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ABSTRACT

Cucumber, Cucumis sativus L. is an important vegetable crop worldwide. Among 
the ~66 species in the genus Cucumis, cucumber is the only one with 2n = 2x = 14 
chromosomes. The rest, including its sister species, C. hystrix, have 2n = 2x = 24 
chromosomes or multiples of 12 chromosomes. Cucumber evolved from its 
extinct 2n = 24 ancestor through dysploid chromosome reduction, in which 
many chromosome rearrangement events (inversions, fusions, and transloca-
tions) were involved with the exception of cucumber Chromosome 7, which 
remained largely intact during the entire evolution of Cucumis. There are four 
cross‐compatible botanical varieties in C. sativus, including the wild cucumber 
(C. s. var. hardwickii), the semi‐wild Xishuangbanna cucumber (C. s. var. xish-
uangbannesis), the Sikkim cucumber (C.s. var. sikkimensis), and the cultivated 
cucumber (C.s. var. sativus). The wild cucumber is the progenitor of cultivated 
cucumber, but differentiated from the other three taxa in the amount and distri-
bution of heterochromatin, as well as several large inversions. Cucumber has 
been cultivated in India for at least 3,000 years. It spread eastward to China and 
westward to Europe around 2,000, and 700–1500 years ago, respectively. 
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Long‐term selection and breeding practices have resulted in different ecotypes 
and market classes of cucumber, adapting the crop to local environments, pro-
duction systems, processing requirements, and consumer needs. Recent molec-
ular marker studies have provided more insights into the population structure 
and genetic diversity of the worldwide cucumber collection. The knowledge of 
cucumber evolution, domestication and genetic diversity will greatly help the 
conservation of genetic diversity, and efficient use of cucumber germplasm 
resources for cucumber improvement.
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LD linkage disequilibrium
L/D ratio of length to diameter (of cucumber fruit)
qTL quantitative trait loci
MYA million years ago
RAPD random amplified polymorphic DnA
RIL recombinant inbred line
SnP single nucleotide polymorphisms
SSR simple sequence repeat

I. INTRODUCTION

Cucumber, Cucumis sativus L. (2n = 2x = 14), is a member of the Cucur-
bitaceae family, which includes 950–980 species in 95 genera ( Schaefer 
and Renner  2011). This family also hosts some other economically 
important crop species, which are collectively called cucurbits. Major 
cucurbits with worldwide importance include cucumber, melon (Cucumis 
melo L.), watermelon [Citrulus lanatus (Thunb.) Matsum. & nakai], and 
squash/pumpkin (Cucurbita spp). Other cucurbits (gourds) of regional 
importance especially in many Asian countries include the bitter gourd 
(Momordica charantia L.), bottle gourd [Lagenaria siceraria (Molina) 
Standley], wax gourd [Benincasa hispida (Tunb.)], sponge or ridge 
gourd (Luffa ssp.), and snake gourd (Trichosanthes ssp.).

Cucumber is among the most cultivated and consumed vegetable 
crops in the world. In 2017, cucumber was grown on ~900,000 hectares 
of land with a total production of 83.7 million tons. The top five pro-
ducers are China, Iran, Russia, Turkey, and the United States, with 
China being the largest producer accounting for 77.4%, and 54.4% total 
production and acreage of the world, respectively (FAO STAT 2018). 
Historically, cucumber and some other cucurbits have been a favorite 
model to study several biological processes (Weng and Sun  2011). 
For example, the monoecious cucumber has long served as a model 
system for understanding sex determination in plants (e.g., Kamachi 
et al. 1997; Trebitsh et al. 1997; Tanurdzic and Banks 2004). Because 
the chloroplast, mitochondrial, and nuclear genomes of Cucumis are 
differentially transmitted, this genus is an excellent system to study 
the role of intergenomic transfer in the evolution of extremely large 
mitochondrial genomes (Havey 1997; Havey et al. 1998; Alverson et al. 
2010; Shen et al. 2019).

Cucumber and pumpkin/squash are preferred models for phloem 
physiology because of the ease of sampling phloem sap, the fac-
ile visualization of their large phloem sieve elements, as well as the 
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unique structure, and components of proteins of the sieve tubes and 
sieve pores (Eschrich et al. 1971; Clark et al. 1997; Zhang et al. 2010; 
Turgeon 1996, 2016). Among the approximately 66 known species in 
the genus Cucumis (Sebastian et  al. 2010), cucumber has the lowest 
chromosome number (2n =14). Dysploidy is a change in the basic 
chromosome number (x) of a genome without concomitant loss or gain 
of genes (Rieger et al. 1968). Cucumber provides a good model in the 
Cucurbitaceae family to study chromosome evolution from dysploid 
reduction.

Cucumber is a minor specialty crop. Compared with many field crops 
and model plants, most aspects of cucumber research lag far behind due 
to limited genetic and genomic resources. However, recent advances in 
technology and instrumentation for genome sequencing are providing 
exciting opportunities to expedite cucumber research. In fact, cucumber 
was the first among major horticulture crops with a publicly available 
draft genome (Huang et al. 2009; Yang et al. 2012), which greatly facil-
itated genetic, genomic, and breeding research. The small genome size 
(~400 Mbp), annual growth habit, and a relatively short life cycle (two to 
three months from seed to seed) also offer advantages for genetic studies 
in cucumber. In recent years, significant progress has been made in devel-
oping genetic and genomic resources, as well as mapping and cloning 
of horticulturally important genes and quantitative trait loci (qTL) for 
cucumber. Two high‐quality draft genome assemblies for the 9930 (north 
China type, V3.0) (Li et  al. 2019) and gy14 (US pickling type, V2.0) 
(Wang et al. manuscript in preparation) cucumbers are available. Several 
high‐density genetic maps have been developed (e.g., Ren et al. 2009; 
Yang et al. 2013; Rubinstein et al. 2015; Zhou et al. 2015). More recently, 
genetic mapping has been accelerated with various high‐throughput 
genome sequencing and genotyping technologies, such as whole genome 
resequencing, gBS, BSA‐Seq, and qTL‐seq. The genetic and genomics 
resources accumulated in the last decade made it possible to address 
some fundamental issues in cucumber evolution and domestication.

In Cucumis, cucumber is the only species with 2n = 14 chromosomes 
while all others have 2n = 24 or in a few cases its multiples. How did 
the 14 cucumber chromosomes evolve? The wild cucumber, Cucu-
mis sativus var. hardwickii, is a progenitor from which cucumber was 
domesticated. What happened during domestication at the genetic, 
chromosomal, and phenotypic levels? Cucumber, like other cucurbit 
crops, is morphologically diverse, which is the outcome of long‐term 
selection (diversifying selection). What is the population structure and 
genetic diversity of natural cucumber populations and cucumber mar-
ket classes? The major evolution and domestication events shaping the 
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cucumber as we see them today are illustrated in Figure 4.1. In this 
review, I will summarize our knowledge on events that occurred during 
these processes with foci on four aspects:

1. Mechanisms of chromosome evolution in the making of 2n = 14 
cucumber from a 2n = 24 ancestor;

2. How selection during domestication has shaped cultivated cucum-
bers, as reflected by changes at the chromosomal, DnA, and mor-
phological levels;

3. genetic diversity and population structure of worldwide cucumber 
collections; and

4. genetic basis of key domestication‐related traits.

