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The Xishuangbanna (XIS) cucumber is an important botanical variety, accumulating high levels of 3-carotene (700
Mg/100 g) in the endocarp of mature fruit compared with normal green/white flesh types (25-50 ug/100 g, fresh
weight). B-carotene is an essential precursor of provitamin A synthesis required for human health, thus XIS

cucumber is an appealing germplasm for vitamin A breeding programs.

Xishuangbanna cucumber molecular breeding beta-carotene Nutritional quality

| 1. Introduction

Cucumber (Cucumis sativus L.) is an important and popular vegetable of the Cucurbitaceae family. It is reported to
be one of the earliest vegetables to be domesticated from wild Indian C. s var. Hardwickii 11 and its site of
domestication by man could be dated back as far as 5000 years ago @Bl Cucumber was first cultivated in India
and then later spread eastwards to China and westwards to Europe about 2000 and between 700 and 1500 years
ago, respectively. The Europeans eventually spread cucumber to North America and Africa in the 1400s B4,
Cucumber is mostly grown for its soft fruits and is eaten in raw fresh form, cooked as a vegetable or pickled when
immature RI8, Consumed fresh or processed, cucumber is regarded for its special flavor and its high-water content
(95% water). Its high-water content (about 95%) makes it ideal to promote hydration during hot sunny days. The
nutrient availability per 100 g fresh weight of cucumber contains energy (12-15 cal), protein (0.6-0.65 g), total
lipids (0.1-0.11 g), carbohydrates (2.2—3.63 @), calcium (14-16 mg), iron (0.28 mg—0.3), vitamin C (2.8-12 mg),
and vitamin A (B-carotene, 1.125-5 ug), as well as other vitamins such as vitamin K, B6, B12, thiamine, niacin,

flavonoids, and triterpenes, which provide antioxidants and anti-inflammatory substances &3],

The semi-wild Xishuangbanna cultivar (C. sativus var. xishuangbannesis, XIS hereafter) is unique based on their
pedigree exhibiting orange-fleshed (endocarp) fruit at full seed maturity, signifying an abundance of [3-carotenes
just like melon, squash, and pumpkin Q9L The XIS cucumber is highly outcrossing, and thus is readily
intercrossed to the common cultivated cucumber, sharing the same chromosome number (2n = 2x = 14). Its fruits
are eaten boiled or raw during different stages of maturity 12131, B-carotene not only acts as a precursor to pro-
vitamin A synthesis, which is essential for human health, but also contributes to the fruit flesh color. Flesh color is
one of the most important traits of fruits and vegetables that impacts positively on consumer’s choice of food
products. The flesh color type is attributed to different chlorophyll and carotenoid accumulations in fruits 4. Low
uptake of carotenoid-rich food results in vitamin A deficiency. Vitamin A deficiency is one of the most serious health

issues in many countries, resulting in irreversible blindness. It is among the key pillars in the fight against
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malnutrition, commonly referred to as ‘hidden hunger”, ravaging the ever-increasing world population 12, This
situation has prompted researchers to attempt the biofortification of plant-derived foods including pro-vitamin A
carotenoids (mainly B-carotene), which led to the birth of “golden” crops. Additionally, a variety of vegetables such
as carrot and orange-fleshed sweet potato are naturally rich in (-carotene content and their improvement
contributes to the pool of nutritional status. While high 3-carotene cucumber may not contribute significantly to the
vitamin A status among the consumers globally owing to its limited growing localities, consumption of carotenoid-
rich XIS cucumber in regions where it is grown and marketed can contribute to the reduction in vitamin A deficiency

and provision of health benefits required in the human body system 1],

2. Chronological Perspective of Orange-Fleshed XIS
Cucumber Discovery and Development

XIS is a Chinese landrace, an accession from mountainous Xishuangbanna region of Yunnan Province in
Southwest China, the area bordering Myanmar 12, XIS cucumber was first described in 1983 17: thereafter, it
drew the attention of the researchers, especially those interested in cucurbitaceous crops owing to its unique
characteristics. Growing in a tropical warm and humid climate above 1000 m altitude, this form of cucumber has

long been cultivated by the Jinuo, Hani, and Aini ethnic groups of China, Laos, and Vietnam, who call it ‘Shihuo’
0]

