breeding. However, very little information is
available on the combining ability tests for the rooting and graft-related traits in these rootstocks. Ondokuz Mayis University and Black Sea Agricultural
Research Institute are conducting a program to breed Cucurbita rootstocks of Turkey for �fteen years. In this study, seven C. maxima (BC5F1 generation) lines
as female parents and three C. moschata (S6 generation) lines as male parents were used to obtain 21 crosses. Interspeci�c hybrids and their parent
rootstocks grafted onto watermelon were analyzed in terms of general combining ability (GCA), speci�c combining ability (SCA), heritability, and heterosis for
roots and graft-related traits including root volume (cm3), root length (m), root dry weight (g), hairy root rate (%), average root diameter (mm), shoot dry weight
(g), graft success rate (%), and hypocotyl thickness ratio (%) by using line × tester mating design. The quotient of GCA/SCA effects for all root and hypocotyl
traits were higher than 1, suggesting the preponderance of additive over non-additive gene action in the expression of these traits, whereas graft success was
controlled by additive and non-additive gene effects. It was determined that average root diameter had high heritability (63.85%) and the other traits had
intermediate heritability ranging from 40.59% to 58.98%. Combining ability analyses indicated that FTS5, GH12, and GRD17 lines were promising parents with
greater general combining ability. Three crosses, GRD17 × FTS5, B12 × FTS5, and BH5 × CHI2 showed superior mid-parent heterosis and signi�cant SCA for
most characters. Present �ndings will provide signi�cant contributions in understanding of inheritance and then achieving desirable improved rootstocks in C.
maxima × C. moschata.

Introduction
The use of rootstock has become a common technique for Cucurbits in many parts of the vegetable production areas in the world, due to its e�cacy against
stresses. Grafting usually increases yield by invigorating scions and extending the harvest periods (Bie et al. 2017). High-capacity root systems of rootstocks
improve water and nutrient uptake of grafted plants (Devi et al. 2020). Watermelon is the �rst grafted vegetable species and grafting is used as an effective
alternative of crop rotation (Hassell et al. 2008). Cucurbita spp., Lagenaria siceraria, Benincasa hispida, Sicyos angulatus, Cucumis spp. and Citrullus spp.
rootstocks have been used for Cucurbits grafting with varying degrees of success (Picó et al. 2017). Commercial Cucurbits are most commonly grafted onto
interspeci�c Cucurbita hybrid (C. maxima × C. moschata) rootstocks (Edelstein et al. 2017). These interspeci�c hybrids have become a widely accepted
paradigm for vigorous rootstocks that improve yield and biotic resistance of Cucurbits (Thompson et al. 2017). C. maxima × C. moschata crosses generally
give rather poor fruit set and seed yield, and usually produce a sterile hybrid plant (Karaağaç and Balkaya 2013). Early studies to overcome this problem were
initiated in the USA and Japan (Whitaker 1933; Hayase 1950). The �rst C. maxima × C. moschata interspeci�c rootstock was developed by Japanese breeders
(Kanda 1984). Selections for cross compatibility and to increase seed yield have led to a decrease in genetic variation. Furthermore, these hybrids are very
similar to each other as improved lines are used as parents of many hybrids (Kong et al. 2014; Edelstein et al. 2017). Therefore, it is necessary to develop
unique interspeci�c hybrid rootstocks with the use different genetic resources. For this purpose, it has been reported that interspeci�c inbred winter squash
lines could be used as bridge lines to transfer good traits between C. maxima and C. moschata in recent years (Korakot et al. 2010; Zhang et al. 2012; Ara et al.
2013).

Although present selection efforts mostly focus on above-ground parts, roots still constitute an underutilized source of plant breeding (Wachsman et al. 2015).
Determination of phenotypic variability in root traits is still the most di�cult issue in rootstock breeding programs. Root system architecture (RSA), the three-
dimensional form of a root, is used to describe distinct aspects of the con�guration of roots (Ye et al. 2018). With the RSA analysis, large-scale screening of
germplasm and selected lines would be very useful for rootstock breeding programs (Sheshshayee et al. 2011).

Combining ability is an important tool used by plant breeders to accumulate bene�cial genes and reveal heterosis in hybrid variety breeding (Dehdar et al.
2020). General combining ability is ascribed to additive type of gene effects, while speci�c combining ability is attributed to non-additive type of gene actions
(Kanagarasu et al. 2010). The line × tester design is one of the effective method available to determine the combining ability effects and helps in selecting
lines and crosses in pedigree selection (Fellahi et al. 2013). Involvement of both additive and dominance gene actions was reported for genetic control in
winter squashes (Korzeniewska and Niemirowicz-Szczytt 1993; Anido et al. 2004; Tamilselvi et al. 2015; Darrudi et al. 2018). However, in these studies, winter
squashes were not evaluated in terms of rootstock characteristics. In addition, some studies revealed root characteristics of Cucurbita rootstocks in recent
years, but gen action were not examined (Edelstein et al. 2017; Bertucci et al. 2018; Karaağaç 2020). Until now, there has been no information on the
combining ability and heterosis for interspeci�c Cucurbita rootstocks (C. maxima × C. moschata) and their parents. The objectives of this study are to
determine the combining ability, to assess the gene actions and to exhibit heritability and heterosis for root structures and graft-related traits in a line × tester
analysis of interspeci�c Cucurbita rootstocks (C. maxima × C. moschata).

