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Abstract: Squash (Cucurbita moschata) displays wide morphological and genetic variations; however,
limited information is available regarding the genetic loci of squash that control its agronomic traits.
To obtain basic genetic information for C. moschata, an F, population was prepared derived from a
cross between the Vietnamese cultivar ‘Bi Ho L6 TN 6 (TN 6)’ and the Japanese cultivar ‘Shishigatani’,
and flowering and fruit traits were examined. Overall, the traits showed a continuous distribution in
the F, population, suggesting that they were quantitative traits. A linkage map was constructed based
on simple sequence repeat and restriction site-associated DNA (RAD) markers to detect quantitative
trait loci (QTLs). Twelve QTLs for flowering and fruit traits, as well as one phenotypic trait locus,
were successfully localized on the map. The present QTLs explained the phenotypic variations at a
moderate to relatively high level (16.0%—47.3%). RAD markers linked to the QTLs were converted to
codominant cleaved amplified polymorphic sequence (CAPS) and derived CAPS markers for the easy
detection of alleles. The information reported here provides useful information for understanding
the genetics of Cucurbita and other cucurbit species, and for the selection of individuals with ideal
traits during the breeding of Cucurbita vegetables.

Keywords: flower and fruit traits; QTL; RAD-seq; SSR

1. Introduction

Squash, pumpkin, and gourd species (Cucurbita spp.) are vegetables of the genus Cucurbita
belonging to the family Cucurbitaceae. This family also includes vegetables of economic importance
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such as cucumber (Cucumis sativus 1.), melon (Cucumis melo L.), and watermelon (Citrullus lanatus
(Thunb.) Matsum. & Nakai). Cucumber is thought to have originated in India and is enjoyed either
fresh or pickled. The origin of melon is unclear, whereas watermelon originated in Africa. Melon and
watermelon are mainly eaten for their sweet flesh. These three cucurbits have low nutritional
value compared with other vegetables, but provide ranges of sweetness, texture, and color [1].
The genus Cucurbita contains five domesticated species, three of which are major, C. maxima Duch.,
C. moschata Duch., and C. pepo L., with two minor species (C. argyrosperma K. Koch and C. ficifolia Bouché).
Cucurbita is native to the New World, first domesticated there approximately 10,000 years ago; currently,
it is cultivated for its fruits and seeds worldwide [1]. Fruits of this species display wide variations in
morphology with regard to size, shape, and color. The flesh and seeds contain nutritionally valuable
compounds, sugars, carotenes, and oils, the contents of which vary according to the varieties and growth
conditions. Despite such merits, genetic and genomic research on Cucurbita remain limited compared
with cucumber, melon, and watermelon. Although most of its traits are still being investigated at the
level of conventional genetics [2], some trait loci have been localized to linkage maps [1,3]. Moreover,
whole-genome data have recently been made available for the three major Cucurbita species [4-6].

Among the three major Cucurbita species, relatively extensive studies have been carried out in
C. pepo because this species exhibits the widest morphological and genetic variation as well as the
highest economic importance. C. moschata, the next most variable species in this genus, is distributed to
tropical, subtropical, and temperate regions, and has adapted to a humid tropical climate. Genetic loci
for fruit traits have been mapped in C. moschata [7-10], but only limited information is available.
Since the introduction of C. moschata to Japan in the 16th century, multiple local cultivars and landraces
have been differentiated there, rendering it one of the centers of C. moschata diversity [11]. ‘Shishigatani’,
a Japanese local C. moschata cultivar, is an heirloom vegetable in Kyoto Prefecture [12]. This cultivar
bears a large, dumbbell-shaped fruit that is believed to have been bred from a flattened-fruit variety.
The dumbbell-shaped fruit of ‘Shishigatani’ has been reported to be recessive to flattened fruit [13,14].
Moreover, the phytohormone auxin affected its fruit development [14]. However, the detailed genetic
mechanisms underlying its fruit shape remain unknown. Many agronomic traits, including fruit
size and shape, are quantitative and can be controlled by multiple loci, called quantitative trait loci
(QTLs) [1].

Molecular markers are powerful tools for classification, genetic mapping and breeding.
Several molecular markers have been developed and utilized in Cucurbita [1]. Of these, simple sequence
repeats (SSRs) or microsatellites, which are repeated sequences of 1-6 nucleotide motifs, are used
for classification and linkage analysis because of their advantages, such as simple detection of
DNA variation (polymorphism), relatively high reproductivity and polymorphism, and codominant
inheritance [15]. Recently, a next-generation sequencing approach has also been adopted for the genetic
analysis of Cucurbita. Restriction site-associated DNA sequencing (RAD-seq) is one such method [16],
which involves massive parallel sequencing of DNA fragments at particular positions after restriction
digestion and adapter ligation, to obtain many nucleotide polymorphisms around the restriction sites
with a relatively low cost.

To obtain basic genetic information for C. moschata especially for ‘Shishigatani’, several crosses
among squash cultivars were tested, and it was found that the Vietnamese cultivar ‘Bi Ho L6 TN 6
(TN 6)’ was an ideal source for genetic analyses because of its compact fruit size with a sweet flesh.
The external color of the mature fruits of “TN 6” and ‘Shishigatani’ is buff, but their flesh colors are
intense orange and yellow, respectively (Figure 1A,B and Figure S1A,B). A linkage map was constructed
in an F, population derived from a cross between “TN 6’ and ‘Shishigatani’ based on SSR and RAD
markers to survey QTLs for agronomic traits. This resulted in the successful detection of several
QTLs that control flower and fruit traits. The aim of this study was to construct a linkage map and to
identify QTLs for flower and fruit traits in squash, for understanding the genetics of Cucurbita and
other cucurbit species, and for the selection of Cucurbita vegetables.
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Figure 1. Morphologies of mature fruits at harvest (ca. three months after transplanting) for the
parental lines and F, plants used in this study. (A) ‘Bi Hb L6 TN 6 (IN 6)’; (B) ‘Shishigatani’-K;
(C) Fy; and (D) F;, plants. A single individual is shown as a representative of the parental and F; lines,
respectively. Scale bar, 5 cm.