I conclude this review by discussing the applied perspectives of such 
knowledge on cucumber breeding.

II. CHROMOSOME EVOLUTION IN THE MAKING OF CUCUMBER

The genus Cucumis traditionally contained 32 species that were further 
divided into two subgenera: subgen. Melo and subgen. Cucumis (Kirk-
bride 1993). Subgenus Melo is centered in Africa with 30 species (2n = 24); 
subgenus Cucumis includes cucumber C. sativus (2n = 14) and its wild 
relative C. hystrix (2n = 24), both of which are of Asian origin. Recent 
molecular marker‐based phylogenetic studies found that a number of 
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Fig. 4.1. Schematic description of taxonomic status of Cucumis sativus in relation to 
its close relatives in the genus Cucumis (C. hystrix and melon, C. melo), and major evo-
lutionary and domestication events resulting in present-day cucumbers. MYA = million 
years ago for divergence (Based on Sebastian, P., H. Schaefer, I.R.H. Telford, and S.S. 
Renner. 2010. Cucumber (Cucumis sativus) and melon (C. melo) have numerous wild 
relatives in Asia and Australia, and the sister species of melon is from Australia. Proc. 
Natl. Acad. Sci. 107: 14269–14273). 
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other genera (for example, Cucumella, Mukia, Dicaelospermum, 
Myrmecosicyos and Oreosyce) were nested within Cucumis, in the re-
sulting phylogenetic tree (ghebretinsae et  al. 2007a, b; Renner et  al. 
2007). As such, an expansion of Cucumis was proposed to include 
these nested genera, and the revised Cucumis now contains ~66 species 
(Renner et al. 2007, Schaefer 2007; Sebastian et al. 2010). Cucumber 
and melon diverged from a common ancestor ~12 million years ago 
(MYA); cucumber and C. hystrix diverged ~5 MYA (Sebastian et  al. 
2010) (Figure 1). Among the ca. 40 Cucumis species with chromosome 
counts, C. sativus is the only species with 2n = 14 chromosomes; all 
other species have 2n = 24, and occasionally 2n = 48 or 72 chromosomes 
(Kirkbride 1993). In addition, C. hystrix is a sister species, and the only 
sexually compatible species of cucumber in Cucumis.

The origin of the seven cucumber chromosomes (C1 to C7, here-
inafter), and where cucumber stands in the phylogenetic tree are 
longstanding and interesting questions. Historically, two opposite 
hypotheses were proposed to explain the origin of cucumber 
chromosomes. The fragmentation hypothesis postulated de novo 
regeneration of centromeres to arrive from x = 7 to x = 12 (e.g., 
Kozhukhow 1930; Bhaduri and Bose 1947). The fusion hypothesis 
proposed that x = 7 was derived from x = 12 via unequal trans-
location or fusion of nonhomologous chromosomes (Trivedi and 
Roy 1970). Recent molecular phylogenetic studies support that x = 
12 is ancestral in Cucumis (Renner et al. 2007; ghebretinsae et al. 
2007a; Sebastian et al. 2010).

As the two most important vegetable crops in Cucumis, cucumber and 
melon have been used most often to investigate chromosome evolution 
in this genus. Despite their distant phylogenetic relationship and sexual 
incompatibility, the genome sequences of melon and cucumber appear 
to be highly conserved. Early studies with molecular markers revealed 
~50% cross‐species transferability between them (e.g., neuhausen 1992; 
Katzir et al. 1996; Danin‐Poleg et al. 2000). The genome size of melon is 
~425 Mbp and that of cucumber is ~400 Mb, but the number of protein‐
coding genes in their genomes is very similar (~24,000 genes) (Li et al. 
2011a; garcia‐Mas et al. 2012). The size difference of the two genomes is 
due mainly to the expansion of inter‐genic regions and proliferation of 
transposable elements in the melon genome (garcia‐Mas et al. 2012; Yang 
et al. 2014). Thus, the seven cucumber chromosomes were the result of 
dysploidy chromosome reduction from an x = 12 ancestor.

When the first cucumber draft genome (V1.0) was developed, 
Huang et al. (2009) aligned molecular marker sequences from melon 
genetic maps against the 9930 cucumber draft genome (V1.0). Based 
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on the alignment patterns, it was proposed that five of the cucumber’s 
seven chromosomes (C1 thru C7) arose from fusions of 10 ancestral 
chromosomes after divergence from melon. Li et  al. (2011b) con-
ducted comparative genetic mapping with common markers between 
cucumber and melon, and found that cucumber C7 was syntenic to 
melon Chromosome I (MI). C2 and C6 each contained genomic regions 
that were syntenic with melon III+V+XI and III+VIII+XI, respectively. 
Likewise, cucumber chromosomes C1, C3, C4, and C5 each was syn-
tenic with genomic regions of two melon chromosomes previously 
designated as II+XII, IV+VI, VII+VIII, and IX+X, respectively. These 
observations suggest that most cucumber chromosomes may be the 
result of chromosome fusion from a 24‐chromosome ancestor. Except 
for a possible inversion, C7 remained intact in the past 12 million years 
since its divergence from melon. However, many structural changes 
may have occurred during the evolution of the remaining six cucumber 
chromosomes, which were far more than simple head‐to‐tail or head‐
to‐head fusions (Li et al. 2011b),

In the Cucumis phylogenetic tree, there are at least 24 other species 
that fall between melon and cucumber, including C. hystrix (2n = 2x = 
24) that diverged with cucumber ~5.0 MYA (Sebastian et al. 2010). In 
addition, C. hystrix is the only known species in Cucumis that has been 
successfully crossed with cucumber (Chen et al. 1997). Thus, its posi-
tion as the sister species of C. sativus gives C. hystrix a critical role for 
a better understanding of the mechanisms of chromosome reduction in 
the making of 2n = 14 cucumber. Investigation of chromosome synteny 
and colinearity among species for which a phylogeny has established 
the direction of evolution allows reconstructing the likely events that 
led to present karyotypes. Yang et al. (2014) conducted comparative 
genetic mapping among cucumber, melon, and C. hystrix. A high‐density 
genetic map was constructed for C. hystrix using molecular markers 
from the three species to establish genome‐wide chromosome synteny 
and marker collinearity. The synteny between the melon and cucumber 
genomes was refined through whole‐genome alignment. Large‐scale 
comparative fluorescence in situ hybridization (FISH) mapping in the 
three species was also performed to validate or reveal syntenic blocks 
or structural arrangements. High levels of synteny were revealed among 
chromosomes of cucumber, C. hystrix, and melon. A reciprocal translo-
cation involving C. hystrix chromosomes H02–H08 was identified that 
was specific to C. hystrix lineage (present only in C. hystrix and 
cucumber). The melon and C. hystrix genomes are highly conserved 
except for 14 inversions and the aforementioned reciprocal translocation 
(Yang et al. 2014).
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This comparative analysis among the three species confirmed the 
conservation of cucumber chromosome C7, melon chromosome I, and 
C. hystrix H01. Detailed analysis revealed 53 syntenic blocks between 
C. hystrix and cucumber. Based on the locations and orientations of 
these C. hystrix syntenic blocks on the seven cucumber chromosomes, 
59 chromosome rearrangement events were inferred during dysploid 
reduction that led to the seven cucumber chromosomes, including 5 
fusions, 4 translocations, and 50 inversions. A model was proposed 
to explain the making of cucumber (Yang et  al. 2014), in which the 
12 chromosomes of an ancestor (AK1‐AK12) similar to C. hystrix had 
strikingly different evolutionary fates. C1 resulted from the insertion of 
AK12 into the centromeric region of translocated AK2/AK8; C3 origi-
nated from a Robertsonian‐like translocation between AK4 and AK6; 
C5 was the result of the fusion of AK9 and AK10. Chromosomes C2, C4, 
and C6 were the results of more complex reshuffling of syntenic blocks 
from 3 (AK3, AK5, and AK11), 3 (AK5, AK7, and AK8) and 5 (AK2, AK3, 
AK5, AK8 and AK11) ancestral chromosomes, respectively, through 33 
fusion, translocation, and inversion events (Yang et al. 2014).

