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Abstract

Fruit shape is an important agronomic trait in wax gourds [Benincasa hispida (Thunb) Cogn.]. However,
the candidate genes for this important trait, and their genetic mechanisms, remain unknown. In this study,
we identified a candidate gene for fruit shape in wax gourds using a next-generation sequencing-based
bulked segregant analysis in F, populations derived from a cross between GX-71 (long cylindrical fruit,
FSI = 4.56) and MY-1 (round fruit, FSI = 1.06) genotypes. According to bulked segregant analysis, the
candidate gene is located in the 17.18 Mb region on chromosome 2, and the kompetitive allele specific
polymerase chain reaction (KASP) marker was used to reduce it to the 19.6 Kb region. There is only one
gene in the corresponding region of the reference genome, Bch02G016830 (designated BFS). We
sequenced BFSin six wax gourd varieties with different fruit shapes. Sequence analysis showed that
there were two non-synonymous mutations in the spherical wax gourd and one non-synonymous
mutation in the cylindrical wax gourd. Quantitative real-time polymerase chain reaction (QRT-PCR)
analysis showed that the expression of BFSin round fruits was significantly higher than in long
cylindrical fruits at the ovary formation stage. Therefore, BFSis a candidate gene for determination of the
fruit shape of wax gourds. The predicted protein encoded by the BFS gene belongs to the IQD protein
family, which have the structural characteristics of scaffold proteins and coordinate Ca%* CaM signaling
from the membrane to the nucleus. The BFS gene can assist with the breeding of new varieties that
possess ideal fruit shapes.

Key Message

Non-synonymous mutations in the BFS gene, which encodes the IQD protein, are responsible for the
shape of wax gourd fruits.

Introduction

Wax gourds [Benincasa hispida (Thunb) Cogn. (2n = 2x = 24)] are an important crop plant species in the
Cucurbitaceae family. It is an important traditional vegetable variety that is used both as a vegetable and
as a medicine, and it is widely distributed in the tropical, subtropical, and temperate regions of Asia (Gu et
al. 2013). Fruit shape is a vital characteristic trait of wax gourds, which exhibit a broad range of
phenotypical variations. Consequently, it is important in breeding programs.

Fruit shape is one of the main indices used for the quality evaluation and market classification of
horticultural crops such as fruits and vegetables. Fruit character is an important characteristic in
commodity quality breeding. The genes and quantitative trait loci (QTLs) that control fruit shape have
been identified in many crops. In tomatoes, the regulation of multiple loci leads to numerous variations in
fruit shape. SUN, OVATE, FASCIATED (FAS), and LOCULE NUMBER (LC) have all been identified as genes
that affect tomato fruit size and shape (Liu et al. 2002; Cong et al. 2008; Xiao et al. 2008; Munos et al.
2011). The FASand LC sites determine the number of ventricles and regulate fruit shape to a certain
extent (Rodriguez et al. 2011). The SUN gene encodes a member of the calmodulin-binding protein IQD
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family that induces fruit elongation. The OVATE gene encodes a negative growth regulator that regulates
fruit length by blocking transcription (van der Knaap et al. 2014). In addition, QTL fs8.7, which can induce
tomatoes to take on lumpy and slightly elongated shapes, and Sov7 and Sov2, which are inhibitors of the
OVATE gene, can regulate fruit shape (Clevenger 2012; Rodriguez et al. 2013). In cucumbers, numerous
fruit shape QTLs have been mapped (Zhu et al. 2016; Yang et al. 2018; Gao et al. 2020). Weng et al.
(2015) used three QTL models to map nine fruit-size-related traits and identified three QTLs for fruit
length and fruit diameter; four QTLs for ovary length, ovary diameter, and mature fruit length; and five
QTLs for mature fruit diameter. Pan et al. (2017) detected two QTLs, i.e., fs7.2and fs2.7, using
populations of WI7238 (long fruit) x WI7239 (round fruit). Further analysis showed that the homologous
gene, CsSUN, of the tomato fruit shape gene, SUN, was a candidate gene for fs7.2. The SF7 (short fruit 1)
gene encodes a cucurbitacin-specific E3 ligase. A mutation in this gene results in increased ubiquitination
and degradation, which lead to inhibition of cell division and short fruit formation (Xin et al. 2019). A
functional allele of CsFUL 17 regulates fruit length by inhibiting CsSUP and auxin transport (Zhao et al.
2019). In watermelons, QTL mapping analysis for fruit shape showed two stable major QTLs, mainly
located on chromosomes 2 and 3 (Sandlin et al. 2012; Cheng et al. 2016; Liu et al. 2016). Kim et al.
(2015) identified a major QTL, fsi3.7, in a watermelon F, population. Subsequently, Dou et al. (2018)
located fsi3.7 in the 26.817-26.863 Mb region on chromosome 3, and determined that a 159-bp deletion
in Cla071257 was responsible for fruit elongation; a total of 105 watermelon lines were tested, and all
lines with long and thin fruits had this deletion. The Cla077257 allele also causes other variations in fruit
shape (Legendre et al. 2020).