A preliminary investigation of the orange flesh trait of XIS cucumber in 1991showed that a dominant genetic factor
influences the orange-flesh color (8. However, three years later (1994) Navazio 19 used a recessive two gene
model to explain segregation in F, progeny (n = 46) resulting from a cross between ‘SMR18’ and XIS. In 1997,
Simon and Navazio 18 developed XIS derivatives in U.S. pickling backgrounds that express orange fruit flesh
pigmentation at maturity. This consisted of the development of early orange mass (EOM) 400, 402, and late orange
mass (LOM) 404 from crosses between U.S. pickling cucumber and orange fruited XIS cucumber. Internal (mature
and immature) fruit color was orange in 70-90 percent of the EOM 400 and EOM 402 plants in 1994, with yellow in
the remaining samples. Plants with dark orange mature fruit color were slightly more prevalent in EOM 402 (15%)
than in EOM 400 (5%); however, yellow immature fruit color was also slightly more common in EOM 402 (30%)
than in EOM 400 (5%). However, the molecular mechanisms linked to early B-carotene accumulation of orange
mass in EOM 402 or EOM400 remains unknown.

In 2009, a genetic study involving two genetic linkage maps constructed with the markers of random amplified
polymorphic DNA (RAPD), sequenced characterized amplified region (SCAR), simple sequence repeats (SSR),
Expressed sequence tag (EST), single nucleotide polymorphism (SNP), amplified fragment length polymorphism
(AFLP), and (sequence specific amplification polymorphism (SSAP) was reported 29 These genetic linkage maps
defined a common collinear region containing four molecular markers (3 dominant and 1 codominant) on linkage
group (LG) LG6 in Map 1 and LG3 in Map 2. The regions contained QTL associated with orange mesocarp
(mc6.1/ec6.1) and endocarp (mc3.1/ec3.1) in Mapl and Map2, respectively. Two pairs of allelic genes were found
to be responsible for the yellow mesocarp, while a single recessive gene controls (-carotene in the endocarp as

reported in 2010 21 However, there are limited findings on cucumber flesh color at the molecular level. Through
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the United States department of Agriculture, a high B-carotene (7.5 ug/g) cucumber line EOM 402-10, was

released in 2011 but it was still maintained for research purposes only 22,

In 2012, an inheritance and mapping of the gene controlling quantity of -carotene at mature fruit stage was
reported (23], To identify the genetic locus controlling B-carotene content in XIS cucumber, bulk segregant analysis
(of 124 RIL-F; population was applied and orange endocarp (Ore) gene controlling quantity of -carotene identified
to be located between SSR07706 and SSR23231 in the short arm of chromosome 3. Further investigation in 2013
revealed that the Ore locus is defined by the putative B-carotene hydroxylase 1; CsaBCH1 (Csa3G183920) gene.
The Ore mutant contains a SNP in the conserved fatty acid hydroxylase domain of CsaBCH1 that disrupts 3-
carotene turnover, which is a substitution of alanine to asparagine at position 257 of the BCH1 gene, encoding a [3-
carotene hydroxylase, and causes an accumulation of B-carotene in the Xishuangbanna group. This mutation
results in a non-functional carotene hydroxylase, which is unable to convert carotene to zeaxanthin, resulting in a

build-up of carotene [1124],

Many other attempts have been made to study the regulations of B-carotene in orange-fleshed cucumber cultivars.
Other variants of cucumber with yellow flesh significantly contribute to [3-carotene content. In 2015, an investigation
of the yellow flesh color of cucumbers (line P1200815) discovered that the yellow mesocarp flesh color is controlled
by a single recessive gene, yf, which is located on cucumber chromosome 7 23, A total of 12 SSR primers and 5
Indel markers were used to build a molecular marker linkage group and the closest flanking markers linked to yf
were yf SSR108 and yf Indel29 with genetic distances of 0.6 and 0.3 cM, respectively. The physical distance
between yf and the area containing 21 projected candidate genes was 149.0 kb. The latest study of XIS cucumber
in 2019 on B-carotene content reported an identification of SNP in the homolog of the cauliflower Ore gene. This
study however concluded that the Ore gene is not the only factor affecting 3-carotene accumulation in orange flesh
cucumber [28, Other than B-carotene content, the QTL of the flowering and fruit physical qualitative traits have
recently have also been reported [Z7[28] A study involving a combination of genomics and transcriptomic further

gave insights into photoperiod regulation of flowering in XIS cucumber 22,

3. Research Achievements Derived from the Utilization of
Orange-Fleshed Cucumber and Research Gaps

3.1. Agronomic Characteristics of Orange-Fleshed Cultivar and Associated QTL

Growing cucumber solely for nutritional quality could be unsustainable among the farmers. However, nutrition
coupled with desirable phenotypic characteristics would provide additional advantages. Germplasm adaptations
and adoptions are defined by phenotypic qualities such as plant growth habit, blooming characteristics, fruit yield,

and yield components.