III.  CHROMOSOME EVOLUTION DURING CUCUMBER 
DOMESTICATION

When Linneus first established the genus Cucumis in 1783, it contained 
seven species, including cucumber (C. sativus L.), and melon (C. melo 
L.), all of which were cultivated or economically useful. The origin of 
cucumber was not known at that time. Royle (1835) identified a new 
species, Cucumis hardwickii, which was widely distributed in the 
Himalayan foothills of India. naudin (1859) postulated that C. hard-
wickii might be the wild form from which cultivated cucumber was 
originated. Alefeld (1866) treated C. hardwickii as a botanical variety 
and renamed it C. s. var. hardwickii, which has been widely used even 
since. In his book Origin of Cultivated Plants, de Candolle (1885) noted 
that C. sativus var. hardwickii was not significantly different from cul-
tivated cucumber, and he proposed that cucumber originated in north-
eastern India, was first cultivated in India ~3,000 years ago, and was 
brought to China through the Silk Road around 200 BC. Duthie (1903) 
regarded C. hardwickii as the wild form of the cultivated cucumber, as 
both have all essential characters in common, which was echoed by 
Whitaker and Davis (1962), who suggested C. hardwickii as a feral form 
of C. sativus, rather than the putative ancestor. Kirkbride (1993) and 
Jeffrey (2001) noted that typical members of C. sativus var. hardwickii 
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are easily identified but no morphological characters clearly separate it 
from cultivated cucumber (C. sativus var. sativus). In both greenhouses 
and their natural habitats, the wild cucumber hybridizes readily with 
the cultivated one, producing fertile F1 hybrids (Deakin et  al. 1971; 
Bisht et al. 2004). The discovery of feral forms of cultivated cucumber 
(de Wilde and Duyfjes, 2010) further obscures the morphological dif-
ferences between the two botanical varieties. As such, de Wilde and 
Duyfjes (2010) suggested lowering the rank of the wild form to forma 
(C.s. forma hardwickii), at the same time relegating all other materials 
to C. s. forma sativus.

At the DnA sequence level, however, there are significant differences 
between the two taxa. For example, early work using RAPD or isozyme 
markers (Meglic et al. 1996; Staub et al. 1997, 1999; Mliki et al. 2003) 
clearly separated the two botanical varieties. genetic mapping using a 
RIL population derived from the cross between the US pickling inbred 
line gy14 and the wild cucumber accession PI 183967 revealed wide-
spread clustering of markers on the resulting genetic map, suggesting 
possible structure rearrangements between cultivated and wild cucum-
bers (Ren et al. 2009). Indeed, comparative FISH analysis of pachytene 
chromosomes between gy14 and PI 183967 identified significant dif-
ferences in the amount and distribution of heterochromatins, as well as 
chromosomal rearrangements between the two taxa (Yang et al. 2012). 
In particular, six inversions, five paracentric and one pericentric, were 
revealed on chromosomes 4, 5, and 7. These inversions exist in not just 
the wild cucumber accession PI 183967 but also in another accession, 
PI 215589, that was collected from India at a geographically different 
region from PI 183967, suggesting that the six inversions are likely 
common between cultivated and wild cucumbers (Yang et  al. 2012). 
These findings highlighted the important roles of large inversions dur-
ing the domestication of cucumber. Further comparison of the order of 
fosmid loci on chromosomes 4, 5, and 7 of cultivated and wild cucum-
bers, and their syntenic blocks in C. hystrix and melon chromosomes 
suggested that four of the six inversions have occurred during domesti-
cation of cucumber (Yang et al. 2012, 2014).

Based on these findings, Yang et al. (2012) suggested that C. s. var. 
hardwickii is a progenitor of cucumber (C. s. var. sativus), but the 
two taxa are differentiated enough to be treated as two subspecies of 
C. sativus. First, there are clear domestication syndromes in culti-
vated cucumber. The wild cucumber accession PI 183967 has the typ-
ical and characteristic phenotypes of the wild cucumber. It requires 
certain short‐day length for flowering; sets very small, round, and 
extremely bitter fruits that fall easily from the vine when mature; and 
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the seeds of wild cucumbers are very small with strong dormancy. 
In contrast, cultivated cucumbers are usually day‐length neutral 
with no seed dormancy, and in general set relatively few large fruits 
per plant with fewer but larger seeds. These traits were likely under 
selection during domestication. Second, genetic diversity was clearly 
reduced in cultivated cucumber populations due to a genetic bot-
tleneck. Early work revealed that cultivated cucumber has a much 
narrower genetic base (likely resulting from a genetic bottleneck) as 
compared to wild cucumber with polymorphism level of 3–20% for 
isozyme, RFLP and RAPD markers (e.g., Knerr et al. 1989; Dijkhuizen 
et  al. 1996) or 10–20% for microsatellite markers (e.g., Weng et  al. 
2010; Li et  al. 2011c; He et  al. 2013). Wild cucumber populations 
generally have much higher genetic diversity than cultivated ones 
(Meglic et al. 1996; Ren et al. 2009; Bisht et al. 2004). These observa-
tions were also supported by more recent genome‐wide population 
structure and genetic diversity analyses in worldwide cucumber 
collections (e.g., Lv et  al. 2012; Wang et  al. 2018a; see below for 
details). While the level of genetic diversity in the two gene pools 
is clearly different, significant differentiation between wild and cul-
tivated cucumbers at the chromosome level (Yang et al. 2012, 2014) 
support the subspecies status of the two taxa in C. sativus. Finally, 
segregating populations from natural crosses between cultivated and 
wild cucumbers were observed in all areas where the wild cucumber 
was collected, indicating free gene flow between the wild and cul-
tivated cucumbers (Bisht et al. 2004; Yashiro et al. 2017). Fruits on 
hybrid derivative plants from natural crosses collected from the wild 
showed high proportion of nonviable seeds (Deakin et al. 1971; Bisht 
et al. 2004), which is likely due at least in part to the reproductive 
barrier caused by chromosome rearrangements between the two taxa. 
The relatively large and oblong fruits from the hybrid derived plants 
are used by local people to feed animals (Bisht et al. 2004; Yashiro 
et al. 2017). It is clear that there exists dynamic gene flow in nature 
mingled with human intervention, a characteristic process of domes-
tication in action, which may explain the continuum of morphologi-
cal traits in both taxa observed in nature.