In wax gourds, using a segregating population derived from a cross between landrace accession B214
and a cultivated accession B227, two QTLs for fruit length (f14.7 and 170.7), and two QTLs for fruit
diameter (fd3.7 and fd71.7) were mapped. The QTL fd3.7 located on chromosome 3 at 58.3 cM was a
major QTL with an LOD value of 7.73 and explained 16.7 % of the observed phenotypic variation (Liu et
al. 2018). This was the first QTL discovered in wax gourds for fruit shape. By resequencing 146 materials,
Xie et al. (2019) determined the genomic variation map of wax gourds, and combined this data with
population genetics and linkage maps. Based on these data, they suggested that the homologous genes
Bhi10G00138 and Bhi10G00196 are related to fruit size in other species.

The development of high-throughput sequencing technologies and the availability of the wax gourd
reference genome, genomic variation maps (Xie et al. 2019), bulked segregant analysis with whole
genome resequencing (BSA-Sep) (Ramirez-Gonzalez et al. 2015; Zon et al. 2016), and next-generation
sequencing (NGS) technologies have significantly accelerated the identification of candidate genes that
control important agronomic traits. The combination of NGS and BSA provides an effective means to
accelerate the fine mapping and cloning of target genes (Tomita and Tanisaka 2019; Navarro-Escalante
et al. 2020; Wang and Karamyshev 2020). The combination of NGS and BSA has low dependence on
molecular markers, a short genotyping time, greatly shortens the time required for QTL mapping, and
improves the efficiency of research.
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The genetic information controlling fruit shape in wax gourds remains unknown, and candidate genes
controlling fruit shape have not been reported. We completed the high-quality genome map of wax gourd
GX-19 (long cylindrical fruit) on the lllumina NovaSeq 6000 sequencing platform (San Diego, CA, USA).
The genome size and contig N50 were 987 Mb and 18.87 Mb, respectively (unpublished data). This
produced a high-quality genome map with gene predictions and functional annotations of the entire
genome. Based on this, we sought to identify a candidate gene for fruit shape in wax gourds using an
NGS-based bulked segregant analysis in F, populations derived from a cross between GX-71 (long
cylindrical fruit) and MY-1 (round fruit). To the best of our knowledge, this is the first report on candidate
genes for fruit shape regulation in wax gourds, which will provide a theoretical basis for fruit shape
breeding in this species.

Materials And Methods
Plant materials and phenotypic statistics

Two inbred lines, GX-71 and MY-1, were cultivated; GX-71 fruits are long cylindrical, with green skin and
flesh, while those of MY-1 are round, with white skin and flesh. In this study, GX-71 and MY-1 were used to
obtain a fourth-generation population for genetic analysis of fruit shape. F; plants were obtained by
crossing GX-71 (P;) and MY-1 (P,), and the F, population was obtained by self-crossing F, plants. The
parents and F individuals were planted in the spring of 2020. In order to identify candidate genes for fruit
shape, 276 and 6461 F, individuals were planted in the spring and autumn of 2020, respectively. The
within-row spacing was 0.5 m, with a distance of 1.2 m between rows. To ensure full fruit development,
only one well-developed fruit was retained for 8—16 nodes of the plant. The longitudinal and transverse
diameters of the fruits were recorded 15 days post pollination (dpp). From ovary formation to fruit
ripening, the longitudinal and transverse diameters of fruits of the two parents were measured. Three
replicates were used for each measurement, and the longitudinal diameter to transverse diameter ratio
was calculated to determine the fruit shape index (FSI). All plant materials were grown in a field in
Guangxi University (Guangxi, China).