3.1.1. XIS Cucumber Vegetative Growth and Flowering Characteristics
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XIS cucumber has indeterminate growth habits. The main vine of XIS cucumber can reach up to 8 m in length, with

20-40 lateral branches and 900 nodes, which is faster than cucumbers grown commercially 219,

The flowering time of cucumber determines the time of fruit set, and hence affects the crop production cycle.
Flowering in semi-wild XIS cucumber is complicated. Naturally, it is photoperiod-sensitive and requires short day
conditions for the induction of female flowering B, and this presents one of the major constraints to breeding and
productivity of orange-fleshed XIS cucumber. Using populations derived from semi-wild XIS cucumber and
cultivated cucumber, two QTL (fft1.1 and fft6.1) 27 and three QTL (FT1.1, FT5.1, FT6.2) [28 affecting female
flowering time were detected. Recently, nuclear transcription factor Y A-1 (CsaNFYAl CsalG613580) a potential
candidate gene defining DFF1.1, was reported 22, CsaNFYA1 gene was found to have a single non-synonymous
mutation in its fifth exon, based on whole-genome re-sequencing of nine cucumber cultivars with varied flowering

characteristics in response to photoperiod.
3.1.2. XIS Cucumber Fruit Quality Characteristics

Cucumber fruit shape and size are essential quality factors because they influence yield and quality. Mature fruit
shape/size of XIS cucumber vary considerably and they could be long, oblong, oval, or round and comprising a
length to diameter ratio (L/D) from 1 to 4 7. The round fruit sets by XIS cucumber possessing five carpels
resemble those of melon W28 Using XIS cucumber inbred line WI7239 with round fruit shape, Two interacting
genes, FS1.2 and FS2.1, that control fruit shape was detected 28, Two consistent QTL were also obtained using
SWCCS8; an XIS inbred line (FS1.2, FS2.1) was unique to the SWCC8 or WI7167 population, but with three
additional QTL (FS3.1, FS3.2, and FS5.2). This implies possible diversifying selection of fruit size and shape within
the XIS cucumber population. Furthermore, since round fruit form is recessive to long fruit in the XIS cucumber

population, ‘round fruit shape’ appears to be a more primitive feature.

Fruit length is also an important fruit quality trait influenced by QTL. A mature XIS cucumber has a fruit length to
diameter ratio (L/D) of 1.5:1-3:1 and is shorter than that of a typical U.S. processing cucumbers (2.8:1 to 3.4:1) 19,
Fruit shape is frequently described using the fruit L/D ratio (also known as fruit shape index Five QTL for LD,
namely, 1d1.1, 1d1.2, 1d3.1, ld5.1, and Id6.1 have been reported 281 Because L/D is a compound trait governed by
the L and D values, the locations of all five LD QTL were consistent with those of either mature fruit length (MFL)
and mature fruit diameter (MFD) or both. Among the five L/D QTL, |d5.1 had the greatest LOD support (LOD >
40.0) and the greatest effect (R2 = 36.7-51.0 percent) in lowering the L/D value (negative additive effects). This
appears counter-intuitive given that neither mf5.1 nor mfd5.1 had the greatest impact. The significance of the
consensus fruit size QTL FS5.2 (based on mf5.1, mfd5.1, and 1d5.1) in determining round fruit shape was
demonstrated by segregation analysis in the WI7200 and WI7167 F, population 28, Fruit weight is an important
yield component. A mature XIS fruit weighs 2—3 kg (up to 5 kg) and contains more than 1000 seeds. A major QTL
fw6.1 (at 42.7 cM and other minor QTL (fw4.1, fw2.1) controlling XIS fruit weight have also been reported 27,

However, fine mapping of candidate genes of fw6.1 remains unidentified.

Fruit flesh colour and flesh thickness variations are important attributes determining fruit quality. Recent progeny

originating from the cross between Xishuangbanna, such as those from a cross between SWCC8 x CC3, has been
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witnessed with variation in the distribution of flesh color as well as the thickness and size of the endocarp (Figure
1). The progeny flesh color could either have white or yellow mesocarp and orange or yellow endocarp. The
resulting progeny also varies considerably in terms of mesocarp and endocarp sizes. This consists of smaller
mesocarp thickness and larger endocarp, or vice versa, and occasionally with hollow orange-fleshed endocarp at
mature fruit stages. The mesocarp thickness range from 10 to 35 mm, while the diameter of the endocarp of the
orange-fleshed derived progeny ranges from 25 to 65 mm. Fruit flesh thickness is an important trait for cucumber
because it is a central determinant of yield 1. The molecular mechanisms resulting in the variation in mesocarp

thickness and size of the endocarp of orange-fleshed XIS lines await future studies.

