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Abstract

Ash gourd is an important crop plant species belonging to family cucurbitaceae.
This traditional vegetable is versatile in nature, which can be used as vegetable,
medicine and for making post-harvest products like sweets and candies.
Advanced molecular breeding strategies have been applied to improve yield,
quality and disease resistance and to meet consumer and farmer requirements.
The next-generation sequencing techniques have fast tracked the sequencing of
all the vegetable crops. In 2019, Chinese researchers were able to sequence the
ash gourd genome, which will aid researchers in determining the precise positions
of corresponding genes and employing these connected markers in marker-
assisted breeding procedures. Also, the sequencing methods have contributed
for the development of molecular markers, gene identification and QTL mapping,
transcriptomics and genome editing. This chapter highlights genome-based gene
identification methodologies for numerous features and problems for future
functional genomic studies, and this could provide as a theoretical foundation
for current ash gourd breeding efforts.
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3.1 Introduction

Cucurbits are the popular vegetable crops belonging to Cucurbitaceae family. The
major cucurbitaceous crops like cucumber, muskmelon, water melon and pumpkin
are grown worldwide, while bottle gourd, bitter gourd, wax gourd and luffa are
prevalent in many Asian and African countries. Benincasa hispida, is also known as
ash gourd, wax gourd, white gourd and winter melon. The winter melon is the only
member of the genus Benincasa (Chopra and Nayar 1956; Chen et al. 2021). Ash
gourd is considered as the native of the Indo-China region (Rubatazky and
Yamaguchi 1999) and is extensively cultivated in old world tropical countries viz.
India, China and Japan whereas it is less common in New World. Ash gourd has
huge popularity in Asia because of its medicinal and nutritional properties (Al-Snafi
2013). It is well known for long storage and value-added products as it is baked,
fried, boiled, pickled and candied (Robinson and Decker-Walters 1999).

During last decade, there was a rapid development in genomics research includ-
ing draft genomes and high-density genetic maps in cucurbit crops. Despite high
economic importance, the genomic information in ash gourd is limited, thus,
retarding the translational research in its breeding. Advanced molecular breeding
tactics have been used in ash gourd not only to enhance yield but also to meet out
consumer demands and to bring convenience to farmers. In ash gourd, the traits like
plant architecture, increased yield, resistance to biotic and abiotic stresses, quality
traits, pest resistance are some of the main targets of modern breeding. The biotech-
nological tools like next-generation sequencing have significantly accelerated the
process of genome sequencing. The published genome sequence of cucurbits
including Cucumis sativus (Huang et al. 2009), Cucumis melo (Garcia-Mas et al.
2012), Citrullus lanatus (Guo et al. 2013), Momordica charantia (Urasaki et al.
2017), Cucurbita pepo (Montero-Pau et al. 2018), Lagenaria siceraria (Wu et al.
2017), Cucurbita maxima (Sun et al. 2017), Cucurbita moschata (Sun et al. (2017),
Cucurbita argyrosperma (Barrera-Redondo et al. 2019) and Benincasa hispida (Xie
et al. 2019) have helped researchers in determining the gene position on
chromosomes. These identified linked markers can be used for marker-assisted
based molecular breeding.

To examine genetic variation and evolutionary links among related crops, new
generation sequencing has been used to produce molecular markers (Hu et al. 2021;
Levi et al. 2010). With the advancement in sequencing technology, the application of
SNPs has surpassed the other molecular markers. Earlier, the sequencing was costly
and time consuming when it was performed after the PCR amplification for genomic
region of interest (Edwards and Batley 2010). Nowadays, a large number of
sequences are generated through NGS methods, which are less costly with higher
efficiency of SNP discovery. These markers have been used to create molecular
genetic and physical maps, as well as to identify the genes or quantitative trait loci
that govern economically significant traits (Varshney et al. 2009). In addition,
resequencing approaches based on reference genomes are employed to investigate
genome-wide diversity. Bulk segregant analysis (BSA) has been proposed as the
primary method for whole genome sequencing. A number of approaches based on
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BSA like QTL-seq (Takagi et al. 2013), MutMap (Abe et al. 2012), bulked segregant
RNA-Seq (BSRseq) (Liu et al. 2012), specific locus-amplified fragment sequencing
(SLAF-seq) (Xu et al. 2014) and genome-wide association studies (GWAS) (Saidou
et al. 2014) have been used in many vegetable crops for identification of the linked
gene and marker development.