2. Materials and Methods

2.1. Plant Materials and Field Tests

An F; plant was derived from a cross between the Vietnamese (“TN 6’) and Japanese cultivars of
squash (C. moschata) (‘Shishigatani’, line name: ‘Shishigatani’-K, maintained at the Agriculture and
Forestry Technology Department, Kyoto Prefectural Agriculture, Forestry and Fisheries Technology
Center, Kameoka, Japan), as maternal and paternal parents, respectively. ‘TN 6’ is a commercial,
non-hybrid cultivar (Trang Nong Seeds Co., Ltd., Ho Chi Minh, Vietnam) that produces a small,
pyriform fruit with blotchy, cream-colored spots on the pericarp at the immature stage (Figure 1A and
Figure S1C, left). ‘Shishigatani’ is a Japanese landrace and a heirloom vegetable in Kyoto Prefecture
that bears a large, dumbbell-shaped fruit with heavy warts and pleats on the surface (Figure 1B).
Because ‘TN 6’ is an open pollinated cultivar, some loci were heterozygous. However, it was possible
to predict its genotype from the residual genotype of ‘Shishigatani’-K, as ‘Shishigatani’-K is highly
homozygous because of inbreeding (data not shown). An F, population was generated via the selfing
of the F; plant, resulting in 369 F, seeds from the single F; fruit. Seeds of 88 F, plants, F;, and the
parental lines (three or four seeds for each parental line) were sown in pots with a diameter of 9 cm
in April 2016 and cultivated for three weeks in a greenhouse. They were transplanted at the end
of April, 2016, to an open field of the University Farm, Faculty of Life and Environmental Sciences,
Kyoto Prefectural University (Soraku-gun, Kyoto, Japan, 34.7733° N, 135.7600° E, altitude 102 m).
Fertilizer (N, 4.7 g; P,0s, 4.7 g; and K,0, 4.2 g/m?) and compost (2 kg/m?) were applied prior to
transplanting according to the vegetable cultivation standard of the Department of Agriculture,
Forestry and Fisheries, Kyoto Prefecture. Plants were grown under natural conditions in plots with a
row length of 100 cm and 55 cm between each plant. Two vines (one main and one secondary vine)
were left on each plant and any other vines were removed. One to seven fruits per plant (average 2.4)
were produced under natural pollination.
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2.2. Scoring of Traits

Flowering traits were scored with regard to the flowering time and days after transplanting to
the opening of the first male and female flowers (Table S1). At the immature fruit stage (Figure S1C),
the presence/absence of cream-colored spots on the pericarp was scored using binary data (presence =1,
absence = 0) for incorporation into a linkage map as a morphological trait marker (Mottled skin).
After three months of cultivation in the field, fruits were harvested and stored at room temperature
until the scoring of fruit traits (Table S1). The following fruit traits were examined: fresh weight; height;
circumferences of the upper, middle, and lower parts (Figure S2, Up, Mid, and Low, respectively);
and degree of ribs and wart (fruit surface texture) on the pericarp. Ratios of circumferences on
upper/middle and lower/middle parts were calculated (Up/Mid and Low/Mid, respectively). Flesh color
was measured with regard to three parameters, L" (lightness or darkness), a* (red/green coordinate),
and b’ (yellow/blue coordinate) using a colorimeter (CR-400; Konica Minolta Japan, Inc., Tokyo,
Japan). These parameters were scored randomly at three points on the flesh surface for each fruit.
Subsequently, C* (chroma: color saturation or intensity) and hue (hue angle: relative amounts of
redness and yellowness) were calculated according to the previous report [17]. Brix was measured
using a sugar refractometer PEN-J (Atago, Co., Ltd., Tokyo, Japan). Trait data were subject to statistical
tests using BellCurve for Excel 2.20 (Social Survey Research Information, Tokyo, Japan).

2.3. Genotyping Analyses, Construction of a Linkage Map, and QTL Analysis

DNA was extracted from a fresh leaf of the F, population and parental lines according to
the previous report [18]. The genotypes of each line were analyzed using C. moschata and C. pepo
SSR markers [19] (Table S2). SSR fragments were amplified by polymerase chain reaction with
fluorescence-labeled primers (Sigma-Aldrich, St Louis, MO, USA) and analyzed on a CEQ8000 DNA
sequencer (Sciex, Vaughan, Canada), as reported previously [18]. RAD-seq analysis was performed
on 88 F, individuals and their two parental lines, as per the previous report [18]. Briefly, a DNA
library was made from DNAs digested with Bg/Il and EcoRI, followed by adaptor ligation, purification,
and sequencing of 50 bp single-end reads using a HiSeq 2000 (Illumina, San Diego, CA, USA).
The RAD-seq reads were subjected to mapping to the squash genome (C. moschata ‘Rifu’) [4] as a
reference data, according to the previous report [18]. The sequence data have been deposited in the
DDBJ Sequence Read Archive database under accession no. DRA010639. Any marker locus containing
30 or more missing data out of the 88 F, individuals or significantly deviated (P < 0.00001) from the
expected segregation ratio (1:2:1 and 3:1 for codominant and dominant markers, respectively) in the
F, population was removed from subsequent analysis. No imputation of missing genotypes from
RAD-seq analysis was performed because no apparent improvement was observed in the construction
of a linkage map (data not shown). A linkage map was constructed from the genotype data of SSR
and RAD markers plus one morphological trait marker (Mottled skin), as reported previously [20].
The QTL analysis was performed using MapQTL 6 [21] under the multiple-QTL model option, which is
equivalent to composite interval mapping, as reported previously [20]. The logarithm of odds (LOD)
thresholds for each QTL (x = 0.05) were estimated by 1000 permutations. The QTL-linked RAD
markers were converted to cleaved amplified polymorphic sequence (CAPS) and derived CAPS
(dCAPS) markers based on the homology to the squash genome sequence [4].