Figure 1. Morphological characteristics of (a) Chinese long inbred line and its (b) flesh color in comparison with (c)
Xishuangbanna derived line and its (d) flesh color. Variation in mesocarp thickness, endocarp diameter, and the
flesh colors of RIL-Fg (SWCC8*CC3) mesocarp (M), endocarp (E), orange (O), yellow (Y), light orange (LO), light
yellow (LY), yellow green (YG), cream (C), white (W), and fruit hollowness (FH); RIL-F9 (recombinant filial 9;
SWCCS8- South West China cultivar; CC3 Chinese long inbred cultivar.

3.2. Molecular Markers and QTL Analysis Related to Flesh Color and Quantity of 3-
Carotene Content in Cucumber

3.2.1. General Overview of Molecular Markers

Molecular markers are sequences of deoxyribonucleic acid (DNA) that enable for the discovery of polymorphisms
in specific DNA regions that exist among individuals in the population. Types of molecular markers include random
amplified polymorphic DNA, restriction fragment length polymorphism, amplified fragment length polymorphism,
microsatellite simple sequence lengths, and single nucleotide polymorphism. In gene mapping, molecular markers

allow for the direct identification of the gene of interest rather than the gene product, making it a useful tool for
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screening somatic cell hybrids, aiding in the physical mapping of genes using in situ hybridization and used for

linkage analysis to generate genetic maps 221,

With the advancement of molecular biotechnology, molecular markers have become important tools in breeding
[83] Because molecular markers occur in the form of DNA, there is no epistatic effect or other forms of gene
interaction between non-allelic markers and molecular markers B433l Furthermore, because polymorphism can be
found almost everywhere in the genome, the molecular marker is reliable, reproducible, and stable. Gene mapping,
gene cloning, genetic map development, systematic taxonomy, genetic germplasm resource research, and
assisted selective breeding all use molecular markers B8IE7. Therefore, cucumber nutritional quality improvement
could exploit the advantages of the previously identified molecular markers for marker assisted section (MAS).
Researchers summarized the identification of molecular markers and QTL of horticulturally important traits in XIS

cucumber (Table 1).

Table 1. Quantitative trait loci (QTL) of Xishuangbanna cucumber fruit quality and flowering-related traits

. Breeding Predicted
Variable . Pop. Chr. QTL Genes/Markers . Ref.
Technique Functions
6
Orange oTL ) = mc6.1/ec6. 120]
mappin
flesh Pping : 3 mc3.1/ec3.1
QTL
(mapping) RIL-
. 3 ec3.1 Ore gene [23]
s
[-carotene (SSR
(Endocarp) markers)
) CsBCH1 [-carotene
Cloning 3 ec3.1 [1]
(CsGy3G017310.1) hydroxylase
QTL yfSSR108,yfIndel29),
Yellow flesh ( ing)
mapping
F 7 7.1 25
2 y 21 predicted [25]
(Mesocarp)

SSR and indel candidate genes
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Round fruit )
QTL mapping Fy.Fo3 FS5.2 [28]
shape
Fruit )
) QTL mapping Fs 1 fd1.1 [28,38]
diameter
[38]
f3.1,
. ) 315
Fruit length Mapping F, 5 - [27]
fI5.1, f16.1
[28]
Length to
diameter QTL mapping Fs 1 Idi1.1 [28]
ratio
Fruit weight  QTL RIL-F we.t, [27]
ruit wei -
¢ ° fwa.1, fw2.1
Photoperiod =
flowering QTL mapping FZ’ 6 FT6.1 [28]
time 23
Male 1 mft1.1 [38]
flowering QTL mapping Fs
time 6 mft6.1 [28]
Female QTL mapping F, 156 fftl.1, [27,28,38]
flowering fft5.1,fft6.2
time
QTL, RIL-Fg 1 CsaNFYAl Integrate [29]
dffl.1 (CsalG613580) multiple
Transcriptomic gene

A quantitative trait locus (QTL) is a genomic region that correlates with phenotypic variation of a quantitative trait. It
helps to unfold phenotypic occurrence. QTL are discovered by determining which molecular markers are
associated with a certain trait [28. Several studies have shown the genetic and molecular mechanisms conferring

the accumulation of B-carotene in orange-fleshed cucumbers. It is now commonly known that B-carotene is
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n factors

are likely to influence it. _
Pop—population; Chr.—chromosome.