Materials And Methods
Genetic materials

Winter squash parent lines were from the Cucurbita rootstock breeding program in Black Sea Agricultural Research Institute (BSARI), Turkey. Selection
breeding was applied to increase the interspeci�c cross ability and hybrid seed yield of female parent C. maxima lines (Karaağaç, 2013). These lines
backcrossed with bridge lines close to C. moschata and selfed �ve times with the use of modi�ed procedure of Korakot et al. (2010) for �ve years between
2008 and 2014 (Fig. 1). C. maxima (BC5F1 generation) and C. moschata (S6 generation) lines were developed by the pedigree selection method with
evaluation of F. oxysporum f. sp. niveum resistance, plant vigor, female �ower productivity, pollen quality, and hybrid seed yield. The pedigrees of the parental
rootstock are described in Table 1. Inbred lines of seven female parents (C. maxima) and three male parents (C. moschata) were used to obtain 21
interspeci�c hybrids according to the line × tester design.
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Table 1
Description of improved Cucurbita rootstock parents

Parents Fruit Group Pedigree Superior propertiesa Country of origin

Female C. maxima          

B12 Buttercup B12/AM2*5/B12 BT, SY, FFP Turkey

BH5 Hubbard K11/B8*5/K11 BT, FFP, FR Mexico

GH12 Hubbard K44/B8*5/K44 BT, FFP, PV Peru

GLD9 Delicious K19/PE7*5/K19 SY, FR, PV Uruguay

GRD17 Delicious K36/ PE7*5/K36 SY, FR, PV Argentina

JA2 Jarrahdale K1/CHI8*5/K1 SY, FFP Turkey

KA5 Kabocha K13/G9*5/K13 BT, FR Japan

Male C. moschata          

CB20 Calabaza S6 FR, GC, PQ Turkey

CHI2 Chirimen S6 FR, PQ, PV Japan

FTS5 Futtsu S6 FR, GC, PQ Japan

a BT: Bush type, FFP: Female �ower productivity; PV: Plant vigor; FR: Resistant to F. oxysporum f. sp. niveum, SY: Seed yield; PQ: Pollen quality, GC: Graft
compatibility.

The seedlings of parents were planted in two rows of 25 m long with a spacing of 3.0 m between rows and 2.5 m within row on 15 May 2014 in the BSARI.
NPK (15:15:15) fertilizer treatments were applied in three splits, at the rate of 100 kg/ha each according soil analyses. Plants were protected against biotic
stress with pesticides throughout the growing season. For hybridization, �owers were chosen a day before anthesis. Female �owers were covered with mesh
poly bags in the afternoon, so as to prevent pollen contamination. The following morning (06:00–08:00 h), pollens of male �owers were carried onto female
�owers, subsequently the �owers were isolated again (Darrudi et al. 2018). At least ten fruits with hybrid seeds were obtained successfully from 21
combinations.

Evaluation of grafted interspeci�c hybrids and their parents onto watermelon

Seeds of 21 hybrids and their ten parents were sown on 15 March 2015 in seedling plug trays �lled with a 1:1:1 (v/v/v) mixture of peat, pearlite and
vermiculite. After �ve days, seeds of watermelon scion 'Crisby F1 cv.' were sown. The seedlings were grown in a controlled greenhouse with 25/20°C day/night
temperatures. Scions were grafted onto the rootstock at the two-cotyledon leaf stage using the splice grafting procedure described by Davis et al. (2008). The
experiment was conducted by randomized complete block design in three replications with twenty plants per replicate. Twenty days after grafting, the grafted
seedlings were transplanted into 20 L plastic containers. The climate conditions were as follows: a 16 h photoperiod, temperature of 25/18°C (day/night) for
60 days. The grafting success rate (GS) was determined as healthy plant ratio (%) twenty days after grafting (Karaağaç et al. 2018). Stem diameter (mm) at
hypocotyl of rootstocks and the �rst internode diameter (mm) of the scions were measured by a digital compass after 60 days in thirty plants per grafted
combinations (Traka-Mavrona et al. 2000). Hypocotyl thickness ratio (HTR) was calculated from scion/rootstock diameter. The roots of the plants were
removed from the containers, washed and dried with paper towel for root system architecture analysis in the same day. An eight-bit grayscale image was
obtained by digital scanning at a 400-dpi resolution (Tajima and Kato 2013) by using an image scanner (Epson Expression 10000XL, Epson Inc., USA).
WinRHIZO (version 2013, Regent Instruments, QC, Canada) software was used to calculate the root volume (RV, cm3), total root length (RL, m), and average
root diameter (ARD, mm) (Fita et al. 2006; Karaağaç 2020; Fig. 2). In this study, hairy root rates (%) (HRR) were calculated from length per root diameters of
less than 0.5 mm (Suchoff et al. 2017). Subsequently, the roots (RDW), leaves, and shoots (SDW) were dried at 70°C for two days and weighed.

The all data recorded on the 21 hybrids and their ten lines were subjected to analysis of variance with the use of JMP 5.0.1 software (SAS Institute, USA) and
signi�cant means were compared with the use of LSD test at P < 0.01 level. The general combining ability variance (σ2 GCA) effects of the lines and the
speci�c combining ability variance (σ2 SCA) effects of the crosses were analyzed by the using of the line × tester analysis improved by Kempthorne (1957)
and modi�ed by Sing and Chaudhary (1985). Narrow-sense heritability (hn2) was calculated as [σ2A / (σ2A + σ2D + σ2e)] (where σ2A = additive genetic
variance, σ2D = dominance variance, and σ2e = error variance) (Falconer 1989). The mid-parent heterosis (MPH) was determined as follows: (F1-MP)/MP×100;
where, F1 is the mean performance of the hybrid; MP is the mid-parent mean (Falconer 1989). The Baker ratio was calculated according to Baker (1978) as
follow: 2σ2GCA / (2σ2GCA + σ2SCA). Proportional contribution of females (SSfemales / SScrosses × 100), males (SSmales / SScrosses × 100), and crosses
(SSfemales×males / SScrosses × 100) to total variability of each trait was also computed (Sharma et al. 2007).