3. Results

3.1. Traits of the F, Population Derived from a Cross between “TN 6" and *Shishigatani’-K

To investigate the flower and fruit traits of squash, an F, population was generated by crossing two
C. moschata cultivars, “TN 6" and ‘Shishigatani’-K, to obtain sufficient phenotypic and genetic variations
for linkage mapping and QTL analysis. The traits of 88 F; plants, F1, and its parental lines measured in
this study included flowering time, texture of fruit surface, fresh weight and size of fruits, flesh color,
and Brix (see Table S1 for details). The surface (rib and wartiness) of fruit from F; plants resembled
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those of ‘Shishigatani’-K (Figure 1B,C and Figure S3C,D). The constriction in the middle part of F;
fruits was relatively more similar to that of ‘Shishigatani’-K vs. “TN 6’ (Figure 1A—C and Figure S3K).
Variations in fruit traits were observed in the F; fruits (Figure 1D). Most of the traits showed continuous
distributions (Figure S3), suggesting that they were quantitative traits. Among them, five (Up-Mid,
Up-Up/Mid, Low-Low/Mid, a'-C", and b'-C") and two (Fw-H and Mid-Low) pairs of traits showed
strongly and moderately positive correlations, respectively (Table 1, red and orange boxes, respectively).
Two (Mid-Up/Mid and a"-b") and one (Mid-Low/Mid) pairs of traits showed strongly and moderately
negative correlations, respectively (Table 1, blue and light-blue boxes, respectively).

3.2. Construction of a Linkage Map Based on SSR and RAD Markers Using the F, Population

DNA polymorphisms in the F, populations were detected based on the SSR markers and RAD-seq
analysis. Thirteen SSR makers out of the 126 tested showed polymorphisms and were localized on the
linkage map. A total of 160,191,488 reads were obtained in the F, population by the RAD-seq analysis,
131,881,811 of which were used for mapping to the reference genome. A total of 143,309 polymorphic
loci and 179,173 SNPs were detected (1628.5 polymorphic loci and 2036.1 SNPs per F; individual
on average). After removal of any marker locus containing missing data (>30) or significantly
deviated segregation ratio, 794 RAD markers were finally used for the construction of a linkage map.
The resulting linkage map was composed of 36 linkage groups (LGs) containing 443 loci (13 SSRs,
20 CAPS or dCAPS markers, 409 RAD markers, and one morphological trait marker (Mottled skin))
(Figure S4). The total map length was 2026.7 cM, with an average marker interval of 4.6 cM. The RAD
markers used in this study basically formed LGs according to the pseudochromosomes of the C. moschata
genome [4]. SSR markers were mapped to the LGs as reported previously [4,8] (Table S2), with two
exceptions (CMTm232b and CMTp216b). Although the number of LGs was not converged to that
of the expected haploid chromosomes (n = 20), it was assumed that the present map covered the
C. moschata genome sufficiently for QTL analysis, based on the comparison of map length between the
present (2026.7 cM) and previous studies (1268.4-3087.0 cM) [7-10].

3.3. QTL Analysis of Traits in the F» Population, and Development of CAPS and dCAPS Markers for the
Genotyping of Alleles

On the present map, a single QTL was identified for each of the traits, L', b, C’, Low/Mid, Low,
Wart, Brix, F flwr, Up/Mid, Up, Fw, and H (Table 2 and Figure 54, colored box). Of these, each of
three pairs of QTL (L*-b'~C" and Up-Fw-H) were located in the close vicinity of LGs 2a and 20,
respectively. QTLs for Low/Mid, Low, and Wart were detected in the same LG (4a), but they were
separated. The level of explanation of the phenotypic variations by the detected QTLs was moderate
to relatively high (16.0%-47.3%). QTLs for L*, Low/Mid, Low, Wart, Up/Mid, Up, Fw, and H yielded
negative additive effects (Table 2), suggesting that they were derived from the ‘Shishigatani’-K allele.
The RAD markers near the present QTLs could be converted to codominant CAPS and dCAPS markers
(Table 3), resulting in easier detection of alleles compared with the original RAD markers.
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Table 1. Correlation of traits in the F, population.
MFlwr FFlwr Rib Wart Fw H Up Mid Low Up/Mid Low/Mid L' a’ b’ c hue  Brix
M flwr
F flwr 0.3323

Rib 0.1034 0.0770

Wart -0.2359  0.1257 0.4140

Fw -0.0915 0.1763 0.0019 = -0.2632
H -0.0053  -0.2309 -0.0660 0.2628 | 0.7171

Up -0.0155 —0.0519 -0.1242 0.0858 0.2428 —0.0490

Mid 0.0075 —0.1373 0.1242 -0.0309 0.0895 —0.2405

Low 0.1033 0.1466 —0.0042 0.1254 0.2132 0.0515 -0.0614| 0.5475

Up/Mid 0.0503 0.0410 0.1766  —0.0589 —-0.0400 0.0047 -0.0226
Low/Mid 0.0170 —0.2510 -0.0609 0.0439 0.1732 -0.2347 -0.0599 -0.5611 0.0327