Two F, populations derived from parental lines with white flesh crossed to orange flesh (SWCC9 and USDA
number 14 produced from XIS) were used for the determination of quantitative trait loci (QTL) analysis related to
orange fruit flesh color 29, Two genetic linkage maps were created using RAPD, SCAR, SSR, EST, SNP, AFLP,
and SSAP markers to find a shared collinear region containing four molecular markers (3 dominant and 1
codominant) on linkage group (LG) LG6 in Map 1 and LG3 in Map 2 to determine a shared collinear region
containing four molecular markers (3 dominant and 1 codominant) on LG6 in Map 1 and LG3 in Map 2. In maps 1
and 2, there were QTL associated with orange mesocarp (mc)/endocarp (ec) color at these places (mc6.1/ec6.1)
and (mc3.1/ec3.1). In mesocarp and endocarp tissue, biochemical studies revealed that [B-carotene and
xanthophyll (x) were the two most abundant carotenoids. QTL affecting endocarp carotene content (edb3.1) and
mesocarp xanthophyll content (mdx3.1) in Map2 mapped to the same interval as mc3.1 and ec3.1, respectively.
Furthermore, NCED (9-cis-Epoxycarotenoid dioxygenase), a carotenoid biosynthesis gene, corresponded to the
same interval in both maps as orange flesh color QTL (mc6.1/ec6.1 and mc3.1/ec3.1). The finding from this study
suggested that the QTL on these regions should be investigated for use in marker-assisted selection of 3-carotene

gene introgression into commercial cucumber.

To explain the inheritance of orange mesocarp in cucumber, three gene model was proposed to explain the
inheritance of orange mesocarp in cucumber 21 contrary to Navazio 22, who presented a single gene model
approach. Other than the environment, the difference probably resulted from the population sizes used in each
case 19 comprising 46 F, progenies versus 111 F, and 51 BC,P, progenies and/or the growing environment 24,
Using a large F, population, a single recessive gene was found to be responsible for the regulation of the yellow
flesh color (23], The above genetic analysis indicated that the flesh color of XIS cucumber is mostly a qualitative
trait, which suggests that the specific genes resulting in flesh color formation occurred during evolution and
domestication. Two parents (P1, PI183967, P2, 9110Gt), their F;, three F,, one BC1P1, and one BC1P2
populations were used in five experiments over two years to study the inheritance of flesh extract color (FEC),
green flesh color (FC) and flesh chlorophyll content (FCC) in cucumber B2 The FEC, FC, and FCC phenotypic data
had a significant positive correlation for the same population in different experiments. The frequency distributions of
FEC, FC, and FCC among the three F, populations were bimodal rather than normal, especially for the FC and

FEC, suggesting that green flesh color is controlled by a major QTL.

The first QTL mapping for cucumber carotenoid was published in 2012 27 The Ore (orange endocarp) controlled
by a single recessive gene was mapped on chromosome 3 and closely linked with seven SSR markers. The
associated molecular markers linked to the Ore locus could be used in future cucumber (3-carotene studies.
P1200815, a cucumber that originated in Myanmar, is another cucumber with yellow flesh in the mature fruit stage.
Kooistra, 49 discovered that the color of the flesh (which included orange, yellow, dingy white, and bright white)
was controlled by two genes in a study of the inheritance of yellow fruit flesh in cucumbers. The initial mapping
reported that yellow flesh is governed by a recessive gene, yf 22, However, the aforementioned orange and yellow

flesh hue only occurred in the mature stage, thus this is great challenge for normal utilization of cucumber. Further,
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the yf gene was delimited within a region of 149 kb on cucumber Chr. 7, and 21 predicted candidate genes were
identified from the genomic map of cucumber. In plants, B-carotene synthesis is mainly governed by several genes:
IPP isomerase, GGPP synthase, phytoene synthase (PSY), phytoene desaturase (PDS), zeta-carotene desaturase
(ZDS), and lycopene-cyclase (LCYB) 41, None of these genes were found to be located within the region of 149 kb
on Chr. 7. It is possible that the yf gene may be a regulatory factor of a functional gene in the -carotene synthesis
pathway, and the elucidation of this proposition will require further study. To the best of our knowledge, by the time
of this review, no literature had reported genetic dissection of other fruit nutritive quality variables such as vitamin

C, flavor, and sugar levels, among others.

3.3. Regulation of Carotenoid Biosynthesis and Accumulation

Expression of carotenoid pathway biosynthetic genes presents an alternative way through which carotenoid levels
can be regulated. Expression levels of a plant phytoene synthase (PSY) and a phytoene desaturase (PDS), the
first enzymes and rate limiting steps in the carotenoid synthesis pathway, are key contributors to [3-carotene levels
in plants and are known to be regulated by transcriptional factor families #2. In model plants such as tomato,
carotenoid accumulation is primarily determined by transcriptional regulation of carotenoid related genes in which
distinct phases of the carotenoid biosynthesis process are individually silenced or increased 43144l Other than
CsaBCHJ1, studies involved in the investigation of transcriptional regulation of XIS carotenogenesis have not been

reported.