Cytological analysis

In order to compare the cytological characteristics of fruits of the two parents, wax gourd flesh at days 0
and 15 post pollination was cut into thin slices and immediately placed in Formaldehyde Alcohol Acetic
Acid fixative solution (50 % ethanol: 40 % formaldehyde: glacial acetic acid = 16:1:1). The volume of the
fixed solution was approximately four times that of the thin slices of gourd. The bottle mouth was sealed
with a sealing film and fixed at 25°C for more than 48 h. The fixed pulp was dehydrated step-by-step in
different concentrations of ethanol (70 %, 80 %, 90 %, 95 %, and 100 %). The thin slices were embedded in
paraffin using xylene. The vertical and horizontal sections of these slices were sliced using a paraffin
sectioning machine and pasted on a slide. The thin slices were stained using the safranin solid green
double staining method and observed with a Z2 automatic upright differential interference fluorescence
microscope (Zeiss, Germany).
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The cell sizes and cell numbers of parental lines were estimated using images obtained using the Image
J software (https://imagej.nih.gov/ij/).

DNA extraction

The genomic DNA of the parent plants, and of the F; and F, populations, were extracted from leaf
material using the cetyltrimethylammonium bromide (CTAB) method (Porebski et al. 1997). The
concentration and purity of the extracted DNA were measured using a k5800 ultra-micro
spectrophotometer (Kaiao, Beijing, China), and the DNA was evaluated by 1.2 % agarose gel
electrophoresis.

Resequencing

After the samples were tested to be qualified, the DNA was randomly interrupted using ultrasonic
fragmentation. The DNA fragments were repaired at the end, with A added at the 3' end and sequencing
connector added; they were purified and then amplified by PCR to construct a sequencing library. After
passing the quality inspection, the library was sequenced using the Illlumina sequencing platform. The
original image data files obtained through high-throughput sequencing were transformed into sequenced
reads by base calling analysis. The sequenced reads contained low-quality reads with connectors. Raw
reads were filtered to obtain clean reads to ensure the quality of subsequent information analyses. The
main data filtering steps were as follows: (1) the sequence of the adapter was removed; (2) if the
proportion of N on a read was more than 10 %, then paired reads were filtered out; and (3) low-quality
reads (the number of bases with Q < 10 accounting for more than 50 % of the whole read) were removed.
The sequencing readings were compared with the reference genome using BWA software, and then re-
located to the reference genome for subsequent mutation analysis (Li and Durbin 2009).

BSA-sep mapping approach

To examine phenotype, 60 extreme plants (30 plants with long cylindrical fruits and 30 plants with round
fruits) were selected from the 276 F, plants. After single plant resequencing, two mixed pools, one long
cylindrical pool and one round pool, were constructed. The two mixed pools and two parent pools were
used for association analyses, and the reference genome was that of GX-71. SNP detection was
performed using the GATK software kit (McKenna et al., 2010). Based on the results of the positioning of
clean reads in the reference genome, GATK was used for local realization and other pretreatments to
ensure the accuracy of SNP detection and for SNP detection to determine the SNP site set. Before
association analyses were undertaken, SNPs were first filtered. The filtering criteria were as follows: first,
SNPs with multiple genotypes were filtered out; second, SNPs with read support of less than 4 were
filtered out; third, SNPs with consistent genotypes among pools and those with recessive pool genes not
received from recessive parents were filtered out. Then, the Euclidean distance (ED) algorithm was used
to analyze the association of SNPs with different genotypes between the two pools (Hill et al. 2013; Rym
et al. 2013). In this analysis, SNP sites with different genotypes between the two pools were used to
determine the depth of each base in the different pools and to calculate the ED value of each site. In order
to eliminate background noise, the original ED value was processed by power, and the second power of
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the original ED was taken as the correlation value, and the DISTANCE method was used to fit the ED
value.