L’ 0.3315 —0.2338 -0.1551 0.3412 0.0543 -0.0343 -0.0582 0.0766 —0.1288 0.0400 -0.0373
a’ -0.1102 = -0.3193 0.0714 0.1075 0.3050 -0.3831 -0.0423 -0.1577 0.1216 0.0249 -0.1610 0.0439
b’ -0.1113 = -0.2916 0.0406 0.0169 0.1500 = -0.3085 0.0840 -0.2851 0.2434 —0.0620 -0.2400 0.0754
c 0.1181 0.2947 —0.0450 -0.0225 -0.1602 0.3149 -0.0732 0.2760 -0.2386 0.0532 0.2350 -0.0823

hue 0.0004 —-0.0651 0.0817 0.1816 0.3644 —-0.2298 -0.2209 0.1893 —0.2132 0.1429 0.1287 0.0081 = —0.4389 0.0332 0.0049

Brix -0.0559 0.1992 0.0706 0.0336 —0.0493 0.0962 —0.1888 0.2024 -0.0226 0.1759 0.0204 -0.0328 0.0853 0.1961 —0.1878 -0.1839
The abbreviations of traits refer to those in Table S1. Correlation coefficient: 1.00 > [ | >0.75 > >0.50 > >0.25> 1 >-0.25> >-0.50 > >-0.75> [ ] > —1.00.
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Table 2. Quantitative trait loci (QTLs) for flowering and fruit traits detected in the F;, plants derived
from a cross between “TN 6’ and ‘Shishigatani’-K.

Map Position in Additive Dominance

Trait ! LG? cM (peak) 3 LOD ¢ o (%) ° Effect 4 Effect 4

L 2b 5.7-13.6 (7.6) 13.2 47.3 -3.75 -1.23

b’ 2b 5.7-13.6 (7.6) 7.8 34.4 3.39 3.06
c 2b 5.7-11.6 (6.7) 6.2 28.8 3.39 3.02
Low/Mid 4a 4.0-7.9 (6.0) 4.9 229 -0.13 -0.01
Low 4a 14.8-21.8 (17.8) 4.4 20.6 -3.24 -4.10
Wart 4a 46.2-46.5 (46.2) 6.8 31.0 -0.44 -0.34
Brix 6b 0.0-3.9 (3.9) 4.8 23.1 1.57 -0.26

F flwr 7 74.0-80.6 (78.6) 48 23.0 3.14 2.71
Up/Mid 8b 2.2-2.4(2.4) 4.8 17.4 -0.08 -0.01
Up 20 31.9-35.9 (33.9) 4.2 16.0 -3.70 6.28
Fw 20 34.9-45.0 (43.0) 5.5 25.0 -0.39 0.35
H 20 35.9-44.0 (39.9) 4.4 16.8 142 1.34

! The abbreviations of traits refer to those in Table S1. ? Linkage group (LG), on which QTLs were localized in the
present map. % Region above the logarithm of odds (logarithm of odds (LOD)) threshold, in which the peak position
is indicated in parenthesis.  Scores at the LOD peaks. ® Phenotypic variation explained at the LOD peak.

Table 3. List of codominant cleaved amplified polymorphic sequence (CAPS) and derived CAPS
(dCAPS) markers developed and modified in this study.

Marker . , "o 3 Trait Near Restriction . 4
Name ! Primer Sequence (5’-to-3') LG the Marker Enzyme Expected Size (bp)
CAPS and dCAPS markers converted from restriction site-associated DNA (RAD) markers in this study
Forward: P , ..
ozogsocgroz CCCGTCTTACTACTACTAACAGAAA 2b L,b",C Tsp5091 TN 6" 11 +19 + 37 + 150
-CAP Reverse: ‘Shishigatani’-K: 11 + 19 + 37 + 47
CTCAAGTATTGATTTCGAATAGGTCC +103
Forward: PR , .
ozg)csi(;};roz CAGGTAATAGCCATTGATGAATTTC 2 L,b,C EcoRV TN 6% 24 +108
- Reverse: P .
GAAAGCAGCAGCATCTTTCTGgAT Shishigatani’-K: 132
023266Chr03 Forward: 3 Mottled skin Mbol TN 6 235
Cézp sr CAGAAGTAGATGAAAAGTAGAACGACG ottleds :
B Reverse: P .
GTTCGAATTCAACCCTGGTTCTTTTG Shishigatani’-K: 47 + 50 + 138
25799Chr04 Forward: 4 Low/Mid Scal TN 6": 24 + 126
0 Zgipsro CCTCTCCAACTAATGTGAGATagTAC a © o :
) Reverse: ‘Shishigatani’-K: 150
GTGTAATAAAGCAGGTGCAGTAACAT & :
26418Chr04 Forward: 4 L Smal TN 6": 27 + 103
0 ?1 cip SrO GTTAAACTCAAAGGATAAGTATGGGT a ow ma '
_ Reverse: “Shishigatani’-K: 130
AGAAAGTCTACTTGTAGCTATTTTCcC 18 :
Forward: y .
0222(522%?04 CAATGATATCTTAGATCTTCATTTTGCAIT 22 Low Msel TN6": 14 +28 +29 + 82
B Reverse: P i
CCTGTCAACATTTAAATTCACAGATAT Shishigatani’-K: 14 + 28 + 111
Forward: , .
027292%‘@4 GCATTACTTGAATAAAATCAATGTTAGAC 22 Low Nialll TN6%: 39 +95
B Reverse: ‘Shishiatani’K: 134
CATGAACCTATACTTCAAGACAAGTTAC 1shigatant -
027863Chr04 Forward: GGAGATCCGCTGAAATCGcC 4a Low Nael ‘TN 6: 19 + 129
-dCAPS Reverse: o s 1 oo
CGTCGACGATCTTTGGAGAATTC Shishigatani’-K: 148
Forward: ; .
03:;3&%?04 ATTGAACAAGCCTCATCAATCGTTHTA 2 Wart Xbal N6’ 152
- Reverse: P _—
GCAAATGCATTTTGGAATTTCGTATTAAG Shishigatani’-K: 25 + 127
4024Chr04 Forward: 4 Wart Rsal TN 6": 160
03 g " 0 TGGTTTAGGATCAAGCCACTAGA a a . :
B Reverse:

AACACCACCCTTAAATTTGAAGCAC Shishigatani™-K: 65 + 95
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Table 3. Cont.

Marker . , "o 3 Trait Near Restriction . 4
Name 1 Primer Sequence (5'-to-3') LG the Marker Enzyme Expected Size (bp)
Forward: . , .
04127[2%“06 TAGAATAAGGAGATTCGAAATCCAG P Brix Sspl N6’ 142
- Reverse: “Shishigatani’-K: 47 + 95
GAAGGAATTCCCATGGGAATCAATG 18 :
Ch Forward: 7 Ffl Tagl TN 6" 22 + 183
045?:5/ip 4 107 CATTGGGAATTCAGATTTAGATCTG wr aq '
B Reverse: - .
GAATTCATCGCTAAGCTTCTCGA Shishigatani’-K: 22 + 63 + 120
045491Chr07 Forward: 7 Fifl Xbal “TN 6': 86 + 188
CADS 17 CAATCGAATTITGCAGGCAAAACAAGT wr :
B Reverse: ‘Shishigatani’-K: 274
GTAGTTCAGGTTGCTCTAATCAATTTC 1shigatant -
Forward: p ..
0454C9§%1r07 CATAGGAAACCATATCAGIATIGAGATC 7 F flwr Mbol TN 6" 24 + 52 + 130
_ Reverse: ‘Shishigatani’-K: 24 + 182
GAGTTTATGTTCAAGTCGGTGATATTAG shigatant -
047940Chr08 Forward: 8b Up/Mid Xbal TN 6: 138
AP sr GAACATCTCATACTGGTTGAAGAG P/ :
- Reverse: P o
TTTGGAAATGTTTTCCCACCTTTATCtA Shishigatani™-K: 29 + 109
48046Ch Forward: 8b Up/Mid Hinfl TN 6': 166
0 210 Cf&) ;08 AGATCTTCATTGAATTATTACAATGGTTgA PV n :
- Reverse: P .
GCCATTCTATTTTTAATCTGTTGATTTGA Shishigatani’-K: 29 + 137
147Ch Forward: 8b Up/Mid Munl TN 6': 174
04% éACP ;08 TCACCGCTGGTAGATATTGTCA p/Mi un :
- Reverse: ot 1 -
TGAAGACGTGCATGTAATCCCaATT Shishigatani™-K: 25 + 149
103408Chr2 Forward: 20 Up, Fw, H Xbal “IN 6": 49 + 101
03 C()/zPSr 0 TTCAAGCCCATTGCTAGCAGATA P, EW, :
B Reverse: - o
TGGGAACGTCATTTGTATTTATACTG Shishigatani’-K: 150
Simple sequence repeat (SSR) marker developed in this study
CmoChr03 Forward: 3 Mottled ski - ‘TN 6" ca. 110
mé’Ser GGAATACTGTAAGAAGATATGCCGA ottied skm s
- Reverse: ‘Shishieatani’-K: ca. 120
CCCATTAAGAATACAATAGAACCTTG 1shigatant - ca.
dCAPS markers (Zhou et al. 2018) modified in this study
R1_47757 Forward: 3 Mottled ski pstl TN 6': 26 + 168
dEAPZ AAATAAGGTTGTCGAATTATCCcTGCA ottled skin s :
- Reverse: P o
TCCTGAAGTGGACAACGAACTA Shishigatani’-K: 194
Forward: . , .
R2_63809 TTCCAACAATTTCCCTCTACTGC 3 Mottled skin Xbal TN 6": 223
-dCAPS Reverse:

TTGCTATTTTCTTGCATTCGATATCHCT Shishigatani™-K: 30 + 193

1 CAPS = cleaved amplified polymorphic sequence; dCAPS = derived CAPS. 2 Small case letters represent sequence
deviations from the original sequences for introduction of the restriction sites. 3 Linkage group (LG), on which
QTLs were localized in the present map. 4 Sizes of fragments are shown for each allele of the two parental lines
("TN 6’ and ‘Shishigatani’-K).

4. Discussion

In this study, a genetic analysis of agronomic traits was performed by measuring several flowering
and fruit traits to map their underlying genetic loci. The population size of F, plants used in this study
(88) was slightly small compared with that used in the other crops, although a sufficient amount of
F, seeds (369) was obtained for genetic analysis. This was because Cucurbita samples required a large
area for their cultivation. The large size of the plants such as Cucurbita (typically 0.2-0.6 m tall and
>10 m in length) makes them ill-suited to genetics studies [22]. A greater population size (>100) could
improve the resolution of the present linkage map. Nevertheless, 12 QTLs and one phenotypic trait
locus (Mottled skin) were successfully localized on the present map (Table 2 and Figure S4). Of these,
QTLs for Wart (degrees of wartiness on the fruit pericarp) and F flwr (days after transplanting to the
opening of the first female flower) were newly mapped in C. moschata. The appearance of F; fruits was
similar to that of ‘Shishigatani’-K fruits in this study (Figure 1C), suggesting that the fruit surface traits
(rib and wartiness) of ‘Shishigatani” are dominant in relation to those of the ‘TN 6’, which bears the
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smooth fruits. This is in good agreement with reports that demonstrated that the presence of wartiness
was a dominant trait in Cucurbita species [22]. A direct comparison of the genomic positions between
the present and previous genetic loci in C. moschata [7-10] based on the SSR and RAD markers was
impossible for most of the loci because no specific markers and/or no common traits were examined.
No QTL for flesh color and carotenoids overlapped between the previous [9,10] and the present studies.
A similar result was found in traits pertaining to Brix and sugar content. Such observations may
suggest the cultivar-specific control of the traits examined here.