As previously stated, 3-carotene accumulation in the XIS cucumber is linked to the loss of function of the CsaBCH1
gene, which is responsible for the conversion of (-carotene to downstream molecules. This non-synonymous
polymorphism is found in the CsaBCH1 region that codes for the conserved domain (PF04116, the fatty acid
hydroxylase domain). CsaBCH1 orthologs from other species were compared and it was discovered that the XIS
group has an uncommon mutation that affects the gene’s function . However, further functional analyses
including promoter analysis and gene silencing techniques of CsaBCH1 gene are still lacking in XIS cucumber. The
mapping of carotenoid biosynthetic genes in the XIS cucumber, as well as their possible role in carotenoid
biosynthesis, is a promising future research opportunity. The phase of chlorophyll-carotenoid transition in XIS
occurs at least 30 days post flowering/pollination, thereafter the concentration increases exponentially, reaching a
peak at 45-60 days after flowering [l Plastid development has been shown to have a distinct role in
carotenogenesis in other crops such grapefruit #2 and tomato 48, The change in flesh color is associated with
chlorophyll-chromoplast transition. The role of the cucumber chloroplast—chromoplast transition in carotenoid

accumulation in XIS remains unknown.

While (B-carotene in XIS cucumber is linked to the Ore gene, it is believed that the OR protein that was first
reported in cauliflower plays a major role in plastidial carotenoid flux. OR contains a Cys-rich zinc finger domain
that is found in DnaJ chaperones. OR, on the other hand, lacks the J domain that characterizes this family of
proteins ¥, OR proteins were found to interact directly and post-transcriptionally in Arabidopsis (Arabidopsis
thaliana) to regulate PSY in the control of carotenoid production 8], Overexpression of the Arabidopsis OR protein

with a mutation (Arg to His) at the relevant region of the melon golden SNP led to high B-carotene levels 2, The
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increase in B-carotene in these situations has been linked to chromoplast biogenesis 2. While reports from a
variety of other orange-fleshed crops have shown the role of OR in chromoplast differentiation and controls
carotenoid level 31152 certainly, similar mechanisms are expected to occur in XIS cucumber. Cucumber and melon
show close genetic syntenic relationships [23l. According to previous reports, multiple melon accessions differing in
the golden SNP, the regulation of PSY level, and activity is not the mechanism by which CmOr natural allelic
variation governs fruit -carotene levels in melon. They also reported that the golden SNP mutation had no effect
on the rate of B-carotene synthesis. Chemicals and genetics of the carotenogenic flow resulted in the accumulation
of carotenoids, independent of the golden SNP. As a result, CmOr-His was proposed to stabilize 3-carotene and
prevent its turnover, potentially resulting in B-carotene accumulation and chromoplast production as a metabolite-
derived process. Moreover, it has been hypothesized that Ore gene is not the only factor controlling B-carotene
accumulation in XIS cucumber 28 Thus, powerful interaction between genomics, population genetics, and

experimental would further advance our knowledge on the molecular mechanism of this important trait.

4. Future Prospects in Molecular Breeding of p-Carotene
Content in Cucumber

Based on the foregoing review, it is apparent that previous research on B-carotene accumulation in orange-fleshed
cucumber has been explored through introgression of XIS with other cultivated cucumber species for the
identification of QTL and related markers. However, more approaches for further insights into XIS cucumber could
be tested, as summarized in this section (Figure 2). Rajasree and Pugalendhi 4 highlighted the modern
nutritional breeding techniques with wider application in vegetable crops, and these include the following: mutation
breeding B2, polyploidy breeding (8!, biotechnological approaches, advanced backcross QTL analysis, and
transgenic approaches BZ. Each approach has distinct or shared objectives in XIS cucumber. Given the relatively
few QTL associated with XIS traits and their comparatively high allied LOD values, backcross MAS could be
advantageous in the development of orange-colored, high -carotene containing cucumber germplasm and other

associated traits 29,
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Figure 2. A summary of the proposed approaches to unravel the genetic basis of [3-carotene accumulation in
orange-/yellow-fleshed cucumber. The boxes highlighted in blue are the proposed main objectives, while the arrow
points to the applicable methodology. Advanced backcross [21; MAS [2122]125]: OR SNP genetic markers [28];
Triploid induction B8; cucumber-melon synteny B85 parthenocarpy [€2: colchicine treatment [1l: polyploidy hy-