Fine mapping

Based on the BSA-Sep data, and the distribution and density of the physical locations of SNPs, KASP
markers were developed at 1-3-Mb intervals in the candidate region. Preparation of the mixture for
analysis and PCR amplification was performed according to the manufacturer’s instructions (LGC
Genomics, Shanghai, China). The PCR reaction system occupied a volume of 10 L, including 4.78 pL of
DNA (5-50 ng uL™ 1), 5 pL of KASP master mix (LGC Group, Teddington, Middx, UK), 0.14 pL of KASP
assay mix, and 0.08 pL of Mg*. PCR amplification was performed using landing PCR. The reaction
conditions were as follows: heat treatment at 95 °C for 15 min; denaturation at 95 °C for 20 s, annealing
and extension between 65-55 °C for 25 s, 10 landing cycles (each cycle reduced by 1.0 °C); denaturation
at 95 °C for 10 s, annealing and extension at 57 °C for 1 min, 30 cycles; followed by preservation in dark
conditions at 4 °C. After amplification, fluorescence scanning and genotyping were performed. A total of
1469 F, individuals were used for genotype-phenotype analyses.

To further narrow down the mapping range, we used flanking markers to genotype the F, population,
which was made up of 4992 individuals, for the identification of recombinants. New KASP markers were
simultaneously developed among the flanking markers to detect the genotypes of the recombinant
plants, and the most likely target gene region was inferred using genotype-phenotype joint analysis.

Cloning and sequencing analysis of candidate genes

Genes and whole coding sequences (CDSs) of candidate genes were cloned from gourd flesh. The
primers (Table S1) were designed based on the genome. Total RNA was isolated using a plant RNA
purification kit (Tiangen, Beijing, China), according to the manufacturer's instructions, and treated with
RNase-free DNase solution to remove residual genomic DNA. The first strand of complementary DNA
(cDNA) was synthesized using the enzyme reverse transcriptase, and primers for homologous cloning
were designed using the CDS database of the research group. The 2 x A8 FastHiFi PCR Master Mix
(Aidlab, Beijing, China) was used for PCR amplification. The PCR product was detected by 1.2 % agarose
gel electrophoresis, and the target strip was recovered and purified by gel cutting. Then, a zero-
background pTOPO-Blunt cloning kit (CV16) from Aidlab was used to construct an expression vector,
according to the manufacturer’s instructions; 1 yL of pTOPO-Blunt vector, 1 yL of 10x Enhancer, 6 pL of
sterile water, and 2 pL of PCR gel products were mixed, and ligated at 37°C for 10 min. The vector was
transformed into DH5a-chemically compatible cells (E. coli DH5a) according to the manufacturer’s
instructions (Aidlab, Beijing, China), and the correct PCR colony clones were selected for sequencing
confirmation. All fragments were sequenced by Shanghai Shengong Biotechnology Co., Ltd. DNAMAN
(Shanghai, China) was used for multiple sequence alignments.

Gene expression analysis
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To analyze gene expression, RNA was extracted from the ovary and flesh at different developmental
stages, and from peels, roots, stems, leaves, and female and male flowers at the flowering stage. cDNA
was synthesized using reverse transcriptase RT Master Mix (RR036A) following the manufacturer’s
instructions (TaKaRa, Beijing, China). The gene-specific primers (Table S1) of the candidate gene and the
reference gene, Actin, were designed using NCBI online Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). QuantStudio 6 Flex (Thermo Fisher, MA, USA) was
used to evaluate the expression levels of target genes by gRT-PCR. A SYBR Green real-time PCR mixture
was used for all reactions. A 20-uL RT-PCR reaction mixture containing 2 yL of cDNA, 1 pL of forward
primers (10 uM), 1 pL of reverse primers (10 pM), 10 pL of 2x SYBR Green real-time PCR mixture, and 6
WL of nuclease-free water was preheated at 95 °C for 30 s, followed by heating for 5sat 95 °C and 34 s
at 60 °C for 40 cycles. High-resolution melting was performed at 95 °C for 15 s, 60 °C for 1 min, and 95
°C for 15 s. At least three replicates were tested for each sample. The original data from RT-PCR were
obtained using QuantStudio 6 Flex software (Thermo Fisher, MA, USA), and the relative expression was

determined by the 272ACT method with actin as the internal control.