The sequence data obtained from transcriptomic analysis as well as their expres-
sion profiles linked to various physiological situations will aid in the identification of
genes that control various traits. This will unravel the regulatory mechanisms behind
different traits and help to elucidate the complete pathway. For the past five decades,
there have been significant advancements in molecular biological approaches.
The discovery of sequence-specific nucleases (SSNs) and (CRISPR)/CRISPR-
associated protein (Cas) system has taken gene editing to the next level, resulting
in vegetables with modified functions and desired traits (Abdallah et al. 2015;
de Caceres et al. 2020).

In this chapter, the author will summarize studies related to genome sequencing
and genome-based techniques for the identification of genes and molecular breeding,
which can serve as a theoretical reference for ash gourd and Cucurbitaceae crop
improvement programmes.

3.2 The Ash Gourd Genome

The genome of the ash gourd was discovered to be larger than that of cucumber,
melon and watermelon (Xie et al. 2019). Authors completed the sequencing of
genome in 2019 by using ash gourd line B227 with large (80 cm length) dark
green fruits, using Illumina and single-molecule real-time (SMRT) sequencing
technologies. Based on k-mer analysis the estimated 1.03 Gb genome comprises
55.4 Gb high-quality cleaned sequences with  50-fold coverage of the genome. De
novo assembly of Illumina and PacBio sequences resulted in a 913 Mb long-draft
genome. The number of scaffolds was 2197 with a scaffold N50 of 3.4 Mb, N90
scaffold of 0.9 Mb and longest scaffold of 14.5 Mb (Xie et al. 2019). Using the high-
density genetic map, 859 Mb (94.1%), comprising 397 scaffolds, could be attached
to the 12 linkage groups. The number of predicted coding genes was 27,467 in
number with average gene length of 3962 bp. According to a comparative examina-
tion of the genomes of all the cucurbit species, the genome of wax gourd is the most
ancestral karyotype studied so far.

3.3 Beyond Ash Gourd to Family Cucurbitaceae

The cucumber genome published in 2009 was the first ever published genome
among the cucurbit species. The reference genome of cucumber ‘9930’ was
sequenced with a genomic coverage of 72.2-fold with a genome size of 367 Mb
(Huang et al. 2009), subsequently genome of semi-wild cultivar ‘GY14’ and wild
cultivar ‘PI 183967’ were sequenced (Qi et al. 2013). The genome size of melon
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(450 Mb) is larger than its close relative cucumber (367 Mb), and this increased size
may be due to the transposon amplification which may have led to duplications in the
melon lineage. Moreover, the variations in phenotypic and quality traits and other
stress-related genes in melon may also have occurred due to transposon amplifica-
tion (Garcia-Mas et al. 2012). Guo et al. (2013) sequenced the genome of water-
melon by using an inbred line ‘97103’ using Illumina sequencing which resulted in a
genome size of 353.5 Mb. The resequencing of watermelon genome in 2019 using
inbred line ‘97103’ have led to the genome size of 365.1 Mb, and authors indicated
the role of selection during domestication and improvement of watermelon fruit size
and fixation of a non-bitter allele in C. lanatus (Guo et al. 2019). A more confident
gene set of bitter gourd genome (Cui et al. 2020) of line Dali-11(300 Mb) compared
to line OHB3-1 (Urasaki et al. 2017) provided valuable insights into domestication
of bitter gourd in Southern Asia. The evidence for allotetraploidization event in
Cucurbita was provided by studying the high-quality genome sequences of
C. maxima and C. moschata (Sun et al. 2017). The first high-quality genome of
Cucurbita argyrosperma wild relatives (Barrera-Redondo et al. 2021) provided
insight into domestication genes having their role in hormonal regulation, defence
mechanisms, seed germination and development. The occurrence of shared alleles
among C. argyrosperma and C. moschata suggested the introgression during
domestication between both the taxa. The genome sequence of bottle gourd
(313.4 Mb) provided understanding of the history of genomic evolution of the
family and identified chromosome-level syntenic relationships between bottle
gourd and other cucurbits (Wu et al. 2017). Snake gourd (Trichosanthes dioca)
and chayote (Sechium edule) diverged from sponge gourd and have one of the largest
genome sizes of 919.8 Mb (Ma et al. 2020) and 606.42 Mb (Fu et al. 2021),
respectively, among all the cucurbit species. The Illumina HiSeq 4000 platform
was used to sequence the whole chloroplast genome of wax gourd (156,758 bp).
Based on the entire chloroplast genome and 72 genes, phylogenetic analysis revealed
sibling ties between B. hispida and Citrullus, Lagenaria and Cucumis (Song et al.
2022). In 2019, The Cucurbit Genomics Database (CuGenDB; http://
cucurbitgenomics.org) was created to utilize the large-scale datasets and to provide
an essential gateway for the cucurbit research. The database provides information
about all the available cucurbit genomes and genomic information with respect to
expressed sequence tag (EST) sequences, genetic maps, transcriptome profile
synteny blocks etc. (Zheng et al. 2019).