bridization [62],

4.1. Combined Omics and Gene Editing Technology for Carotenoid Improvement

Combined ‘omics’ presents a powerful tool for molecular diagnosis of important qualitative and quantitative traits.
Whereas the cucumber genome has been sequenced and released for the emergence of next generation
sequencing technologies €8 genomics alone may not meet the demand of the researchers. With the rapid
development of sequencing technology, many omics technologies, such as transcriptomics, proteomics, and
metabolomics, have been developed 4 and applied in cucumber research. A large amount of data generated from
these studies provides a potential reference for mining cucumber functional genes controlling carotenoid
accumulation. The combination of genomics and classical genetics has become a highly strong technique for

identifying candidate genes influencing essential features such as carotenoid accumulation.

Combined ‘omics’ involving transcriptomics, proteomics, and metabolomics has been used to further clarify the
complex signal conversion mechanism of key regulatory genes in carotenoid accumulations [, Combining
metabolite profiling with high-throughput RNA-sequencing analysis as well as proteomics established a correlation
network between metabolites and genes involved in a number of important traits such as fruit flavor, fruit pigments,
and other sensory characteristics in a number of crops. However, such studies are still lacking in dissecting the
molecular mechanism of carotenoid biosynthesis in XIS cucumber. A number of regulators may be involved in
those processes. Future studies should address the identification of key regulatory factors controlling the
carotenoid metabolic pathway and chromoplast biogenesis. Genome editing research is currently being employed

for plant research and crop improvement program [€8l. By analyzing the differences between mutant and control
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plants, CRISPR/CAS9-mediated deletion and siRNA-mediated knockdown technologies can be utilized to identify
the function of candidate genes 7. Targeting of regulatory regions has been shown to alter gene expression
without complete knockout of genes, leading to the development of useful traits. This is a current trend application
for nutritional molecular breeding. For example, a comparison of the effects of mutations in the coding region to
that of the 5' untranslated region of CRTISO gene in tomato demonstrated that fruit quality changes can be
achieved by CRISPR-Cas9-based editing of CRTISO coding region 88 Further, a controlled knockdown of genes
can be achieved by targeting the regulatory regions. In a similar study it was reported that color-related chlorophyll
and carotenoid concentrations of Chinese kale can be altered through CRISPR/Cas9-targeted editing of the
carotenoid isomerase gene, BoaCRTISO 2. More specific and accurate modifications could be created at specific
regulatory elements that are part of the untranslated sections or promoter regions of genes using modern
technologies like “prime-editing”, resulting in desired phenotypic features. These precise approaches could be used

in cucumber improvement initiatives to increase [3-carotene content.

4.2. Candidate Gene Approach and Association Mapping Applications in
Carotenoid Nutritional Improvement

The candidate gene approach can systematically examine the relationship between structural genes in carotenoid
biosynthetic pathway genes (PSY, PDS, ZDS, LCYB/LCYE, CHYB, VDE, ZEP, and NSY) and related phenotypic
variability by using a comparative genetic system 7l Comparative genetic maps, non-overlapping sets of
mutants generated across plant species, could be more informative about the function and evolution of that locus
than the allelic variability available in one species, which can be used to extend the candidate gene method to
these features Z2. Furthermore, candidate genes for phenotypically defined quantitative and qualitative loci may be

readily apparent for a wide range of species, providing new insights into cucumber (-carotene accumulation.

Association mapping targeting candidate genes has proven successful in many instances 28, Therefore, this
approach might bring new insights into carotenoid biosynthesis as the genetic pathway has already been dissected
through forward and reverse genetics in many organisms. It addresses the relationship between marker-based
polymorphism and phenotypic variation in a diversified population. In a diverse population, it examines the link
between marker-based polymorphism and phenotypic variation. Using a diverse population and all ancestral
recombination events may improve the resolution of such a study. In comparison with bi-parental cross, one of the

key advantages of association mapping population is the ability to examine a large number of alleles 3],

4.3. Manipulation of Hormonal and Environmental Cues Involved in the Regulation
of Carotenoid Biosynthesis

Molecular diagnosis and manipulation of hormonal and environmental factors might bring new insights into the
mechanisms of carotenoid biosynthesis. Hormonal and environmental factors have been shown to influence
carotenoid accumulation either directly on carotenoid synthesis genes or indirectly by acting on transcription factors
involved in carotenoid biosynthesis 473, | ight and temperature are the key environmental factors regulating

carotenoid biosynthesis 28, The effects of plant hormones on carotenoid accumulation are well studied in tomato
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fruits. In addition, ethylene is an important hormone that plays a key role in regulating ripening-associated
processes including carotenoid accumulation. Ripening inhibitor a master regulator of ethylene regulated fruit
ripening, enhances lycopene accumulation during fruit ripening by positively regulating expression of PSY, PDS,
ZDS, and CRTISO, and negatively regulating expression of LCYB and LCYE 4. Therefore, studies elucidating the
impact of these environmental factors on carotenoid accumulation in cucumber, particularly XIS cucumber, need

future investigations.