Results
Phenotypic characterization and inheritance of FSI

Because there was no significant increase in fruit shape index in either GX-71 or MY-1 at 15 days post
pollination, FSI was measured at this stage (Fig. 1a). The final fruit shape indices of long cylindrical and
spherical wax gourds were similar to their respective shape indices, recorded 4 days before flowering.
Images of typical fruits for the two parental lines, and F; and F, populations, are shown in Fig. 1b and 1d.
The mean FSI for the long cylindrical parent, GX-71, and the round parent, MY-1, were 4.56 and 1.06,
respectively. The GX-71 x MY-1 F, hybrid had an average FSI of 2.35 and appeared to be cylindrical. The
fruits of the F, population had three main shapes: long cylindrical, cylindrical, and round. We defined fruit
shape indices for round, cylindrical, and long cylindrical as being < 1.3, 1.3-2.7, and > 2.7, respectively. In
the spring of 2020, the F, population was divided into 70 long cylindrical, 143 cylindrical, and 63 round

spherical plants. These conformed to the Mendelian law of 1:2:1 (x? = 0.369, P=0.832). In the autumn of
2020, 1469 F, plants were divided into 373 long cylindrical, 733 cylindrical, and 363 spherical plants.

They also conformed to the Mendelian law of 1:2:1 (x2 = 0.073, P= 0.964). The two separation results
indicate that fruit shape in this population is controlled by a single gene with incomplete dominance.

Based on the observations of the paraffin-fixed longitudinal sections of parent fruits at different
development stages, it was found that cell size in GX-71 was significantly smaller than that in MY-1, and
that the number of cells in GX-71 was significantly higher than that in MY-1 at the ovary development
stage. There was no significant difference in cell size between GX-71 and MY-1 at day 15 post pollination
(Fig. 1e-1g).

Fine Mapping of the candidate gene
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After whole genome resequencing, 30.22 GB and 31.52 GB of clean data were obtained from GX-71 and
MY-1, respectively. The average data for the F, plants was 5.49 GB. The average values of Q30 and GC
were 92.70 % and 35.57 %, respectively. As compared to the reference genome, the mapping rate of the
parents and F, offspring ranged from 96.81 % to 98.22 %. The average genome coverage of the parents
was more than 27x, and the mapping rate was more than 98 % (at least 1x). The average genome
coverage of F, was 4.95x, and the mapping rate was more than 95.21 % (at least 1x) (Table S2). Based
on the mapping results of the clean reads in the reference genome, GATK was used to detect and filter
SNPs, and 955238 high-quality credible SNPs were obtained (Table S3). The ED algorithm was used to
analyze the association of different SNPs, and the median + 3 SD of the fitting value of all sites was
taken as the correlation threshold for analysis, and a value of 0.57 was obtained. According to the
association threshold, there was a region associated with the fruit shape gene on chromosome 2, which
was located in the 50.83-68.01 Mb region, with a total length of 17.18 Mb (Fig. 2a).

KASP primers were designed based on the single-nucleotide polymorphisms of the target parents (Table
S4). Alinkage map containing 13 KASP markers was established using 1469 F, individuals. The
candidate loci were located between the molecular markers, fs57 and fs59, with a physical distance of
1.98 Mb (Fig. 2b). In order to narrow the mapping range of the candidate genes, the markers, fs56, fs57,
fs59, and fs60, were used as flanking markers. After genotyping 4992 F, plants, 34 recombinant plants
were found. New KASP markers were developed between fs57 and fs59 to genotype the recombinant
plants. Through genotype-phenotype joint analysis, the fruit shape regulatory gene was found to be
located between markers fs58.13 and fs58.15, with a physical distance of 19.6 kb (Fig. 2c). There was
only one gene in this interval (Bch02G076830) and we named it BFS. These results indicate that BFS may
be a candidate gene for fruit shape determination in wax gourds.

Identification of candidate gene

To analyze the sequence of the BFS gene, we cloned it along with CDSs from the two parental lines.
Sequence alignment analysis showed that the full length of the BFS gene was 1607 bp, including 394 bp,
201 bp, and 671 bp of exons, and 70 bp and 93 bp of introns. Its sequence in GX-71 was the same as in
the GX-19 reference genome. Its sequence in MY-1 harbored two non-synonymous mutations in the
second and third exons. More specifically, these were the change of a cytosine to a guanine, which
resulted in the transformation of an alanine (A) to a glycine (G) at the 134th amino acid position, and the
change of a thymine to a guanine, which resulted in the transformation of a tyrosine (Y) to an aspartate
(D) at the 238th amino acid position (Fig. 3a, 3b).