In addition to C. sativus L. var. hardwickii (Royle) Alef, two other 
botanical varieties have been recognized, including the semi‐wild Xish-
uangbanna cucumber (hereinafter XIS), C. sativus L. var. xishuangban-
nanesis qi et Yuan (qi et al. 1983), and the Sikkim cucumber, C. sativus 
L. var. sikkimensis Hook. f. (Hooker 1876). The XIS cucumber is widely 
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distributed in the subtropical Xishuangbanna of southwest China and 
surrounding regions (Thailand, Laos, and Myanmar), and has been cul-
tivated by the local ethnic groups for a long time. The XIS cucumber 
population is highly homogeneous, as revealed by molecular markers 
(qi et al. 2013). Plants within this taxa exhibit some unique traits, such 
as very large (up to 5 kg) but nonbitter fruits (qi et al. 1983; Pan et al. 
2017a), orange flesh color in some accessions due to accumulation of 
high levels of β‐carotene (Bo et al. 2012), the requirement of short‐day 
length for flowering in some accessions (Bo et  al. 2011), as well as 
strong seed dormancy.

The fruit shape of some XIS cucumber accessions is similar to melon 
(round), with five carpels (e.g., qi et al. 1983; Li et al. 2016; Pan et al. 
2017a). As such, the XIS cucumber was considered semi‐wild (qi et al. 
1983). Bo et al. (2015) compared on marker collinearity among the wild, 
semi‐wild, and cultivated cucumber genetic maps, and found that the 
XIS cucumber shares the six inversion in chromosomes 4, 5, and 7 bet-
ween the wild and cultivated cucumbers. This may indicate that the 
XIS cucumber originated from diversification selection after cucumber 
domestication (Yang et al. 2012; Bo et al. 2015).

The Sikkim cucumber was first described by naudin (1859), which 
was later classified as a botanical variety of cucumber (C. s. var. sik-
kimensis) (Hooker 1876). The Sikkim cucumber was distributed in the 
Sikkim region of India and nepal, where naudin (1859) found that 
it was grown and consumed in large quantities by the local people. 
According to naudin (1859) and Hooker (1876), some remarkable fea-
tures of the Sikkim cucumber are the large and bulky fruit (up to 38 cm 
in length, and 12 cm in diameter) with brown and netted skin. Hooker 
(1876) was able to grow the Sikkim cucumber plant in England, and the 
fruit had the characteristic size and color as observed in its natural hab-
itats. While most Sikkim cucumber fruit had three carpels, some had 
five (Hooker 1876).

Little work has been done on the taxonomic status of the Sikkim 
cucumber. In the literature, many cucumber accessions with brown 
colored and netted fruit from the Himalayan regions of India and nepal 
are called Sikkim cucumbers. Based on descriptions of Hooker (1876), 
this botanical variety is likely similar to the XIS cucumber that was 
the result of diversifying selection by the local people from early, more 
primitive cultivated cucumber (C. s. var. sativus). It will be interesting 
to see if the large fruit of the XIS and Sikkim cucumbers share some 
similar genetic basis.
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IV.  DIFFUSION OF CUCUMBER TO THE WORLD FROM 
ITS CENTER OF DIVERSITY AND THE FORMATION  
OF MARKET GROUPS

Cucumber is native to southern Asia and has been cultivated in India for 
over 3,000 years (de Candolle 1886; Whitaker and Davis 1962; Sebastian 
et al. 2010). Worldwide, cucumber is among the most widely grown veg-
etable crops. In fact, it is better adapted to low temperatures than most 
other cucurbit crops and is widely grown in cool climate regions (Paris 
et al. 2012). From its center of diversity, cucumber spread to other parts 
of the world through two independent routes (Figure 4.2): eastward to 
China at ~2,000 years ago, and westward to Europe around 500–1300 CE 
(Paris et al. 2012). This was also determined from phylogenetic studies of 
worldwide cucumber collections using molecular markers (Lv et al. 2012; 
qi et al. 2013; Wang et al. 2018a; also see below).

China is considered the secondary center for diversity of cucumber 
(Sebastian et al. 2010). There are two major market classes (ecotypes) of 
cucumbers in China: the north China type (Chinese Long), and the south 
China type. The north China type was thought to have been introduced to 
China during the Han dynasty (202 BCE–220 CE) by the diplomat Zhang 
qian when his envoy traveled to Xiyu (central/west Asia and India) (139 
BCE–115 CE) through the Silk Road. This was recorded in Ben Cao Gang 
Mu, a Chinese Materia Medica authored by Li Shizhen during the Ming 
dynasty in 1590. The south China type cucumber was believed to be intro-
duced into the southern part of China around the same time as the north 
China type, with two possible routes: India–nepal–Myanmar–South 
China, or via the sea Silk Road (An et al. 2006) (Figure 4.2). Considering 
the morphological similarities of south China–type cucumbers with the 
XIS cucumber and the Sikkim cucumber, the first route seems reasonable, 
although additional evidence is needed for confirmation.

The Japanese cucumber (Japanese Long) is a specific market class 
popular in Japan primarily for fresh market consumption. Cucumber 
first appeared in the Japanese records around the 10th century, but 
widespread cultivation of cucumber occurred very late (early 1800s) 
(An et  al. 2006). Modern Japanese cultivars are the hybrid from 
crosses between the south and north China cucumbers (Sakata and 
Sugiyama 2002).

There are different views on the history of cucumber’s dispersal west-
ward from its center of origin (India). Many authors have written that 
cucumbers were known to the ancient greeks and Romans, which, how-
ever, does not seem accurate, due perhaps to the mistranslation of the 
classical Latin word Cucumis (Paris and Janick 2010–2011; Paris et al. 
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Fig. 4.2. History of the spread of cucumbers around the world from its center of diversity in India (starred), where cucumber was first culti-
vated about 3,000 years ago. The dispersal of cucumber east to China and west to Europe occurred approximately 100 CE, and 500–1300 CE, 
respectively, with each having two possible routes. The Europeans brought cucumbers to north America and Africa in the 1400s (Lv, J.,  
J. qi, q. Shi, D. Shen, S. Zhang, g. Shao, et al. 2012. genetic diversity and population structure of cucumber (Cucumis sativus L.). PLoS ONE, 
7: e46919; qi, J.J., X. Liu, D. Shen, H. Miao, B. Xie, X. Li , et al. 2013. A genomic variation map provides insights into the genetic basis of 
cucumber domestication and diversity. Nat. Genet. 45: 1510–1515; Wang et al. 2018a). 
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2011). Based on iconographic and literary evidence, it has been proposed 
that cucumber was introduced to Europe by two independent diffusions. 
One appears to have been over land from Persia into eastern and northern 
Europe in the 6th or 7th century. The other, subsequent diffusion into 
western and southern Europe around the 11th century, was probably by a 
mostly maritime route from Persia or the Indian subcontinent to northern 
Africa and Spain via the Red Sea (Paris et al. 2012; Paris 2016).

Cucumber was introduced to the Americas by Columbus in the 1490s. 
It was probably brought to north America soon afterward. Cucumbers 
grown in the north America in the early days were mostly brought from 
Europe. Perhaps the first important American‐bred cucumber cultivar 
of the 19th century was Tailby’s Hybrid, introduced in 1872. national 
Pickling (also called national or national Pickle), released in 1924 was 
the first cultivar with large‐scale production for pickles (Wehner 1989; 
Wehner and Robinson 1991).