Structurally, fruits of XIS cucumber develop hollowness at the center of the endocarp, and this further limits the
guantity of B-carotene derived from it by consumers. Moreover, it is the mesocarp that constitutes the greater
percentage of the edible portion. Thus, developing a uniformly distributed orange-fleshed (mesocarp and
endocarp) cucumber variety would be a greater milestone in carotenoid improvement. Such a novel cucumber
variety would translate into the formation of a seedless cucumber similar to seedless watermelon. The known
techniques of forming a seedless fruit comprise establishment of a parthenocarpic fruit or triploid development, as

proposed herein, and hormonal or chemical treatments such auxins, ethylene, gibberellins or colchicine, among
others BA61I(62](78]

4.4. Application of Marker-Assisted Selection for B-Carotene Improvement and
Development of Imnmature Orange-Fleshed Cucumber Variety

Previously, the diallel analysis of immature fruit sizes demonstrated significant positive genetic combining ability for
P101 (derived from XIS ‘Addis’). Because orange color in immature cucumbers has not previously been detected in
the most generally consumed stage of cucumbers, P101’s capacity to express fruit pigmentation in size 2 (27-38
mm) fruit was a fortuitous and unexpected breakthrough in the breeding for carotenoid pigmentation 111, The diallel
study revealed that the parents had a high fruit carotene level. However, most diallel hybrids had a lower
carotenoid content than their parents, indicating both low carotenoid content and a lack of genetic complementation
among parents to improve fruit color. The genetic regulation of pigmentation in fruit with a diameter of 27—-38 mm
appeared to be separate from that of fruits with a diameter of 51-54 mm. Although the carotene concentration in
immature fruit was not quantified, the accumulation of 3-carotene at this stage is regulated by many genes that
have additive effects [11. This allows for increased carotene content (orange color) through family selection. EOM
402-10 could be used to generate high-carotene pickled cucumbers with an orange endocarp/mesocarp that are
appealing to customers thanks to their nutritional content. However, until now, no studies have further explored the

genetic mechanism of orange coloration in immature EOM402-10 cucumber.

Genomics and marker assisted selection (MAS) technology has unlocked new pathways for improvement of
complex quality traits B, Therefore, fully defined high-carotene BC,S3 IBL produced by MAS and phenotypic
selection could be used directly in epistatic interaction detection [62l, Additionally, the identification of XIS progeny
line segregating for both ore and fft1.1 loci (‘OreFt’), being B-carotene donor, can be used to foster (3-carotene
breeding initiatives. The B-carotene donor can then be instituted in the MAS by back crossing with inbred line

segregating for fft1.1 locus (FFT), as outlined in Figure 3. One NIL study might look into the differences in fruit
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color orange hue and its dispersion observed in fruit developing in the field and greenhouse under long-day and
short-day growth settings 19,

FFTP1 x OrFt FFTP2Z x OreFt —I Pol:,.-rnotphisfn for allelic variation on ore locus

FFTP1 “\l:l FFTP2 = F1 s | Test of heterozygosity (ore locus)

FFTP1 o Bchl FFTP2 = Bchl — .Furegmund selection (gene specific markers .

Background selection with 55Rs

BCJF] BE?F.] Foreground selection (gene specific markers
1@ |“ —) Background selection with S5Rs
BC,F, Bcz F2 N Foreground select_ion {gene specific markers
l@l l@ Background selection with 55Rs
BC: F; BC:F; ; -Faregruun.d sele.-:t'-on (gene specific markers |
lg. Background selection with 55Rs
Bcqu.n BCIFq-n Foreground selection (gene specific markers
l Background selection with 55Rs

 B-carotene improved cucumber Variety |

Figure 3. Marker assisted selection (MAS) strategy for utilization of ore recessive genes for development of an
early flowering cucumber with enhanced B-carotene content. The phenotype description of above genes is based
on the previous studies. OreFt, orange endocarp and early female flowering; fft, first female flowering time; P1,
parent 1; P2, parent 2, Selfing, ®.
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