Results
The combined analysis of variance (ANOVA) for root volume (RV), root length (RL), root dry weight (RDW), hairy root rates (HRR), average root diameter (ARD),
shoot dry weight (SDW), graft success (GS), and hypocotyl thickness ratio (HTR) is presented in Table 2. Results revealed that the effect of genotype was
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signi�cant (P < 0.01) for all examined traits. The effect of genotype was sectioned to effects of parent, interspeci�c cross, female, male, and female × male.
Mean squares of GCA for parents (males and females) were found to be signi�cant for all of examined traits revealing crucial role of additive gene effects
except for HRR and GS in females. Mean squares of SCA were also observed to be signi�cant for all of the traits revealing that non-additive gene effects as
dominant or epistatic. Such a case indicates the presence of su�cient genetic variability among C. maxima, C. moschata, and their interspeci�c hybrids and
allows through hybridization followed by breeding and selection in winter squash rootstocks.

Table 2
Analysis of variance for eight traits

    Mean squares

Source Df RVa RL RDW HRR ARD SDW GS HTR

Genotypes 30 46.02** 2.91** 1.43** 0.02** 0.03** 37.81** 470.63** 0.04**

Parents 9 11.48** 0.49** 0.76** 0.01** 0.03** 3.96** 344.54** 0.08**

Interspeci�c hybrids 20 51.02** 2.37** 1.39** 0.01** 0.02** 30.96** 361.25** 0.02**

Females (C. maxima) 6 69.94* 5.01* 1.66* 0.01 0.02* 42.03* 498.36 0.03*

Males (C. moschata) 2 199.72** 3.07* 5.84** 0.07** 0.13** 100.74** 920.24* 0.03*

Females × males 12 16.77** 1.10** 0.51** 0.01** 0.01** 13.79** 199.53** 0.01**

Error 60 0.15 0.01 0.00 0.00 0.00 0.13 1.57 0.00

aRV: Root volume (cm3); RL: Root length (m); RDW: Root dry weight (g); HRR: Hairy root rate (%); ARD: Average root diameter (mm); SDW: Shoot dry weight
(g); GS: Graft success (%), HTR: Hypocotyl thickness ratio; *, ** Signi�cance at P < 0.05 and P < 0.01, respectively.

Mean performance of genotypes

The mean performance of ten parents and 21 interspeci�c crosses is listed in Table 3. Root volumes (RV) ranged from 5.6 to 17.0 cm3 with a 3-fold variation.
Among parental rootstock combinations, GH12 and GRD17 had the highest RV of 10.2 cm3 and 9.9 cm3 respectively, whereas the lowest (5.6 cm3) was
recorded for B12. Cross rootstock combinations of GRD17 × FTS5 and GH12 × FTS5 provided the highest RV of 17.0 cm3 and 15.0 cm3 respectively. In
parents, GRD17 produced the highest root length (RL) value of 4.1 m followed by female line GLD9 (3.9 m) and male line FTS5 (3.7 m) in descending order.
The RL values of F1 crosses ranged from 6.4 m (GH12 × FTS5) to 3.4 m (JA2 × CHI2) and averaged 4.7 m. Most crosses showed longer root length than their
related parents. The parent with the top ranking for root dry weight (RDW) was GRD17 (4.0 g) followed by GH12 (3.3 g) and among the F1 hybrids, GRD17 ×
FTS5 (5.1 g), followed by, GLD9 × FTS5 (4.8 g), GH12 × FTS5 (4.2 g) and GLD9 × CHI2 (4.0 g) the observed best performance for this trait. The best hairy root
ratio (HRR) of 0.91, 0.89, 0.89, 0.88, and 0.87 were displayed in B12 × FTS5, BH5 × FTS5, GRD17 × FTS5, GLD9 × FTS5, and KA5 × FTS5, respectively. Overall,
the male parents, FTS5, CHI2, and CB20 exhibited high HRR values of 0.85, 0.80, and 0.74, respectively. Average root diameters (ARD) ranged from 0.61 mm
for parent GH12 to 0.88 mm for B12, and 0.55–0.85 mm for crosses GH12 × CHI2 and GLD9 × CB20, respectively. Generally, ARD in the C. moschata male
parents was lower than C. maxima female parents. All crosses, except for GLD9 × CB20, BH5 × CB20, KA5 × CB20, and GRD17 × CB20, had ARD values less
than their parents. The cross, GH12 × FTS5, GLD9 × FTS5, GRD17 × FTS5, and the parents, GRD17, FTS5, and GH12 showed the best performance in terms of
root structure. The highest shoot dry weight (SDW) was produced by GH12 × FTS5, with 20.3 g, while the lowest SDW was produced by JA2, with 6.8 g. On
average, the hybrids onto grafted plants (14.4 g) produced more shoot than the lines onto grafted plants (8.6 g). SDW was found to be the trait with the
highest difference between parent and hybrids. The hybrid with the highest ranking for graft success (GS) was GLD9 × FTS5 (99.2%) followed by GLD9 ×
CB20 (98.5%) and BH5 × FTS5 (97.8%) and among the parents, FTS5 (90.0%) followed by CHI2 (87.5%) displayed the best performance for GS. GS in the C.
moschata male parents was higher than C. maxima female parents. The lowest grafting performance was determined in KA5 (55.6%), GH12 (62.3%) and KA5
× CB20 (62.5%). The greatest hypocotyl thickness ratio (HTR) values belonged to CHI2, FTS5, and CB20 in C. moschata male lines of 1.10, 1.06 and 1.00
respectively. The HTR values of F1 crosses ranged from 0.70 (KA5 × CB20) to 0.96 m (GH12 × CB20) and averaged 0.87. The best HTR of 1.00, 0.96, 0.95,
0.95, and 0.94 were observed in CB20, GH12 × CB20, GH12 × CHI2, BH5 × CHI2, and GLD9 × FTS5, respectively. The biggest difference between scion and
rootstock hypocotyl thickness was detected in females (C. maxima) with the average of 0.73.
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Table 3
Mean performance of the parent and their interspeci�c hybrid rootstocks to grafted watermelon for eight