Since its dispersal from India, natural and artificial selection in the 
last 2,000 years have reshaped the cucumber, resulting in many eco-
types or landraces with adaptation to local environments, production 
systems, specific processing requirements, or consumer preferences. 
Unlike most other cucurbits such as melon, watermelon, and pumpkin/
quash, where mature fruits are eaten, cucumber is primarily consumed 
at the immature fruit stage. Most cucumber fruit has a very short shelf 
life and is not suitable for long‐term storage.

V. TYPES OF CUCUMBERS: FRESH MARKET VS PROCESSING

Broadly speaking, there are two primary uses of cucumbers: fresh con-
sumption and processing. Cucumbers adapted to the two uses may be 
different in many morphological traits such as fruit size, skin color and 
texture, fruit firmness, crispness, and taste quality (Wehner 1989). For 
many landraces, the fruit are often used for dual purposes. However, 
modern cucumber breeding has intensified the divisions between fresh 
market cucumber and processing cucumber, resulting in several market 
classes adapting to large‐scale commercial production in diverse envi-
ronments for various purposes. Major market classes of cucumber with 
significant commercial production around the world are listed below. 
Images of typical fruits at commercial harvest stage (immature) and 
mature stage are shown in Figure 4.3.

• Chinese Long (north China type, fresh market)
• South China type (fresh market)
• European Long (Dutch cucumber, fresh market)



CUCUMIS SATIVUS 93

• European pickling (processing)
• north American slicing (fresh market)
• north American pickling (processing)
• Beit Alpha (Mini or Mediterranean type, fresh market/processing).

Almost all commercially grown cucumbers are gynoecious or sub‐
gynoecious F1 hybrids despite the fact that heterosis is generally not 
high in cucumber (Cramer and Wehner 1999). Cucumbers growing in 
greenhouses or other protected environments must have parthenocar-
pic capacity (fruit set without pollination). The fruits are white spined, 
and nonbitter. Major characteristics differentiating various market clas-
ses are fruit size [length (L), diameter (D), the ratio of length to diame-
ter (L/D) or fruit shape index (FSI)], and fruit skin features (fruit color, 
spine/warts, skin tenderness/thickness, glossiness, smooth/ridged, 
etc.) (Wehner 1989). For example, the US slicing and pickling cucum-
bers are produced for once‐over machine harvest in open fields. Manual 
or semi‐manual, multiple harvests are practiced in all other systems. 
The north China type cucumbers are produced in both trellis‐supported 
open field and protected environments. The majority of European Long 
is produced in greenhouses with hydroponic culture. Slicers grown 
commercially for the north American market are moderately long, 
smooth with uniform, dark green color, and have tough skin. US pick-
ling cucumbers have L/D of around 3.0 at harvest with blocky shape, 
lightly colored skin, warts or tubercles, and an exocarp permeable to 
brining salt. Small seed cavity size and thick fruit flesh are important 

5.
0 

cm

C.hystrix Wild   Semi-wild US Pickling US slicing Mini    Euro Long Chinese Long S. China

Fig. 4.3. Typical immature (left of each sample) and mature (right) fruits of cucumbers of 
major market classes. For comparison purpose, the closest relative of cucumber, C. hystrix 
(accession TH1, left most), the wild cucumber (Wild, PI 193867, second to the left), and 
semi-wild XIS cucumber (WI7167 or PI 618931) are also included. Other accessions 
include gy14 (US pickling), Poinsett 76 (US slicing), WI7204 (Mini), WI7150 (European 
Long), 9930 (Chinese Long), and WI7633 (south China type) (Yiqun Weng).
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in reducing placental hollowness and carpel separation (Kennard and 
Havey 1995; Weng et al. 2015).

The premium‐grade north China fresh‐market cucumbers should have 
length of 30–40 cm and diameter of ~3.5 cm. Meanwhile, the Canadian 
grade #1 parthenocarpic greenhouse cucumber (also known as the 
Dutch type or English cucumber) must have L ≥ 28.0 cm and D ≥ 4.1 cm 
(Canadian Food Inspection Agency 2019). The Beit Alpha cucumbers are 
grown primarily in protected culture for fresh consumption, which are 
significantly smaller, generally from 12.5–17.5 cm in length, and better 
in flavor (Davidi 2009; Paris et al. 2013). The main morphological char-
acteristics of cucumbers in these market classes are summarized in 
Table 4.1. However, it should be pointed out that even in the same market 
group, these standards/requirements are evolving and may vary consid-
erably, depending on the target markets or local consumer preferences.

VI.  GENETIC DIVERSITY AND POPULATION STRUCTURE 
OF CUCUMBER COLLECTION

Hundreds of cucumber accessions have been collected in various 
gene banks around the world (Weng and Sun 2011), which are a criti-
cal resource for conservation of genetic diversity and mining of novel 
alleles/genes for sustained crop improvement. A comprehensive eval-
uation of the population structure and genetic diversity of cucumber 
collection was not possible until the availability of large amounts of 
molecular markers became a reality. Using 23 highly polymorphic mi-
crosatellite (SSR) markers, Lv et al. (2012) conducted fingerprinting of 
3,345 accessions from worldwide cucumber collections. Marker‐based 
clustering identified three distinct populations for these accessions: 
east Asia, Eurasia, and India/XIS. Admixtures were also detected, 
reflecting hybridization and migration events between the populations. 
The Indian population is highly heterogeneous and maintains the high-
est proportion of the genetic diversity. From the 3000‐plus accessions, 
a core collection of 115 lines capturing the maximum genetic diversity 
was further characterized. qi et al. (2013) explored about 3.6 million 
nucleotide variants generated by re‐resequencing of the 115 accessions. 
The phylogenetic tree contained four groups: the Indian group, the 
XIS group, the Eurasian group, and the east Asian group. The Indian 
group had the highest nucleotide diversity and most private variants. 
The respective linkage disequilibrium (LD) decay (to r2 of 0.2) with 
physical distance between SnPs occurs at only 3.2 kb in the Indian 
group, which was 140.5, 55.2, and 56.4 kb for the XIS, Eurasian, and 
east Asian groups, respectively (qi et al. 2013).



Table 4.1. Main characteristics and gene symbols (in parentheses) of major market classes of cucumbers.

Market Classes Commercial 
Stage Fruit size 
(L/D)*

Immature Fruit 
Color

Spine Size 
and Density

Fruit  
Ribbing

Fruit 
netting

Fruit  
glossiness

Fruit Wart  
number  
and Size

Skin  
Tenderness

Production System

US pickling L: ~15 cm; L/D 
= 2.8 – 3.1

mottled (U); 
light green

few, large none (fr) yes (H) dull (D) few; large (Tu) tough (Te) once‐over machine 
harvest

Slicing L: 20–22 cm; 
L/D: 5.0–6.0

uniform (u); 
dark green

few, large none (fr) yes (H) dull (D) few; large (Tu) tough (Te) open field, multiple 
hand harvested

European 
pickling

L: 6–15 cm; L/D 
= 2.8–3.1

mottled (U) or 
uniform (u); 
green to dark 
green

intermediate 
to high; 
small

none (fr) yes (H) dull (D) or 
glossy (d)

many; 
intermedium 
to high 
density

tough (Te) open field; protected 
environments

Chinese Long L: 30–40 cm, D: 
~3.5 cm; L/
D>10

mottled (U); 
dark green

many; small ribbed (Fr) no (h) dull (D), or 
glossy (d)

many (Tu); 
high density

tender (te) open filed; protected 
environments

South China 
type

L: ~20 cm, D = 
3.2 cm; L/D 
> 6.0

mottled (U) or 
uniform (u); 
variable color

few, large none (fr) no (h) dull (D) few; large (Tu) tough (Te) open filed; protected 
environments