3.4 Molecular Markers in Ash Gourd Breeding

Molecular markers are the vital tools which have been used to study genetic diversity
and variability, phylogenetic relationships, purity of F1 hybrids and mapping the
location of qualitative and quantitative traits. Randomly amplified polymorphic
DNAs (RAPD) owe the qualities like simplicity, speed and comparatively less
cost (Rafalski and Tingey 1993) due to which they are generally used for genetic
diversity studies in ash gourd (Parkash et al. 2000; Singh 2002; Verma et al. 2007;
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Pandey et al. 2008; Sikdar et al. 2010). The factors like number of molecular markers
and per cent polymorphism are an important factor for DNA marker-based studies.
Jiang et al. (2013) identified 6242 SSRs in ash gourd, and out of the 200 synthesized
primer pairs, 28.8% markers showed polymorphism. SSR markers have played an
important role in comparative genomics as they are conserved among closely related
species and genus (Ghebretinsae et al. 2007; Yang et al. 2012; Guo et al. 2013). In a
cross-species transformation study, ash gourd was found closely related to water-
melon as the transferable SSR markers were more from watermelon than melon,
pumpkin and cucumber (Hu et al. 2021). Pandey et al. (2021) checked the validity of
70 SSR markers developed from cucumber genome in 16 different species and
reported 49.21% polymorphism in ash gourd, and these cross-transferable markers
can be used for marker-based studies like molecular mapping and marker-assisted
breeding. In another phylogenetic study using EST-SSR and EST-PCR primers,
B. hispida was reported closest to P. fistulosus (Levi et al. 2010).

Pericarp colour, controlled by single gene, is an important trait as it represents the
quality of a fruit. A total of 140 F2 plants were used for SLAF sequencing, detecting
142,653 SLAF sequences with 22,151 (15.42%) polymorphic sequences (Jiang et al.
2015). In another study using BSA-seq data and distribution and density of the SNP
physical sites, 14 KASP markers were identified linked with peel colour (Ma et al.
2021). Zhu et al. (2016) reported a primer ISSR-855 linked with the fruit colour trait
at a genetic distance of 9.04 cM. Some winter melon germplasm has a pleasant
aroma, which adds to its value-added potential. The ‘pandan’ like aroma found in
rice and soybean due to 2-acetyl-1-pyrroline (2AP) was also reported in some of the
landraces in ash gourd. A PCR-based marker AroGourd was identified to detect the
804 bp deletion in the aromatic ash gourd (Ruangnam et al. 2017). First female
flower node is an important trait in all the cucurbitaceous crops as it leads to early
harvest of the fruit, and markers linked with this trait were identified (Cheng et al.
2010).

3.5 Gene and QTL Mapping

Development of novel varieties by way of traditional breeding methods is labour
intensive and time consuming. This becomes more difficult when the genes-
controlling desirable traits are to be introduced from a donor source. Also, the
negative correlation between desired traits obstructs the breeder’s ability to select
and breed effectively (Nicholson 1960). Introducing contemporary biotechnological
technologies utilizing molecular markers in breeding programmes can alleviate these
types of challenges. In cucurbits, numerous molecular markers linked with qualita-
tive and quantitative traits have been identified and mapped on various
chromosomes (Miao et al. 2011; Qi et al. 2013; Yang et al. 2013, 2019;
Nimmakayala et al. 2014; Wei et al. 2014; Cui et al. 2015).