traits

  RV

(cm3)a

RL

(m)

RDW

(g)

HRR (%) ARD (mm) SDW (g) GS (%) HTR

Interspeci�c hybrids                

B12 × CB20 6.5 3.4 2.8 0.71 0.76 14.0 65.2 0.80

B12 × CHI2 8.5 4.0 2.6 0.71 0.75 9.0 70.0 0.85

B12 × FTS5 12.3 4.8 3.4 0.91 0.71 13.5 82.5 0.94

BH5 × CB20 12.9 4.9 2.8 0.71 0.82 9.1 81.8 0.84

BH5 × CHI2 8.3 5.1 3.7 0.85 0.63 12.1 85.6 0.95

BH5 × FTS5 11.0 5.4 3.9 0.89 0.66 17.0 97.8 0.92

GH12 × CB20 10.2 5.1 3.8 0.72 0.69 16.0 91.2 0.96

GH12 × CHI2 10.5 4.9 3.7 0.81 0.55 15.3 94.5 0.95

GH12 × FTS5 15.0 6.4 4.2 0.85 0.59 20.3 90.2 0.92

GLD9 × CB20 9.9 5.1 3.2 0.82 0.85 14.0 98.5 0.90

GLD9 × CHI2 10.4 5.5 4.0 0.80 0.68 15.7 80.0 0.90

GLD9 × FTS5 14.2 5.7 4.8 0.88 0.61 16.0 99.2 0.94

GRD17 × CB20 12.5 3.9 3.9 0.82 0.74 8.5 68.8 0.75

GRD17 × CHI2 10.2 6.3 3.0 0.75 0.61 14.2 89.5 0.90

GRD17 × FTS5 17.0 4.8 5.1 0.89 0.61 16.9 89.5 0.86

JA2 × CB20 7.5 4.3 3.0 0.77 0.77 13.0 77.5 0.80

JA2 × CHI2 7.7 3.4 3.4 0.74 0.70 11.5 87.5 0.85

JA2 × FTS5 9.0 3.9 3.8 0.81 0.68 13.6 97.0 0.83

KA5 × CB20 7.3 3.8 2.9 0.82 0.82 8.5 62.5 0.70

KA5 × CHI2 8.1 3.7 2.7 0.81 0.59 9.1 89.6 0.78

KA5 × FTS5 11.5 3.9 3.9 0.87 0.67 14.2 81.8 0.89

Female parents                

B12 5.6 3.0 2.9 0.71 0.88 8.1 72.5 0.74

BH5 8.1 2.8 2.5 0.70 0.78 8.8 65.2 0.69

GH12 10.2 3.2 3.3 0.65 0.61 9.1 62.3 0.75

GLD9 8.5 3.9 3.2 0.68 0.83 9.9 67.8 0.80

GRD17 9.9 4.1 4.0 0.72 0.70 10.6 71.2 0.82

JA2 7.1 3.5 2.1 0.62 0.87 6.8 65.2 0.69

KA5 6.8 3.3 2.7 0.69 0.78 7.5 55.6 0.62

Male parents                

CB20 7.7 3.2 2.9 0.74 0.69 8.3 73.8 1.00

CHI2 7.9 3.0 3.0 0.80 0.62 8.9 87.5 1.10

FTS5 9.8 3.7 2.7 0.85 0.70 7.5 90.0 1.06

CV (%) 6.5 15.2 13.7 6.59 8.48 19.8 10.31 9.64

LSD0.01 1.31 0.49 0.34 0.04 0.05 1.77 6.25 0.06

P< 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

a: See Table 2 for trait abbreviations

Genetic parameters
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The σ2 GCA was greater than σ2 SCA for all characters except for GS re�ecting the role of additive gene action (Table 4). These traits have had quotient of σ2
GCA / σ2 SCA greater than one. Main role of non-additive gene effects in the re�ection of GS were observed by bigger value of σ2 SCA than the σ2 GCA, and
quotient of σ2 GCA/σ2 SCA being lower than one (Table 4). The present study found hn2 of 63.85%, 58.98%, 55.42%, 55.09%, 51.36%, 49.96%, 49.93%, and
40.59% for ARD, RV, RDW, HRR, RL, HTR, SDW, and GS respectively and averaged 53.60% (Table 4). The hn2 was high for ARD while it was moderate for the
other traits. The baker ratio ranged from 58.32–78.64%. The percentage contribution of female, male, female × line were estimated to each trait and are given
in Table 4. Contribution (%) of male and female were equal for RV and RDW. However, the female for RL, HTR, GS, and SDW were 7.3, 2.2, 1.6, and 1.3 times
larger than the male contribution (%), respectively. Male contributed more to the HRR (55.8%) and ARD (58.1%). Contribution of female × male was slightly
lower than that of mean of parents for all traits and averaged 25.3%.