Beit Alpha 
(mini)

L: 9–20 cm; D = 
2–2.5 cm

uniform (u), 
green

fine hairs, 
many

ribbed (Fr) 
or none 
(fr)

yes (H) or 
no (h)

dull (D) or 
glossy (d)

none (tu) tender (te) open field, multiple 
hand harvested; 
protected 
environments

* L = fruit length; D = fruit diameter.
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With 23,000 high‐quality SnPs from high throughput genotyping‐ by‐
sequencing (gBS), Wang et al. (2018a) investigated the genetic diversity, 
population structure and differentiation, phylogenetic relationships, 
as well as LD decay among 1,234 cucumber accessions in the United 
States national Plant germplasm System (nPgS) collection. While 
the primary groupings of this collection (India, east Asia, and Eurasia) 
were consistent with early findings (Lv et al. 2012; qi et al. 2013), 
this dataset provided a better resolution for subgroups. For example, 
accessions from Europe and north America were determined to be sub-
populations of the Eurasia group. There were two subclades for acces-
sions from Turkey: one clustered with accessions from the central/west 
Asia group, and the other with European accessions. This is reasonable 
because Turkey is the geographic link between the two during the west-
ward dispersal of cucumber (Paris et al. 2012). A significant number of 
accessions from Europe, north America, Turkey, and central/west Asia 
showed genetic admixture, while most east Asia accessions were more 
homogeneous in their genetic backgrounds (Wang et al. 2018a).

The India/south Asia group and the east Asia group had the high-
est and lowest average values of genome‐wide nucleotide diversity (π), 
respectively, which was consistent with India as the diversity center 
of cucumber. The population divergence among different groups could 
be evaluated with the pairwise fixation index (FST). The FST between 
east Asia vs. India/south Asia groups was 0.284 and 0.269 between east 
Asia vs. the western group (north America, Europe, Africa, and central/
west Asia). There was much less divergence among the north America, 
Europe, Turkey, Africa, and central/west Asia groups, and between the 
western group and India/south Asia (0.15). These observations suggest 
independent diversifying selection between the east Asian and Eurasia 
cucumbers after domestication (Wang et al. 2018a).

VII.  GENETIC BASIS OF DOMESTICATION‐RELATED TRAITS 
IN CUCUMBERS

Plant domestication involves artificial selection of wild progenitors to 
meet human needs. The domesticated crop possesses a suite of traits that 
are distinct from its wild ancestor such as increased seed or fruit size, 
synchronized flowering or fruiting, reduced seed dispersal or seed dor-
mancy, altered plant architecture, as well as other characteristics col-
lectively referred to as part of a domestication syndrome (Harlan 1992). 
Following initial domestication, there was also a process of crop 
improvement (breeding, diversifying selection) (Doebley et  al. 2006). 
During breeding, more attention is directed to quality traits such as yield, 
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adaptation, color, shape, flavor, and physiological traits contributing to 
uniformity (Doebley et  al. 2006; Meyer and Purugganan  2013). While 
domestication traits are fixed within the crop species, crop improve-
ment traits are typically variable among populations or cultivars of a 
crop (Olsen and Wendel 2013). Understanding the genetic structure of 
domestication‐ or diversifying selection‐related traits in wild species 
and cultivated crops can provide insights into crop evolution that is of 
interest to both evolutionary biologists and plant breeders.

The wild cucumber (C. s. var. hardwickii) was the progenitor for 
both the cultivated and the semi‐wild XIS cucumbers (Yang et al. 2012; 
Bo et al. 2015). The wild cucumber requires a short‐day photoperiod 
for flowering; it exhibits sequential fruit setting and bears very small, 
round fruits that are extremely bitter and the seeds have strong dor-
mancy. Most cultivated cucumbers are photoperiod neutral, and usu-
ally set few large, bitter‐free fruits and the seeds have no dormancy. 
Thus, bitterness, fruit size, and seed size/weight could be considered 
domestication‐related traits (DRTs) (Abbo et  al. 2014). On the other 
hand, the semi‐wild XIS cucumber retains the short‐day photoperiod 
requirement for flowering as well as seed dormancy as seen in the wild 
cucumber. Photoperiod requirement was probably not critical during 
selection for the XIS cucumber by the ancient people in this region 
where short‐day conditions could always be satisfied. This was also 
true for reduced seed dormancy, which was not necessary for the culti-
vation practiced by local people in Xishuangbanna of southwest China 
and surrounding regions (one growing season that lasts more than six 
months) (Bo et al. 2015; Pan et al. 2017a). Thus, for many traits, it is 
difficult to decide if they are under domestication or diversifying selec-
tion, which is especially true for quantitatively inherited traits like 
flowering time and fruit size. More likely, some traits may be under 
selection at both stages. Alternatively, for the same traits, different tar-
gets may be selected in different regions or times.

Since limited work has been conducted in understanding the genetic 
basis of crop domestication or evolution in cucumber, the roles of 
certain genes during these processes may not be fully understood until 
more studies are conducted. This section discusses four traits that 
could play important roles during cucumber domestication: fruit bit-
terness, flowering time, fruit size, and hypocotyl length.

A. Fruit Bitterness

Wild cucumber plants bear extremely bitter fruit. Clearly, an essential 
step in the domestication of the wild cucumber must have involved 
the (partial) loss of fruit bitterness. The bitter tasting cucurbitacins are 
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tetrocylic terpenes that are present widely in cucurbit crops. Three loci, 
Bi, Bt, and Bl are known to control whole plant, fruit, and foliage bitter-
ness, respectively (Barham 1953; Balkema‐Boomstra et al. 2003; Shang 
et al. 2014). In a recent study (Shang et al. 2014), Bi was located on 
chromosome 6 and was shown to encode the cucurbitadienol synthase 
that catalyzes the cyclization of 2,3‐oxidosqualene into the tetracy-
clic, which is an essential step in the cucurbitacin biosynthesis path-
way. Bl and Bt are paralogs located in a 8.5 kb region on Chromosome 
5   encoding basic helix‐loop‐helix (bHLH) transcription factors that 
express specifically in leaves and fruits, respectively. Bl binds to the 
E‐box elements of Bi promoter to activate its transcription for cucur-
bitacin biosynthesis in cucumber leaves; Bt has similar biochemical 
function as Bl but regulates cucurbitacin biosynthesis in cucumber 
fruits (Shang et  al. 2014). Abiotic stress influences cucurbitacin bio-
synthesis by modulating the expression of Bl and/or Bt. Thus, Bl and Bt 
regulate bitterness formation in leaves and fruits, respectively, by direct 
transactivation of nine genes involved in the cucurbitacin biosynthetic 
pathway (Shang et al. 2014).

At the DnA sequence level, no signature of a selective sweep was 
detected in the Bi gene region between wild and cultivated cucumber, 
and almost no diversity was found in the cultivated groups in the Bt 
region suggesting Bt was under selection during domestication. A 
model was proposed to explain the domestication process for bitterness 
in cucumber (Shang et al. 2014). First, mutations within the regulatory 
region of Bt differentiated the extremely bitter wild cucumber from 
other conditional nonbitter lines, whose fruit would turn bitter when 
grown under stress (btC allele). Second, nonbitter cultivars carrying bt 
allele were fully domesticated. Third, modern cucumber breeders have 
exploited bi, a mutation at the biosynthetic pathway. In addition to the 
three genes, additional genes may be involved in regulating of bitter-
ness in cucumber (Weng and Wehner 2017).