In ash gourd, nine QTLs related to fruit morphological traits namely fruit weight,
length, diameter and flesh thickness were identified on chromosome 3, 4, 5, 6, 9, 10
and 11. Among these nine, four QTLs were showing large effect and were
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responsible for 10.0% phenotypic variance (Liu et al. 2018). Fruit shape in wax
gourd is controlled by a single-candidate gene Bch02G016830 designated as BFS.
The sequencing of a F2 population by using BSASeq leads to the identification of the
candidate gene located in the 17.18 Mb region on chromosome 2, and it was reduced
to 19.6 Kb region by using a kompetitive allele-specific polymerase chain reaction
(KASP) marker (Cheng et al. 2021). The QTLs controlling first female flower trait,
viz. fn1, fn2 and fn3 were located on linkage group 1 (fn1) and linkage group 6 (fn2
and fn3). The length of map was 1651.9 cM with average distance of 11.47 between
two markers. These QTLs viz., fn1, fn2 and fn3 accounted for 62.54%, 0.2% and
37.39% of the phenotypic variance, respectively (Cheng et al. 2010).

SLAf-seq technique is an important technique especially in those species where
the sequenced genome is not available. Use of SLAF-seq leads to the identification
of a gene-controlling pericarp colour on chromosome 5, map covered 2172.86 cM,
with an average distance of 0.49 cM between neighbouring markers (Jiang et al.
2015). Similarly, bulk segregant analysis sequencing (BSA-seq) was also employed
to uncover the candidate gene Bch05G003950 (BhAPRR2), which encodes the
Arabidopsis pseudo-response regulator2 (APRR2) protein that controls peel colour
modulation. The coding sequence of BhAPRR2 in green-skinned wax gourd had two
bases (GA) that were missing in white-skinned wax gourd (Ma et al. 2021). The
primary gene that gives winter melon its “pandan-like” scent is BhAMADH. This
aroma is imparted by an aminoaldehyde dehydrogenase (AMADH), which is
encoded by BhAMADH. When the aromatic and non-aromatic accessions of
BhAMADH were compared, an 804-bp deletion-covering exon 11–13 was discov-
ered in the aromatic accession. The genes and QTLs identified so far in ash gourd are
presented in Table 3.1.

3.6 Transcriptomics in Ash Gourd

Transcriptome sequencing of different resistant species is proving to be an effective
method for discovering linked resistant genes and identifying biological processes
implicated in multiple stresses (Jiang et al. 2011; Pan et al. 2012; Garg et al. 2016).
RNA sequencing has been widely employed in cucurbitaceous crops to study
significant traits such as fruit growth, parthenocarpy, sex expression and responses
of plants to biotic and abiotic challenges. (Grassi et al. 2013; Behera et al. 2016;
Pawełkowicz et al. 2016; Guo et al. 2018; Wang et al. 2019). Tissue-specific
expression of certain miRNAs was detected in a comparative analysis of five tissues,
with considerably higher expression in the wax gourd fruit. Fruit had the highest
level of MiR164-x expression, suggesting that miR164 may play a role in wax gourd
fruit growth by making the miR164-NAC module (Yan et al. 2021). The
transcriptome responses of heat-tolerant and heat-sensitive genotypes in chieh-qua
genotypes (Benincasa hispida Cogn. var. Chieh-qua How) revealed significant
change in differentially expressed genes (DEGs). DEGs related to heat shock
proteins (HSPs), ubiquitin-protein ligase, transcriptional factors and
pentatricopeptide repeat-containing proteins were significantly changed after heat
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stress. This will aid in the discovery of useful genes in heat stress and the study of the
mechanisms involved in high-temperature tolerance. At the ovary development
stage, gene expression analyses of the gene-determining fruit shape (BFS) in wax
gourd revealed that BFS expression was significantly higher in circular fruits than
the fruits with cylindrical shape. The BFS gene was thought to alter Ca2+ CaM
signalling, cell division and the cytoskeleton, resulting in changes in fruit shape. The
protein produced by the BFS gene was supposed to be a member of the IQD protein
family, which has been reported to affect cell shape and number in arabidopsis and
rice (Duan et al. 2017; Sugiyama et al. 2017), as well as the slenderness of tomato
fruit (Wu et al. 2011). A gene called BhAPRR2 regulates the colour of the fruit’s peel
in wax gourd. Green-skinned fruit had much higher chlorophyll content and
BhAPRR2 expression than white-skinned wax gourd fruit (Ma et al. 2021).