Table 4
Estimates of the genetic variances and heritability for the eight traits in grafted combinations
Genetic parameters RVa RL RDW HRR ARD SDW GS HTR

σ2 GCA 8.18 0.36 0.22 0.002 0.004 4.56 46.16 0.0023

σ2 SCA 5.54 0.33 0.17 0.002 0.002 4.44 65.99 0.0021

σ2 GCA / SCA 1.48 1.09 1.28 1.27 1.84 1.03 0.70 1.07

hn2 58.98 51.36 55.42 55.09 63.85 49.93 40.59 49.96

Baker ratio 74.70 68.49 71.89 71.74 78.64 67.24 58.32 68.21

Proportional contribution to total variance (%)          

Female 41.1 63.5 35.9 13.5 25.2 40.7 41.4 51.6

Male 39.1 8.7 42.1 55.8 58.1 32.5 25.5 23.1

Female × Male 19.7 27.8 22.0 30.8 16.6 26.7 33.1 25.3

a: See Table 2 for trait abbreviations

GCA effects

The results related to signi�cant desirable GCA effects and rankings of ten lines for different traits are provided in Table 5. Among the lines BH5, GH12, GLD9,
GRD17, and FTS5 had favorable genes for RV due to signi�cant positive GCA effects. The highest positive GCA effects for RL of 0.79, 0.75, 0.47 and 0.31 were
observed for GH12, GRD17, BH5, and GLD9 in females, respectively. For male parents, only FTS5 had the highest signi�cant positive GCA effects for RL. FTS5,
GLD9, GRD17, and GH12 had the highest positive GCA effects of 0.61, 0.48, 0.45, and 0.35 for RDW. Female parents, BH5, GLD9, GRD17, KA5 and male parent,
FTS5 due to their signi�cant positive GCA effects were found the best combiners for HRR. Desirable GCA effects for ARD should be negative. GCA effect for
ARD was revealed that female lines of GH12, GLD9 and male lines of CHI2, FTS5 were the best combiners owing to their signi�cant negative GCA effects. The
SDW values of parents ranged from − 2.79 to 3.78 and three parents (GH12, GRD17, and FTS5) had positive GCA effects. The order of GCA effects for the GS
of the parents was GRD17 > GH12 > FTS5 > BH5 > JA2 > CHI2 > GLD9 > CB20 > B12. Due to hypocotyl of female rootstocks wider than scion, those with positive
GCA effects in HTR values should be selected. In females, GH12, GRD17, and BH5 had the highest positive GCA effects for HTR of 0.08, 0.05 and 0.04,
respectively, whereas GCA of males was non-signi�cant for this trait. In terms of the total ranking of all traits GH12, GRD17 and FTS5 had a preferred GCA for
interspeci�c rootstock breeding programs.
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Table 5
Estimation of general combining ability (GCA) and its ranking of the parents for eight traits in grafted combinations

  RVa RL RDW HRR ARD SDW GS HTR

  GCA Rank GCA Rank GCA Rank GCA Rank GCA Rank GCA Rank GCA Rank GCA Rank

Female                                

B12 -2.10** 7 -0.61** 8 -0.60** 10 -0.03** 6 0.05** 9 -1.23** 8 -12.20** 10 -0.02 6

BH5 0.36** 5 0.47** 3 -0.11 5 0.01** 4 0.01** 6 -0.68* 5 3.63** 4 0.04** 3

GH12 2.11** 3 0.79** 1 0.35** 4 -0.02** 5 -0.08** 1 3.78** 1 7.20** 2 0.08** 1

GLD9 1.49** 4 0.31** 4 0.48** 2 0.01** 4 -0.04** 4 -0.21 4 -2.17 7 -0.03 7

GRD17 4.11** 1 0.75** 2 0.45** 3 0.02** 3 0.02** 7 1.84** 3 7.80** 1 0.05** 2

JA2 -3.65** 10 -0.83** 9 -0.16* 6 -0.03** 6 0.03** 8 -0.71* 6 2.56** 5 -0.04** 8

KA5 -2.31** 9 -0.88** 10 -0.40** 9 0.03** 2 0.00 5 -2.79** 10 -6.80** 8 -0.08** 9

Male                                

CB20 -1.44** 6 -0.32** 7 -0.36** 8 -0.05** 7 0.09** 10 -1.53** 9 -6.84** 9 -0.02 6

CHI2 -2.10** 8 0.01 6 -0.25* 7 -0.02** 5 -0.05** 2 -0.98* 7 0.47 6 0.01 5

FTS5 3.54** 2 0.31** 5 0.61** 1 0.07** 1 -0.04** 3 2.51** 2 6.37** 3 0.01 4

a: See Table 2 for trait abbreviations; *, ** Signi�cance at P < 0.05 and P < 0.01, respectively.