B. Flowering Time

Significant variation in flowering time exists in different botanical vari-
eties or within each taxa of cucumber. Since cucumber is of tropical 
origin, tshor days are required for flowering for the wild cucumber, the 
semi‐wild XIS cucumber, and certain landraces from India. In contrast, 
cultivated cucumber is typically day length neutral. Flowering time is 
a quantitative trait, but limited work on qTL mapping of this impor-
tant trait has been conducted in cucumber. Miao et al. (2012) detected 
a major‐effect early flowering time qTL, Da1.1 (days to anthesis, early 
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is dominant over late flowering) using a RIL population derived from 
a cross between the north China fresh market cucumber 9930 and the 
European greenhouse type cucumber 9110gt, which only have two days 
difference in anthesis. Lv et  al. (2014) detected early flowering qTL 
Ef1.1 in a population also derived from two cultivated cucumber lines 
with ~10d difference in flowering time. With 124 RILs from a cross bet-
ween the semi‐wild XIS cucumber accession SWCC8 and a north China 
type cucumber landrace CC3, Bo et al. (2015) detected 2 qTL for first 
female flowering time: the major‐effect FT1.1 on chromosome 1 and the 
minor‐effect FT6.1 on chromosome 6.

In another study using segregating populations from crosses between 
the XIS accession WI7167 and cultivated cucumber landrace (WI7200), 
Pan et al. (2017a) identified three flowering time qTL, FT1.1, FT5.1, and 
FT6.2 controlling early flowering time in WI7200. FT1.1 seems to be 
consistent with fft1.1 by Bo et al. (2015), and Da1.1 by Miao et al. (2012), 
all of which are located on the long arm of cucumber chromosome 1, 
but FT6.1 and FT6.2 seem to be two separate loci reflecting the dif-
ferent short‐day photoperiod requirements for flowering between the 
two semi‐wild XIS cucumber lines. More recently, using segregating 
populations derived from the cross between US pickling cucumber line 
gy14 and the wild cucumber accession PI 193867, Sheng et al. (2019) 
identified two flowering time qTL, a qTL FT1.1, and a minor‐effect 
qTL FT6.3. From these observations, it seems FT1.1 detected in all 
studies plays an important role in regulating flowering time within the 
cultivated cucumber taxa (a trait under diversifying selection). On the 
other hand, FT6.1, FT6.2, and FT6.3 on chromosome 6 seem to play 
important role in regulating photoperiod‐dependent flowering time in 
semi‐wild and wild cucumbers (Pan et al. 2017a; Sheng et al. 2019). 
From data analysis in 115 resequenced cucumber lines, qi et al. (2013) 
identified 112 potential selective sweeps in the cucumber genome. All 
flowering time qTL detected so far were located in the regions with 
multiple selective sweeps. However, additional work is needed to 
understand if any of these FT qTL are under selection during domesti-
cation or diversifying selection, or both.

C. Fruit Size

Cucumber exhibits diverse fruit size and shape (FS), which are quan-
titatively inherited. A dozen studies have been conducted to identify 
qTL for fruit size variation. With populations derived from the cross 
between a north China type cucumber line 931 with the wild cucumber 
accession PI 183967, five qTLs for fruit length (fl1.1, fl3.1, fl4.1, fl4.2, 
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and fl6.1) were identified; all of them overlapped with putative selective 
sweep regions, and were believed to be under selection during domesti-
cation (Cheng et al. 2010; qi et al. 2013; Wang et al. 2014). In the gy14 × 
PI 183967 populations, Sheng et al. (2019) detected five and four qTL 
for mature fruit length, and diameter, respectively.

Two consensus FS qTL, FS1.4 and FS2.3, that are underlying both 
fruit elongation and radial growth seem novel, which may be the targets 
of selection during breeding for the US processing cucumber (Sheng 
et al. 2019). Bo et al. (2015) and Pan et al. (2017b) conducted qTL map-
ping for fruit size using populations derived from semi‐wild XIS cucum-
bers. Several other studies used parental lines of cultivated cucumbers 
or landraces to identify FS qTL (e.g., Yuan et al. 2008; Miao et al. 2011; 
Weng et al 2015; Wei et al. 2014, 2016; Zhu et al. 2016; Pan et al. 2017b; 
Shimomura et al. 2017).

Based on chromosome locations of FS qTL detected in various 
studies, Weng et  al. (2015) proposed 12 consensus FS qTL (FS1.1, 
FS1.2, FS2.1, FS2.2, FS3.1, FS3.2, FS3.3, FS4.1, FS5.1, FS6.1, FS6.2, 
and FS7.1) to explain fruit size variation in cucumber. By reviewing the 
most recent literature, Pan et al. (2019) and Sheng et al. (2019) added 9 
more consensus qTL (FS1.3, FS1.4, FS2.3, FS4.2, FS4.3, FS5.2, FS5.3, 
FS6.3, and FS7.2). The 21 consensus qTL can potentially explain the 
majority, if not all, fruit size variation seen in cucumber. Most of the 
21 consensus FS qTL could be detected in multiple populations. none 
of the five fruit length qTL proposed by qi et al.(2013) were uniquely 
detected in the populations derived from the wild cucumber suggest-
ing these loci may have been under selection in both domestication 
and breeding. Since the chromosome intervals of all the detected FS 
qTL are still very large, additional work is needed to find their roles in 
domestication and breeding.

D. Hypocotyl Length

The hypocotyl of dicot plants plays important roles in seedling establish-
ment after germination. Hypocotyl elongation of modern commercial 
cucumbers is sensitive to environmental conditions. For example, high 
temperature or low light may increase hypocotyl length resulting in 
poor seedling quality for transplanting. Bo et al. (2016) found that the 
semi‐wild XIS cucumber has short hypocotyl that is controlled by a 
single recessive gene sh1. This gene encodes a human SMARCA3‐like 
chromatin remodeling factor, and plays an important role in regulating 
low‐dosage UVB‐dependent hypocotyl elongation by modulating the 
UVR8 signaling pathway (Bo et al. 2016).
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By examining the allele frequency and distribution pattern at this 
locus among natural populations, Bo et  al. (2016) suggested that the 
sh1 allele is of wild cucumber origin for local adaptation, which was 
under selection during domestication. Indeed, they found that culti-
vated cucumber carries predominantly the Sh1 allele; the sh1 allele is 
nearly fixed in the semi‐wild XIS cucumber, and the wild cucumber 
population is largely at Hardy–Weinberg equilibrium for the two alleles. 
Bo et al. (2016) explained the rise of the sh1 allele in the wild cucumber 
in the evolutionary context in its natural habitats.

The wild cucumber is distributed mainly in the foothills of the 
Himalayan Mountains where the elevation and UVB radiation is high. 
It is possible that plants have developed certain mechanisms to adapt 
to solar UV‐B radiation such as the wild cucumber which employed 
LDUVB insensitive short hypocotyl as a tactic to cope with possible 
damage. Plants with short hypocotyl often grow slowly in the early 
stage, which might be an additional general adaptation to avoid UVB 
damage to the seedlings during the plants’ most vulnerable stage. On 
the other hand, the slow seedling growth associated with the short 
hypocotyl may be the very reason why it was selected against during 
domestication or diversifying selection, which favored the quick seed-
ling establishment desirable for agricultural production (Bo et al. 2016).