A Mottled skin locus for cream-colored spots on the fruit pericarp at the immature stage was
inherited in a single dominant manner and was mapped on LG 3 in this study (Figure S4). A similar
single dominant gene has been reported in C. moschata [9,23], in which the genomic location of
Mldg (Mottled light and dark green immature fruit color) [23] is unknown because of the lack of
map information. The other locus, pc (pericarp color), has been mapped on pseudochromosome
3 (corresponding to LG 3 in this study) [9] and its markers have been developed [24]. Of these, markers
R1_47757 and R2_63809 were mapped near the Mottled-skin locus in the present map (Figure S4).
The close location between the pc markers and the Mottled-skin locus strongly suggests that both loci
are identical or are in the same vicinity. Fine-mapping and map-based cloning approaches would be
able to isolate its candidate gene sequence(s).

One of the objectives of this study was to examine the inheritance of the “dumbbell” fruit shape,
which is a unique characteristic of the Japanese heirloom cultivar ‘Shishigatani’. To attain this objective,
the F, population derived from a cross between cultivars with pyriform ("TN 6’) and dumbbell-shaped
fruits (‘Shishigatani’) was used. In addition to the reasons described above, the choice of using
cultivars with somewhat similar fruit shapes was because a complex variation in fruit shape had been
found in the F, population derived from a cross between the parents with very different fruit shapes
(i.e., ‘Shishigatani’ X a flattened-fruit cultivar without any neck), which hampered the evaluation
of fruit shape in the F, offspring [13], as well as the identification of loci associated with this trait.
Similar difficulties were observed in the head formation trait of Chinese cabbage and the problem
has been solved using two heading types of Chinese cabbage [20,25]. The dumbbell-shaped fruit of
‘Shishigatani’ was surely recessive to flattened fruit, as reported previously [13,14], because an F; hybrid
between ‘Shishigatani” and a flattened fruit cultivar (‘Hoko aokawakuri”) bore fruit without a neck
(data not shown). In contrast, the appearance of fruits from F; individuals (‘TN 6’x ‘Shishigatani’-K)
was relatively similar to that of ‘Shishigatani’-K (Figure 1C), suggesting that the constriction in the
middle part of fruits is completely or partially dominant to the pyriform shape in this squash cross.
Using the present F, population, QTLs for the fruit shape regarding the constriction in the middle
(Up/Mid and Low/Mid) and other fruit size-related traits (Up, Low, and H) were detectable on LGs 4a,
8b, and 20 in this study (Figure S4). Although a fruit size-related QTL (fruit diameter: qfd8-a) has been
mapped on pseudochromosome 8 [9], the correspondence of Up/Mid and qfd8-a is currently unclear
because of the lack of detailed marker information [9]. Regarding fruit shape, the involvement of the
Owvate family protein gene has been reported in C. pepo and bottle gourd [26-28]. Ovate is a gene that
controls elongated fruit growth in tomato [29]. Any evidence of the involvement of the Ovate homolog
currently has not been obtained.

Only a single QTL for each of the 12 traits was detectable in this study. This might mean the
involvement of QTLs with a small effect, in addition to the single large-effect QTL, which could have
hampered the stable detection of QTLs. Assuming that the present QTLs explained the phenotypic
variations at a moderate to relatively high level, the QTLs detected here seem to be relatively stable.
Further study may confirm the stability and reproductivity of such QTLs. The CAPS and dCAPS
markers linked to the QTLs could be applied to the selection of individuals in breeding programs
of squash. The findings reported here provide useful information for understanding the genetics of
Cucurbita and other cucurbit species, and for the selection of individuals with ideal traits during the
breeding of Cucurbita vegetables.
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5. Conclusions

Flowering and fruit traits were measured in a C. moschata F, population derived from a cross
between two squash cultivars (Vietnamese cultivar “TN 6” and Japanese cultivar ‘Shishigatani’-K).
A linkage map was constructed based on SSR and RAD markers in the F, population, on which
12 QTLs for flowering and fruit traits as well as one phenotypic trait locus were localized. Of these,
QTLs for Wart (fruit wartiness) and F flwr (days of the first female flower) were newly mapped in
C. moschata. QTLs for fruit shape regarding the constriction in their middle (Up/Mid and Low/Mid) and
other fruit size-related traits (Up, Low, and H) were also identified. RAD markers linked to the QTLs
were converted to CAPS and dCAPS that are useful for selection of individuals during the breeding
programs of Cucurbita vegetables.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/6/4/71/s1,
Figure S1: Trait for flesh color and cream-colored spots on the pericarp, Figure S2: Schematic representation of
measurement of fruit-size related traits, Figure S3: Frequency distributions of the traits scored for the F, population
of “TN 6’ x ‘Shishigatani’-K, Figure S4: A linkage map of the F, population (TN 6" X ‘Shishigatani’-K). Table S1:
List of traits analyzed, and the phenotypic values of the F, population and the parental lines, Table S2: List of
Cucurbita simple sequence repeat (SSR) markers localized on the linkage map in this study.