SCA effects

Interspeci�c hybrids exhibited great distinctness in the prominence of SCA effects in both the plus or minus directions (Table 6). Parents of hybrids with
signi�cant and desired SCA effects will expedite the development of good rootstocks consequently increasing the possibility of determining strong acting
recombinants. Positive SCA effects for the RV were detected in nine crosses, of which BH5 × CB20, GRD17 × FTS5, and B12 × FTS5 ranked in the upper three.
On the contrary, BH5 × FTS5, B12 × CB20, and GRD17 × CHI2 showed the highest negative SCA effects for the RV (Table 6). GRD17 × CHI2, JA2 × CB20, GH12
× FTS5, B12 × FTS5, and KA5 × CB20 presented a signi�cant and positive SCA effect for the RL. GRD17 × FTS5, BH5 × CHI2, GH12 × CB20, GLD9 × CHI2,
GRD17 × CB20, and JA2 × CHI2 will experience further assessment for RDW with signi�cantly (p < 0.01) high and positive SCA effects of 0.50, 0.50, 0.29, 0.29,
0.26, and 0.22, respectively. For the HRR, the largest SCA effect was found in B12 × FTS5 (0.06) and BH5 × CHI2 (0.06) and the lowest was found in BH5 ×
CB20 (-0.07). Negative SCA effects for the ARD were determined only in seven of 21 crosses. This result showed that most of the combinations were tend to
broader root formation. The SCA effects of the SDW ranged from − 3.19 (GRD17 × CB20) to 3.36 (B12 × CB20). The highest positive SCA values for GSS
belonged to GLD9 × CB20 (12.78), KA5 × CHI2 (11.16), GRD17 × CHI2 (6.43), and GH12 × CB20 (6.08) while the highest negative ones were recorded for GLD9
× CHI2 (-13.04), KA5 × CB20 (-8.62), GH12 × FTS5 (-8.14), and GRD17 × CB20 (-6.96). For HTR, signi�cant positive SCA effects were found in KA5 × FTS5,
GH12 × CB20, GRD17 × CHI2, B12 × FTS5, BH5 × CHI2, GLD9 × CB20, and JA2 × CB20, ranged from 0.02–0.07. Taking all traits into consideration, GRD17 ×
FTS5, B12 × FTS5, and JA2 × CB20 showed up to be the best cross combinations because those combinations had �ve out of eight traits signi�cant SCA
effects.
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Table 6
Estimation of speci�c combining ability (SCA) and mid-parent heterosis (MPH) (%) of the interspeci�c hybrids for eight traits in grafted combination

Interspeci�c

hybrids

RVa RL RDW HRR ARD SDW GS HTR

SCA MPH SCA MPH SCA MPH SCA MPH SCA MPH SCA MPH SCA MPH SCA

B12 × CB20 -2.46** -2.26 -0.30* 10.74 0.19* -3.39 -0.02* -2.07 -0.07** -2.99 3.36** 71.25 -0.52 -10.87 -0.02

B12 × CHI2 1.20** 25.93 -0.10 33.69 -0.05 -10.31 -0.04** -5.96 0.05** 0.00 -2.19** 5.88 -3.04** -12.50 -0.03

B12 × FTS5 1.26** 59.74 0.40** 43.42 -0.14 23.19 0.06** 15.38 0.02** -9.63 -1.18** 72.86 3.56** 1.54 0.04

BH5 × CB20 4.69** 63.64 0.11 63.44 -0.33** 2.84 -0.07** -2.78* 0.03** 11.11 -2.07** 7.11 0.24 17.70 -0.02

BH5 × CHI2 -1.55** 3.97 -0.02 77.82 0.50** 34.26* 0.06** 13.33 -0.02** -10.00 0.31 36.31 -3.27** 12.12 0.03

BH5 × FTS5 -3.14** 23.13 -0.10 65.18 -0.17* 51.05* 0.01 14.84 0.00 -11.81 1.75** 108.34 3.03** 26.03 -0.02

GH12 ×
CB20

-1.11** 18.83 -0.05 58.14 0.29** 25.25 -0.04** 0.72 -0.01* 6.31 0.35 84.23 6.08** 34.02 0.06

GH12 ×
CHI2

0.00 20.92 -0.57** 58.97 0.01 16.74 0.04** 11.72 -0.01* -10.48 -0.91* 69.70 2.06** 26.17 -0.01

GH12 ×
FTS5

1.11** 55.71 0.62** 85.66 -0.29** 42.73 0.00 13.33 0.02** -10.71 0.57 143.51 -8.14** 18.45 -0.06

GLD9 ×
CB20

-0.94** 20.98 -0.04 42.99 -0.49** 3.62 0.02* 12.68 0.05** 12.31 0.29 54.36 12.78** 39.12 0.03

GLD9 ×
CHI2

0.41 25.07 0.05 60.70 0.29** 29.65 -0.01 8.11 0.01* -6.45 1.48** 67.54 -13.04** 3.03 -0.03

GLD9 ×
FTS5

0.53* 53.79 -0.01 51.94 0.21** 64.13 -0.01 15.03 -0.06** -20.61 -1.77** 83.57 0.26 25.73 -0.01

GRD17 ×
CB20

0.34 45.63 -0.77** 7.44 0.26** 15.13 0.03* 9.59 0.00 5.88 -3.19** -9.94 -6.96** -5.10 -0.04

GRD17 ×
CHI2

-2.45** 17.47 1.25** 78.63 -0.76** -13.65 -0.04** -1.32 0.00 -7.96 2.03** 46.35 6.43** 12.79 0.05

GRD17 ×
FTS5

2.11** 76.47 -0.47** 25.30 0.50** 55.12 0.01 13.38 0.00 -13.33 1.17** 86.62 0.53 11.04 -0.01