To verify the difference, the BFS genes of four other cultivars, of which one was long cylindrical (HT-7),
two were cylindrical (GF-7, KX-8), and one was round (YSB-1), were subjected to cloning and sequence
analysis. Through sequence comparison, it was found that the gene sequence of HT-7 was the same as
GX-71, and that YSB-1 was the same as MY-1. The gene sequence of GF-7 and KX-8 is a new allele, which
harbored a non-synonymous mutation in the third exon, i.e., a change from thymine to guanine, resulting
in the transformation of tyrosine (Y) to aspartate (D) at the 238th amino acid position (Fig. 3a, 3b).
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According to SMART (https://SMART.embl-heide-lberg.de/) analysis, the protein structure included IQD
domains i.e., two 1Q motifs (115th - 137th amino acids, 138th - 159th amino acids) and DUF4005 (293rd
- 407th amino acids). A non-synonymous mutation resulted in amino acid substitutions in the IQD
domain (Fig. 3c).

Gene expression analysis

The expression levels of BFSin the ovary and flesh of long cylindrical and round fruits were determined
using gRT-PCR. During the ovary formation stage (10 days before pollination), the expression levels of
BFSin the parent plants were significantly different. BFS expression levels in round wax gourds was more
than four times higher than in long columnar wax gourds, but there were no significant difference in BFS
expression levels during other developmental stages (Fig. 4a). The expression pattern of BFSwas
evaluated in different tissues during the flowering stage. It was expressed in the roots, stem, young leaf,
male and female flowers, flesh, and pulp, with the highest expression level being observed in the flesh
(Fig. 4b).

dCAPS marker development for fruit shape determination

Based on the two non-synonymous mutations observed in BFS, two dCAPS markers (Table S1) were
developed, and primers were designed using dCAPS Finder 2.0 (http://helix.wustl.edu/dcaps/dcaps.html)
and Primer Premier 5.0. Sixty homozygous wax gourd germplasms were screened to test for genotype
and phenotype consistency. Of these 60 germplasms, 19, 25, and 16 were long cylindrical, cylindrical, and
round, respectively. As predicted, the genotype was consistent with the phenotype (Fig. S1; Table S5).

Phylogenic analysis

To understand the relationship between the protein sequences of BFSand other homologous sequences,
we analyzed the BFS protein sequence using NCBI BLAST (NCBI, Bethesda, MD, USA). We then generated
a phylogenetic tree with 1000 repeats using the neighbor-joining function in the MEGA-X software,
utilizing the bootstrap method. The results of the neighbor-joining tree showed that BFShas a close
phylogenetic relationship with plants of the Cucurbitaceae family, including Cucumis sativus, Cucumis
melo, Cucumis maxima, and Cucurbita moschata, indicating that the gene is evolutionarily conserved in
the Cucurbitaceae family (Fig. 5). Sequence alignment showed that BFS shared 81.32% sequence
homology with AT3G76490, which is found in Arabidopsis thaliana; AT3G16490 encodes 1QD26 proteins.

Discussion

Fruit shape gene and allelic variations in wax gourd

The wax gourd germplasm is rich in fruit shape diversity. Wax gourds come in three shape types: round,

cylindrical, and long cylindrical. The other fruiting types are natural or artificial hybrids of these three

types. In wax gourds, based on the high-density genetic map of 140 F, individuals, Liu et al. (2018)