Author Contributions: Conceptualization, N.K., YN., and Y.M.; methodology, N.K., YN., and Y.M.; investigation,
T.H., N.K,, K.N,, and A.S;; data curation, TH., N.K,, K.N,, A.S., and A.J.N.; writing—original draft preparation,
N.K,; writing—review and editing, Y.N. and Y.M.; project administration, N.K., Y.N., and Y.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank Lina G. Kawaguchi for the processing of RAD-seq data, members of the Laboratory
of Cell and Genome Biology and University Farm, Faculty of Life and Environmental Sciences, Kyoto Prefectural
University, for their help in the cultivation of the experimental samples, Koji Shirota for valuable comments,
and Hisako Kasaoka for technical help.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Grumet, G,; Katzir, N.; Garcia-Mas, J. Plant Genetics and Genomics: Crops and Models, Genetics and Genomics of
Cucurbitaceae; Springer International Publishing AG: Cham, Switzerland, 2017; Volume 20.

2. Paris, H.S.; Padley, L.D., Jr. Gene list for Cucurbita species. Cucurbit Genet. Coop. Rep. 2014, 37, 1-14.

3. Pan, Y; Wang, Y.; McGregor, C.; Liu, S.; Luan, F,; Gao, M.; Weng, Y. Genetic architecture of fruit size and
shape variation in cucurbits: a comparative perspective. Theor. Appl. Genet. 2020, 133, 1-21. [CrossRef]
[PubMed]

4. Sun,H.; Wu, S.; Zhang, G,; Jiao, C.; Guo, S.; Ren, Y.; Zhang, ].; Zhang, H.; Gong, G.; Jia, Z.; et al. Karyotype
stability and unbiased fractionation in the paleo-allotetraploid Cucurbita genomes. Mol. Plant 2017, 10,
1293-1306. [CrossRef] [PubMed]

5. Montero-Pau, J.; Blanca, J.; Bombarely, A.; Ziarsolo, P; Esteras, C.; Marti-Gémez, C.; Ferriol, M.; Gémez, P.;
Jamilena, M.; Mueller, L.; et al. De novo assembly of the zucchini genome reveals a whole-genome duplication
associated with the origin of the Cucurbita genus. Plant Biotechnol. ]. 2018, 16, 1161-1171. [CrossRef]
[PubMed]

6. Xanthopoulou, A.; Montero-Pau, ]J.; Mellidou, I; Kissoudis, C.; Blanca, J.; Pico, B.; Tsaballa, A.; Tsaliki, E.;
Dalakouras, A.; Paris, H.S.; et al. Whole-genome resequencing of Cucurbita pepo morphotypes to discover
genomic variants associated with morphology and horticulturally valuable traits. Hortic. Res. 2019, 6, 94.
[CrossRef] [PubMed]

7. Brown, RN.; Myers, ].R. A genetic map of squash (Cucurbita sp.) with randomly amplified polymorphic
DNA markers and morphological markers. J. Am. Soc. Hortic. Sci. 2002, 127, 568-575. [CrossRef]

8. Gong, L.; Pachner, M.; Kalai, K.; Lelley, T. SSR-based genetic linkage map of Cucurbita moschata and its
synteny with Cucurbita pepo. Genome 2008, 51, 878-887. [CrossRef]

9.  Zhong, YJ.; Zhou, Y.Y,; Li, ].X,; Yu, T.; Wu, T.Q.; Luo, ].N.; Luo, S.B.; Huang, H.X. A high-density linkage
map and QTL mapping of fruit-related traits in pumpkin (Cucurbita moschata Duch.). Sci. Rep. 2017, 7, 12785.
[CrossRef]


http://www.mdpi.com/2311-7524/6/4/71/s1
http://dx.doi.org/10.1007/s00122-019-03481-3
http://www.ncbi.nlm.nih.gov/pubmed/31768603
http://dx.doi.org/10.1016/j.molp.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28917590
http://dx.doi.org/10.1111/pbi.12860
http://www.ncbi.nlm.nih.gov/pubmed/29112324
http://dx.doi.org/10.1038/s41438-019-0176-9
http://www.ncbi.nlm.nih.gov/pubmed/31645952
http://dx.doi.org/10.21273/JASHS.127.4.568
http://dx.doi.org/10.1139/G08-072
http://dx.doi.org/10.1038/s41598-017-13216-3

Horticulturae 2020, 6, 71 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Del Valle Echevarria, A.R.; Campbell, A.; Radovich, T.].K,; Silvasy, T.; Moore, S.; Kantar, M.B. Quantitative
trait loci (QTL) analysis of fruit and agronomic traits of tropical pumpkin (Cucurbita moschata) in an organic
production system. Horticulturae 2020, 6, 14. [CrossRef]

Hayase, H. Cucurbita, Characteristics as a Plant. In Outline of Agricultural Technology, Vegetables: Eggplant,
Capsicum, and Cucurbita; Rural Culture Association Japan: Tokyo, Japan, 1990; Volume 5, pp. 3-30.
Takashima, S. Heirloom and Seasonal Vegetables in Kyoto (Kyo no Dento-yasai to Shun-yasai); Tombow Publishing:
Osaka, Japan, 2003; pp. 77-81.

Tatebe, T. A study on the inheritance of fruit shape in Cucurbita moschata (a preliminary note). |. Hort. Assoc. Jpn.
1943, 14, 256-258.

Yasuda, S. Seed Production Science (Shushi Seisan-gaku); Yokendo: Tokyo, Japan, 1948; pp. 69-71.