VIII.  CHROMOSOME EVOLUTION, DOMESTICATION, AND GENETIC 
DIVERSITY: IMPLICATIONS FOR CUCUMBER BREEDING

A. The Potential of C. hystrix for Cucumber Improvement

Crop wild relatives (CWR) are a rich source of genetic diversity for 
plant breeders. Beneficial traits such as insect and disease resistance 
genes, abiotic stress tolerances, as well as yield and quality genes intro-
gressed from wild relatives have played important roles in crop breeding 
(Hajjar and Hodgkin 2007). In Cucumis, cucumber and melon are the 
two economically most important crops that diverged ~ 12 MYA. 
Although this genus contains over 60 species (Sebastian et al. 2010), 
the majority is cross incompatible with cucumber and melon, which in 
many cases are themselves cross‐incompatible (Kroon et al. 1979; Chen 
and Adelberg 2000).

Cucumber is the only species with 2n = 14 chromosomes in Cucu-
mis, which was diverged from its sister species C. hystrix ~5 MYA 
(Yang et al. 2014). Unlike many other crops with a lot of close rela-
tives in the primary gene pool (for example, tomato and potato), C. 
hystrix is by far the only known species that is cross‐compatible with 
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cucumber (Chen et al. 1997). Thus, in an evolutionary sense, could 
cucumber be considered an orphan crop at an evolutionary dead end? 
The high degree of sequence homology and widespread homoeologous 
recombination between cucumber and C. hystrix chromosomes (Yang 
et al. 2014; Han et al. 2015) may provide a theoretical foundation for 
alien introgression from C. hystrix for cucumber improvement. How-
ever, in reality, interspecific crosses between cucumber and C. hystrix 
are nontrivial.

There are significant reproductive barriers to overcome for success-
ful introgression of C. hystrix chromatins into cucumber genetic back-
grounds. nevertheless, through embryo rescue, and using chemically 
induced amphidiploid as a bridge, a number of C. hystrix introgression 
lines (ILs) have been successfully produced (Chen et  al. 1997, 2001, 
2004; Zhou et al. 2009; Chen and Zhou 2011; Han et al. 2016). These 
ILs have been shown to be resistant to several cucumber diseases such 
as gummy stem blight (Lou et  al. 2013), downy mildew (Pseudoper-
onospora cubensise), powdery mildew (Podosphaera fusca) (Zhang 
et al. 2018), and southern root‐knot nematode (Meloidogyne incognita) 
(Chen et al. 2001; Pang et al. 2013).

C. hystrix constitutes an important member of the secondary gene 
pool for cultivated cucumber. Unfortunately, no publicly available 
accessions for this species have been added to the USDA collection, 
limiting its use for cucumber breeding.

B.  The Value of Wild and Semi‐Wild Cucumbers for Cucumber 
Breeding

The primary gene pool of cucumber consists of four cross‐compatible 
botanical varieties, including the wild cucumber, the XIS cucumber, 
the Sikkim cucumber, and the cultivated cucumber (var. sativus). In 
their natural habitats, there is free gene flow among them. Therefore, 
except for the slightly delayed flowering time of the wild cucumbers 
due to requirements for short day length, there is no obvious reproduc-
tive barrier between the two taxa. A few traits possessed by the wild 
cucumber that may be of interest to cucumber breeders include sequen-
tial fruit set (Horst and Lower 1978) and resistances to the target leaf 
spot (Corynespora cassiicola) (Yang et al. 2012), the root knot nematode 
(Meloidogyne javanica) (Walters et  al. 1997), cucumber mosaic virus 
(CMV) (Munshi et al. 2008), and gummy stem blight (Liu et al. 2017; 
Zhang et al. 2017). It is known that six large inversions exist between 
the wild and cultivated cucumber groups (Yang et al. 2012). genes or 
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qTL located in the inverted regions may be difficult to transfer to 
cultivated cucumbers due to recombination suppression.

As discussed earlier, the semi‐wild XIS and the Sikkim cucumbers 
were probably the result of diversifying selection from some primitive 
cultivated cucumbers for local adaptation, which have no major struc-
tural rearrangements as compared with cultivated cucumbers. The XIS 
cucumbers possess some interesting traits that may be explored for 
cucumber improvement such as the large and heavy fruit, the orange 
flesh color (high beta carotene content), the strong growth vigor and 
tolerance to biotic and abiotic stresses, as well as the long shelf‐life 
of its fruit (qi et al. 1983, 2013; Bo et al. 2015, 2016; Pan et al. 2017a). 
Flowering time of different XIS accessions varies with some accessions 
requiring short‐day length for flowering (Bo et al. 2011, 2012; Pan et al. 
2017a) or possessing strong seed dormancy. Since both flowering time 
and seed dormancy are likely controlled by a few qTL with large effects 
(e.g., Bo et al. 2015; Pan et al. 2017a), there should be no problem in 
introgressing target genes from XIS cucumbers. It should be pointed 
out that, the above discussions were based on limited observations of 
wild and semi‐wild cucumbers. Publicly available germplasm is very 
limited for wild and semi‐wild cucumbers. Their value may be reevalu-
ated when more germplasm resources in these taxa are available.

C. Use of Genetic Diversity in Cultivated Cucumber Collection

The population structure and genetic diversity of cucumber accessions 
in major gene banks from the US, China, and Europe have been evalu-
ated using molecular markers (e.g., Lv et al. 2014; Wang et al. 2018a). 
The genetic relationships among accessions revealed by marker‐based 
population analysis can provide important insights into phenotypic 
variations of some important traits such as disease resistance. Wang 
et al. (2018a) developed a phylogenetic tree for 1,234 cucumber acces-
sions of the USDA collection. Data on natural infection responses to 
several pathogens for many of these accessions were collected in 1990s, 
which are publicly available at the USDA gRIn (germplasm Resources 
Information network) database (https://npgsweb.ars‐grin.gov/).

Examination of the phenotypic data of these accessions and their 
locations in the phylogenetic tree revealed a close association of resis-
tance sources with their geographic origins. For example, the resistance 
to the pre‐2004 downy mildew (DM) strain and to powdery mildew 
(PM) was primarily from accessions in specific subclades from the 
east Asia (China and Japan) clade, whereas resistance to post‐2004 DM 
strains was from accessions originally collected in India/Pakistan (Call 
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et al. 2012; Wang et al. 2016, 2018b). On the other hand, resistance to 
Phytophthora fruit rot (Phytophthora capsici) was almost exclusively 
from India (Colle et al. 2014), and accessions with anthracnose (Colle-
totrichum lagenarium) resistance were collected from countries in the 
India/south Asia clade. Such information provides useful direction in 
the future to identify novel genes or alleles for disease resistances.

The population structure analyses on cucumber gene bank collec-
tions allowed the development of two core collections consisting of 116, 
and 395 lines, which could capture >96% genetic variation. From the 
cucumber breeding perspective, these core collections could be more 
accurately described as diversity panels. Many accessions harboring 
important genes/alleles that are critical for breeding (for example, dis-
ease resistances) were not included in the two core collections. There-
fore, a functional panel or breeder panel may be needed to balance 
marker diversity and horticulturally important genes.
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