JA2 × CB20 0.59* 3.93 0.76** 28.43 0.00 21.62 0.05** 13.56 -0.04** -0.75 1.84** 72.99 -2.99 11.51 0.02

JA2 × CHI2 1.55** 5.24 -0.50** 4.88 0.22** 30.99 -0.01 4.23 0.03** -5.51 -0.21 46.68 -0.30 14.60 0.01

JA2 × FTS5 -2.14** 8.87 -0.26* 9.40 -0.22** 58.49 -0.04** 8.84 0.01* -13.43 -1.64** 89.65 3.30** 25.00 -0.03

KA5 × CB20 -1.12** -6.85 0.29* 16.48 0.08 4.24 0.03* 14.55 0.04** 11.11 -0.58 7.80 -8.62** -3.40 -0.04

KA5 × CHI2 0.84** 3.00 -0.12 19.03 -0.19* -4.28 0.00 8.72 -0.06** -16.67 -0.51 11.08 11.16** 25.23 -0.02

KA5 × FTS5 0.27 30.19 -0.17 13.92 0.12 46.21 -0.03* 12.99 0.02** -10.24 1.09** 88.96 -2.54 12.36 0.07

a: See Table 2 for trait abbreviations *, ** Signi�cance at P < 0.05 and P < 0.01, respectively

Heterosis

MPH of the interspeci�c hybrids varied considerably (Table 6). In the present study, the cross GRD17 × FTS5, BH5 × CB20, and GH12 × FTS5 revealed high
positive values of MPH for the RV. MPH of RL ranged from 4.88% (JA2 × CHI2) to 85.66% (GH12 × FTS5) with a 18-fold variation. MPH was mostly positive
for RDW and the best hybrid combination was GLD9 × FTS5 followed by JA2 × FTS5 and GRD17 × FTS5. The most positive MPH for HRR was shown by B12
× FTS5 (15.38%), followed by GLD9 × FTS5 (15.03%). Negative heterosis for ARD is desirable. Crosses showing negative heterosis for this trait were GLD9 ×
FTS5, KA5 × CHI2, and GRD17 × FTS5. Seven crosses displayed positive MPH of up to 80% for SDW. Hybrids such as GH12 × FTS5 and BH5 × FTS5 showed
positive MPH of more than 100% for this trait. For GS, GLD9 × CB20 (39.12%), GH12 × CB20 (34.02%), and BH5 × FTS5 (26.03%) showed highest heterosis
values. MPH of HTR values of interspeci�c crosses ranged from − 17.58–9.71%. Only eight crosses expressed heterosis over the mid-parent (Table 6).

Discussion
The interspeci�c hybrid C. maxima × C. moschata combinations have been utilized as a favorable source of rootstocks with most of the currently used trading
rootstocks coming from breeding work performed. New compatible combinations of C. maxima × C. moschata are being identi�ed by screening alternative
germplasm collections of these species (Karaağaç and Balkaya 2013; Uretsky and Loy 2017). Given the complex nature of the genetic of root architecture,
knowledge of genetic components of rooting would be essential for the optimal design of tools and strategies aimed at improving root vigor in rootstock
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cultivars (Karaağaç 2020). Combination ability test is a helpful technique that can be used for parent selection in hybrid variety breeding. Notwithstanding the
fact that, no study on combining ability of interspeci�c Cucurbita rootstock has been reported to our knowledge. Although these rootstock varieties have been
developed, it has been reported that these varieties have very similar genetic structure (Kong et al. 2014; Edelstein et al. 2017). Because of the lack of
interspeci�c compatibility in the gene pool and the low selection e�ciency in root characteristics, the number of interspeci�c hybrid rootstock registered much
less than the intraspeci�c hybrid varieties.

In this study, eight important traits for rootstock breeding RV, RL, RDW, HRR, ARD, SDW, GS, and HTR were investigated. Ten lines with unlike feature were used
to get the appropriate genetic variance for root and hypocotyl structure. A magni�cent amount of genetic variation was identi�ed from the variance analysis.
Combined ANOVA statistics show that there was a signi�cant difference for measured traits. The means of C. maxima × C. moschata interspeci�c hybrids for
all root traits expect for ARD were higher than the average values of their parents. The lower ARD in some C. maxima × C. moschata rootstocks were similar to
the �ndings of Bertucci et al. (2018). In general, more intensively branched rootstock system can intake the scion’s needs from a soil more effectively than a
weak root system (Gregory 2006). And as well, strong rootstocks must be in good compatibility with the scions. Shoot biomass and grafted success rate of
the hybrids have increased as compared to the parents, 1.5 times and approximately 20%, respectively. In previous studies, it was reported that interspeci�c
hybrids rootstocks performed better than C. maxima and C. moschata rootstocks in terms of root vigor and grafting success (Davis et al. 2008; King et al.
2010; Thompson et al. 2017). However, Edelstein et al. (2017) found the same rooting capacity values between interspeci�c hybrid rootstocks and their
parents in grafted melon. This may be due to the limited parent variation, the heterotic effect may not have occurred.