detected 9 QTLs responsible for determining fruit-related traits (fruit weight, fruit length, fruit diameter,
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and flesh thickness) on chromosomes 3, 4, 5, 6,9, 10, and 11. In the present study, a candidate gene for
wax gourd fruit shape was identified on chromosome 2, indicating that the gene for fruit shape is distinct
from for fruit weight, fruit length, fruit diameter, and flesh thickness. Based on the SNPs detected in these
populations, KASP molecular markers were developed to expand the population and screen for
recombinant plants. The fruit shape gene was determined to be limited to the 58.134-58.154-Mb region
on chromosome 2 (Fig. 2). Annotation analyses confirmed the presence of a BFSgene in this region. BFS
is a member of the SUN family; Cla077257, CmSUN-16, and FS7.2 are also families that control fruit
shape in watermelons, melons, and cucumbers, respectively (Perpifia et al. 2016; Pan et al. 2017; Dou et
al. 2018). It is suggested that BFSis a candidate gene for the determination of fruit shape in wax gourds.
Sequence alignment between long cylindrical and round fruit plants revealed the presence of two non-
synonymous mutations, which result in two amino acid changes in the protein sequence. Furthermore,
another new allele was found in the cylindrical wax gourd (Fig. 3). The germplasms were verified by
dCAPS markers, and the genotype and phenotype were consistent (Fig. S1; Table S5). The results of the
fine mapping have laid a solid foundation for revealing the genes that regulate fruit shape in wax gourds.

Changes in cell size and number are responsible for
changes in fruit shape

Under the same environmental conditions, cell behaviors that directly influence fruit size are cell
proliferation and cell expansion (Maeda et al. 2014). Cell proliferation is the basis for plant growth,
development, and reproduction. It generally occurs during the early stages of fruit growth and ultimately
determines the number of cells in the fruit, thus affecting fruit size (Ho 1996; Cong et al. 2002). The
duration of cell proliferation varies between plant taxa. For example, cell division in cucumbers and
melons usually lasts only 5-8 days (Li et al. 2003; Fu et al. 2010; Colle et al. 2017), whereas in tomatoes,
it lasts approximately 2 weeks (Ding et al. 2013). During the middle stage of fruit development, cell
proliferation gradually stops, and cell expansion plays a leading role in fruit development. Cell expansion
is actually cell elongation caused by changes in cell wall structure. It is generally believed that cell
number and size both determine final fruit size.

In tomatoes, changes in cell number in different growth axes lead to a slender fruit shape (Clevenger et al.
2015; Wang et al. 2019). In cucumbers, inbred lines with longer fruits show higher cell numbers in the
longitudinal direction than those with shorter fruits (Liu et al. 2020). In melons, cucumbers, and
watermelons, the shape of mature fruits is related to the height of the ovary, and fruit shape can be
determined before pollination (Wei et al. 2016; Pan et al. 2017; Dou et al. 2018). We also found that fruit
shape can be predicted by ovary shape at different growth stages in wax gourds (Fig. 1c). In this study,
the cell sizes and numbers of long cylindrical and round spherical wax gourds were compared using
paraffin sections. It was found that long cylindrical wax gourds had significantly higher cell numbers and
lower cell areas than that in round spherical wax gourds at the ovary formation stage (Fig. 1e-1g). This
difference in cell area decreased gradually after ripening, indicating that long cylindrical wax gourds grow
faster than round spherical wax gourds at the ovary formation stage. After entering the fruit growth stage,
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the cell area gradually increased, and the fruit continued to grow, indicating that the cell number at ovary
stage and the cell area at fruit stage regulates wax gourd fruit shape.

Duplication of the tomato SUN gene leads to an increase in its expression, promotes cell division, and
leads to fruit elongation (Xiao et al., 2009; Wu et al., 2011). The Cla077257 gene, which is highly
expressed during ovary formation and promotes ovary and fruit elongation, is missing 169 bp in
watermelon (Dou et al. 2018). Deletion of the first exon of £S7.2in cucumbers results in a reduction in its
expression and the formation of round fruits (Pan et al. 2017). In this study, the expression patterns of
BFSwere determined. These results show that its relative expression levels in round wax gourds at the
ovary formation stage were four times higher than in long cylindrical wax gourds (Fig. 4a). This slowed
down cell division and promoted cell expansion in round wax gourds. The number of cells in spherical
gourds was lower than that in long cylindrical gourds, and the cell area was relatively larger in spherical
wax gourds. Our results show that variations in BFSmay slow down cell division at the ovary formation
stage. These results provide a preliminary understanding of the molecular mechanisms underlying the
regulatory effects of BFSon wax gourd fruit size; however, further analysis of cells of cylindrical fruits
and allele expression might shed more light on the effects, if any, of this mutation on fruit shape.