Merritt, B.J.; Culley, TM.; Avanesyan, A.; Stokes, R.; Brzyski, J. An empirical review: Characteristics of
plant microsatellite markers that confer higher levels of genetic variation. Appl. Plant Sci. 2015, 3, 1500025.
[CrossRef] [PubMed]

Andrews, K.R.; Good, ] M.; Miller, M.R.; Luikart, G.; Hohenlohe, P.A. Harnessing the power of RADseq for
ecological and evolutionary genomics. Nat. Rev. Genet. 2016, 17, 81-92. [CrossRef]

Itle, R.A.; Kabelka, E.A. Correlation between L*a*b* color space values and carotenoid content in pumpkins
and squash (Cucurbita spp.). HortScience 2009, 44, 633-637. [CrossRef]

Kubo, N.; Mimura, Y.; Matsuda, T.; Nagano, A.J.; Hirai, N.; Higashimoto, S.; Yoshida, H.; Uemura, N.;
Fujii, T. Classification of tea (Camellia sinensis) landraces and cultivars in Kyoto, Japan and other regions,
based on simple sequence repeat markers and restriction site-associated DNA sequencing analysis.
Genet. Resour. Crop Evol. 2019, 66, 441-451. [CrossRef]

Gong, L,; Stift, G.; Kofler, R.; Pachner, M.; Lelley, T. Microsatellites for the genus Cucurbita and an SSR-based
genetic linkage map of Cucurbita pepo L. Theor. Appl. Genet. 2008, 117, 37-48. [CrossRef]

Kubo, N.; Saito, M.; Tsukazaki, H.; Kondo, T.; Matsumoto, S.; Hirai, M. Detection of quantitative trait loci
controlling morphological traits in Brassica rapa L. Breed. Sci. 2010, 60, 164-171. [CrossRef]

Van Ooijen, J.W. MapQTL 6, Software for the Mapping of Quantitative Trait Loci in Experimental Populations of
Diploid Species; Kyazma B.V.: Wageningen, The Netherlands, 2009.

Brown, R.N. Traditional and Molecular Approaches to Zucchini Yellow Mosaic VIRUS Resistance in Cucurbita.
Ph.D. Thesis, Oregon State University, Corvallis, OR, USA, 2 July 2001.

Cardosa, A.LL; Della Vecchia, P.T.; Silva, N. Inheritance of immature fruit color in C. moschata. Cucurbit Genet.
Coop. Rep. 1993, 16, 68-69.

Zhou, Y.; Huang, H.; Li, J.; Luo, S.; Wu, T.; Zhong, Y. Development and amplification of SNP molecular
marker linked to pericarp color in Cucurbita moschata Duch. J. Nuc. Agric. Sci. 2018, 32, 1050-1059.

Inoue, T.; Kubo, N.; Kondo, T.; Hirai, M. Detection of quantitative trait loci for heading traits in Brassica rapa
using different heading types of Chinese cabbage. J. Hortic. Sci. Biotechnol. 2015, 90, 311-317. [CrossRef]
Esteras, C.; Gomez, P; Monforte, A.J.; Blanca, J.; Vicente-Délera, N.; Roig, C.; Nuez, E; Pic6, B.
High-throughput SNP genotyping in Cucurbita pepo for map construction and quantitative trait loci mapping.
BMC Genom. 2012, 13, 80. [CrossRef]

Xu, P; Xu, S.; Wu, X; Tao, Y.; Wang, B.; Wang, S.; Qin, D.; Lu, Z.; Li, G. Population genomic analyses from
low-coverage RAD-Seq data: A case study on the non-model cucurbit bottle gourd. Plant J. 2014, 77, 430-442.
[CrossRef] [PubMed]

Montero-Pau, J.; Blanca, J.; Esteras, C.; Martinez-Pérez, E.M.; Gomez, P.; Monforte, A.].; Cafiizares, J.;
Pico, B. An SNP-based saturated genetic map and QTL analysis of fruit-related traits in Zucchini using
Genotyping-by-sequencing. BMC Genom. 2017, 18, 94. [CrossRef]

Liu, J.; Van Eck, J.; Cong, B.; Tanksley, S.D. A new class of regulatory genes underlying the cause of
pear-shaped tomato fruit. Proc. Natl. Acad. Sci. USA 2002, 99, 13302-13306. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/horticulturae6010014
http://dx.doi.org/10.3732/apps.1500025
http://www.ncbi.nlm.nih.gov/pubmed/26312192
http://dx.doi.org/10.1038/nrg.2015.28
http://dx.doi.org/10.21273/HORTSCI.44.3.633
http://dx.doi.org/10.1007/s10722-018-0722-6
http://dx.doi.org/10.1007/s00122-008-0750-2
http://dx.doi.org/10.1270/jsbbs.60.164
http://dx.doi.org/10.1080/14620316.2015.11513188
http://dx.doi.org/10.1186/1471-2164-13-80
http://dx.doi.org/10.1111/tpj.12370
http://www.ncbi.nlm.nih.gov/pubmed/24320550
http://dx.doi.org/10.1186/s12864-016-3439-y
http://dx.doi.org/10.1073/pnas.162485999
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials and Field Tests 
	Scoring of Traits 
	Genotyping Analyses, Construction of a Linkage Map, and QTL Analysis 

	Results 
	Traits of the F2 Population Derived from a Cross between ‘TN 6' and ‘Shishigatani’-K 
	Construction of a Linkage Map Based on SSR and RAD Markers Using the F2 Population 
	QTL Analysis of Traits in the F2 Population, and Development of CAPS and dCAPS Markers for the Genotyping of Alleles 

	Discussion 
	Conclusions 
	References