GCA effect is the most important indicator designating the average potential value of a parent used in a series of hybrid combinations and is based on
additive genes, whereas SCA effect is the expression of the variability of the GCA effect of this parent used in different hybrid combinations and is associated
with non-additive genes (Musembi et al. 2015). In this current study, the signi�cant GCA and SCA effects on root traits imply that both additive and dominant
gene effects are included in C. maxima × C. moschata rootstocks. Sharma et al. (1991) reported that high quotients of GCA / SCA mean that the additive gene
action causes a larger contribution to the expression of speci�c characters than non-additive gene action. This study revealed that the additive gene action
had important effects in expression of all traits except for GS. The precedence of additive genetic variation for these characters indicates that the parent could
be selected based on root and shoot traits of GCA values. The supremacy of additive genetic variance for one trait also means that, apart from hybrid variety
breeding, the chance exists for genetic advance by accumulating proper genes via selection (Feyzian et al. 2009). This result complies with the �ndings of the
other authors who determined that GCA was more functional than SCA in generation performance for root vigor in pea (Saleh and Gritton 1988), melon (Fita et
al. 2006), sweet potato (Kagimbo et al. 2019), and bean (Cerutti et al. 2020). On the contrary, both non-additive and additive gene actions were equitably
signi�cant in the control of GS, as the ratio was between 0.50 and 1.0 (Pandiarana et al. 2015). The hn2 is proportion of additive genetic variance to
phenotypic variance (Nyquist and Baker 1991) and graded as low (below 30%), medium (30%-60%), and high (above 60%) (Robinson et al. 1949). Accordingly,
moderate heritability was exhibited for all of the traits except for ARD and for it, high heritability (63.85%) was recorded. These �ndings indicated that the
selection for these characters can be applied in the early generations of selection breeding programs. However, the Baker ratios (Baker 1978) were lower than
80% indicating the moderate contribution of the non-additive gene effects in the genetic control of traits. These results show that dominance effects should
not be neglected in the determination of the measured traits of the rootstocks (Acquaah 2012). Rootstocks with a strong root system and plentiful hairy roots
have an advantage in their capacity to rapidly retrieve from the in�uence of biotic stress (Katuuramu et al. 2020). Contribution of female parent (C. maxima)
was slightly greater than that of males and hybrids for RL and HTR traits. The hypocotyl thickness values of the female parents were found to be wider than
desired. Therefore, female parents with narrow hypocotyls should be selected for rootstock breeding. Given the assumed importance of HRR and ARD in
rootstocks, male parent effects were expected to be more important than female parent effects in experimental interspeci�c hybrids. All sources of variation
contributed evenly for the other traits. This �nding suggest that female parents (C. maxima) for root vigor and hypocotyl properties and male parents (C.
moschata) for hairy root are more important and should be taken into consideration in selection of rootstock parent.

Interspeci�c rootstocks play an important role in accelerating the breeding programs due to the high additive gene effect of parents with the desired direction
and important GCA effect (Su et al. 2017). Consequently, FTS5 genotype showed good effects for nearly all characters and could therefore be accepted as a
superior male parent in interspeci�c rootstock breeding. Female parent, GLD9 genotype had the most important GCA effects for all the root traits in the desired
direction but did not stand out in terms of other plant characteristics. This was followed by GH12 with four root characters (RV, RL, RDW, and ARD) and GRD17
with four root characters (RV, RL, RDW, and HRR) in female parents. Same female lines, GH12 and GRD17 had favorable genes for shoot, hypocotyl and
grafting success rate due to signi�cant positive GCA effects. In this study, male FTS5 and female GH12 and GRD17 lines were the best parents with higher
general combining ability. Speci�c combining ability is useful to determine different hybrids with desired characters (Rukundo et al. 2017). Similarly,
interspeci�c hybrids also stood out diverse (i.e., plus or minus) SCA effects for these traits. In present study, the most appropriate cross combinations, GRD17
× FTS5, B12 × FTS5, and BH5 × CHI2 showed signi�cant SCA effects for root vigor-related traits. These hybrids can be noted in rootstock breeding programs
for improved root traits. Three hybrids, namely GH12 × CB20, GLD9 × CB20, and B12 × FTS5 with high grafting compatibility-related traits are recommended to
further improve interspeci�c rootstock breeding. The outstanding of crosses will depend on mean performance of hybrids and over mid-parent heterosis
(Shashikumar et al. 2011). About 60% of the crosses exceeded the parental values for the desired mean values of all traits. The highest heterosis among traits
was determined in shoot length of the scion with an average of 60%. Similarly, C. maxima × C. moschata interspeci�c hybrids were described as highly
vigorous cultivars (Uretsky and Loy 2017). Although the GCA effect is more important than the SCA effect for all traits, the high MPH values show that the
dominant gene effect is also important in interspeci�c rootstock selection. It was reported that in such cases, heterosis and combining ability should be
evaluated together (Kenga et al. 2004). For example, GRD17 × FTS5 and its parents had desired direction and signi�cant SCA-GCA and high MPH, in terms of
root and shoot vigor.

Conclusion
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This study presented the �rst report on the heritability, combining ability, and heterosis for root system architecture and graft-related traits in C. maxima × C.
moschata interspeci�c rootstocks and their parents. Both non-additive and additive gene actions were speci�ed to be substantial in the expression of all traits
for which lines and hybrids noted the best combination ability effects in the desired directions. Besides, additive gene action was the preponderant type of
gene action controlling all traits except for grafting success. Signi�cant GCA effects and moderate or high hn2 indicated that selection-based strategies that
are highly responsive to additive effects increase genetic improvement of suitable root and shoot traits in early generations (F3) in rootstock breeding of winter
squashes that can be interspeci�c cross ability with each other. Since the grafting success rate was a higher SCA, selection should be made of interspeci�c
hybrids for this criterion. The same case is also valid in terms of hairy root capacity in C. moschata and root volume and hypocotyl thickness in C. maxima
genotypes. Present �ndings revealed that the futtsu type C. moschata as male and hubbard or delicious types C. maxima as female were good combiners for
RSA and graft-related traits. In addition, selection e�ciency is expected to be the best in the cross combinations including lines having high GCA effects and
the cross combinations which displayed high SCA effects can best be exploited in heterosis rootstock breeding.
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Figure 1

These lines backcrossed with bridge lines close to C. moschata and selfed �ve times with the use of modi�ed procedure of Korakot et al. (2010) for �ve years
between 2008 and 2014
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Figure 2

WinRHIZO (version 2013, Regent Instruments, QC, Canada) software was used to calculate the root volume (RV, cm3), total root length (RL, m), and average
root diameter (ARD, mm) (Fita et al. 2006; Karaağaç 2020;).