Association of functional role of BFS with 1QD protein family

The amino acid series encoded by BFS contains an IQD domain (Fig. 3c). Phylogenetic analysis showed
that BFS has high homology with AT3G76490 in the Arabidopsis genome, which belongs to the 1IQD
protein family (Fig. 5). This protein family is defined by a central conserved 1Q67 domain, which spans 67
amino acids and contains up to three IQ motifs that are necessary for binding to CaM Ca?* sensors
(Biirstenbinder et al. 2013; Cai et al. 2016). Calcium (Ca%*) is a second messenger in all eukaryotes and
plays an important role in the complex process of precise cell growth and shape regulation (Cardenas
and Luis 2009; Steinhorst and Kudla 2013). Calmodulin/calmodulin-like (CaM/CML) protein polypeptides
are the main Ca?* sensor relays and control the biochemical activities of different regulatory targets
through complex Ca?*-dependent and Ca?*-independent interactions (Dodd 2010; Kudla et al. 2010). Ca?*
and CaM/CML affect cell division (Hepler et al. 2005). The microtubule (MT) cytoskeleton forms a highly
dynamic network and plays a central role in coordinating cell growth. In Arabidopsis species, IQD1 targets
MT and interacts with the kinesin light chain associated protein-1 (KLCR1) and CaM/CML proteins,
indicating that IQD1 plays a role in the regulation of Ca%* CaM signaling and MT-related processes
(Biirstenbinder et al. 2013, Birstenbinder et al. 2017). The IQD protein is a unique calmodulin protein that
regulates the morphology and quantity of cells in Arabidopsis and rice plants (Duan et al. 2017
Sugiyama et al. 2017). SUN, found in tomatoes, is a member of the IQD family and a calmodulin-binding
protein. It controls the slenderness of the fruit shape by increasing the number of cells from the proximal
to the distal end of the fruit and by decreasing the number of cells on the inner and outer sides of the fruit
(Xiao et al. 2008; Wu et al. 2011). Based on the results of this study, we hypothesize that the BFS gene
may affect Ca?* CaM signaling and modify cell division and the cytoskeleton, thus modifying fruit shape.
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Figure 1

Phenotypic differences in wax gourd fruit shape index (FSI) (a) Dynamic changes in FSI between GX-71
and MY-1 during ovary and fruit development. (b) FSI variations in GX-71 and MY-1, and their F1 progeny;
Bar = 5 cm. (c) GX-71 and MY-1 during the ovary development period; Bar = 5 mm. (d) Distribution of FSI
among F2 families; Bar = 5 cm. (e) Microscopic observation on longitudinal section of flesh at days 0 and
15 post pollination of GX-71 and MY-1; Bar = 50 um. (f) Comparison of the average cell area between GX-
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71 and MY-1 at days 0 and 15 post pollination, **P<0.01. (g) Comparison of total cell numbers between
GX-71 and MY-1 at days 0 and 15 post pollination, **P<0.01
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Figure 2

Genetic mapping of the fruit shape gene in wax gourd (a) Distribution of Euclidean distance association
values on chromosomes. (b) Genetic mapping of the fruit shape gene by KASP. Using 1469 F2 individuals
resulting from the GX-71 x MY-1 cross, the location of the fruit shape gene was narrowed down to a 1.98
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Mb region between the markers fs57 and fs59 on chromosome 2. (c) Genotyping of recombinant plants
from an additional 4992 F2 individuals resulting from the GX-71 x MY-1 cross. The FSI of the two parents
and their F1 offspring, and of each recombinant, are shown on the right. The location of the fruit shape
gene was narrowed down to a 19.6 kb region
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Figure 3

Mutation sites and amino acid changes in the BFS allele (a) Comparison of BFS gene structure and base
sequence in six cultivars. White boxes, black boxes, and solid line represent 5' and 3' UTR, exons, and

Page 20/22



introns, respectively. (b) Comparison of amino acid sequence of BFS gene in six varieties; the red part
indicates sequence differences. (c) BFS: IQD domain. This shows amino acid substitution in the domain,
and amino acid comparison of the BFS gene between six varieties
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BFS expression analyses (a) Expression analysis of BFS in flesh of GX-71 and MY-1 through quantitative
real-time PCR. (b) Expression analysis of BFS in different tissues of GX-71 and MY-1 through quantitative
real-time PCR
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Phylogenetic analysis Phylogenetic tree of BFS and its homologous proteins
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