3.7 Role of Genomics in Detection of Viral Diseases

Diseases cause significant production and quality losses in a wide range of cultivated
crops. Similarly, cucurbits are affected with a variety of diseases, but viral diseases
are the most serious, since they are causing havoc on these crops. At least 59 distinct
plant viruses affect cucurbitaceous crops (Lecoq and Desbiez 2012), majority of
which are vector-borne (mostly aphids and whiteflies). The detection and identifica-
tion of the virus is an important aspect for developing an effective management
strategy. The use of molecular tools like RT-PCR has enhanced the rapidity and
accuracy of viral diagnosis. Multiple virus detection methods have been developed,
and (NGS) is now a major focus of this field since it allows for impartial and
hypothesis-free assessment of plant samples in ash gourd, the viruses like Cucumber
mosaic virus (CMV), Cucurbit aphid-borne yellows virus (CABYV), Papaya
ringspot virus (PRSV), Zucchini yellow mosaic virus (ZYMV), Watermelon mosaic
virus (WMV), Cucumber mosaic virus (CMV), Cucurbit aphid-borne yellows virus
(CABYV), Papaya ringspot virus (PRSV), Watermelon mosaic virus (WMV),
Watermelon silver mottle orthotospovirus (WSMoV) and Cucumber green mottle
mosaic virus (CGMMV) contain RNA as a genetic material. The detection of these
viruses is done following RT-PCR using a specific set of primers. The cloned and
sequenced representative PCR products are submitted to GenBank, followed by the
identification by comparing its sequence to that of other isolates. On the other hand,
begomoviruses infecting ash gourd which contain DNA as their genetic material
namely, Squash leaf curl China virus (SLCCNV), Squash leaf curl Philippines virus
(SLCuPV), Tomato leaf curl New Delhi virus (ToLCNDV) and Tomato leaf curl
virus (ToLCV) are identified by PCR using virus specific primers. The full-length
genome is isolated by rolling circle amplification, followed by restriction enzyme
digestion, vector ligation and vector transformation. The sequences are entered into a
database of nucleotide sequences, and the sequence identities of different isolates are
compared. The viruses infecting ash gourd along with their method detection are
presented in detail in Table 3.2.
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3.8 Summary and Future Perspectives

The genome sequencing of ash gourd has significantly accelerated molecular breed-
ing practices. To find key qualitative and quantitative traits, tools such as next-
generation sequencing, QTL mapping, gene mapping, genotyping and other newly
identified technologies have been created and used. A lot of molecular markers
directly connected to specific features have been identified and produced for marker
aided breeding. The breeding methods for ash gourd, on the other hand, still need to
be improved. For example, gene-editing technology has opened up new possibilities
for development in a variety of vegetable crops, although no studies on this tech-
nique have been published in this crop yet. Approaches like GWAS, QTL-seq,
SLAF-seq, BSA-seq, MutMap+ and MutMap-Gap have yet to be successfully
implemented. These approaches have been proven to be reliable in other
cucurbitaceous crops; thus, there is a great scope of utilizing them in ash gourd to
discover target genes and associated molecular markers. For the identification of
SNPs, considerable resequencing is required. The high cost of sequencing is the
major hurdle. However, in recent years, the price has reduced dramatically and is
expected to continue to do so in coming time. The techniques like microarray and
RNA-seq can be utilized to monitor the gene expression of different physiological
processes which can provide information regarding various functions of the gene.
Before attempting gene transfer, however, thorough characterization is required.
Pleiotropic side effects must also be taken into account (Salgotra et al. 2014). By
using this knowledge to ash gourd breeding, crop variants with superior quality,
resilience to biotic and abiotic stresses and increased yield could be developed.
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