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Flowering time plays a crucial role in the geographical adaptation of most crops during domestication. Cucumber (Cucumis
sativus) is a major vegetable crop worldwide. From its tropical origin on the southern Asian continent, cucumber has spread over
a wide latitudinal cline, but the molecular mechanisms underlying this latitudinal adaptation and the expansion of domesticated
cucumber are largely unclear. Here, we report the cloning of two flowering time loci from two distinct cucumber populations
and show that two large deletions upstream from FLOWERING LOCUS T (FT) are associated with higher expression of FT and
earlier flowering. We determined that the two large deletions are pervasive and occurred independently in Eurasian and East-
Asian populations. Nucleotide diversity analysis further revealed that the FT locus region of the cucumber genome contains a
signature for a selective sweep during domestication. Our results suggest that large genetic structural variations upstream from
FT were selected for and have been important in the geographic spread of cucumber from its tropical origin to higher latitudes.

Crop domestication is the outcome of selecting plants
for increased adaptability to cultivation (Gepts, 2004;
Gaudin et al., 2011; Chen et al., 2015) and has been a
fundamental feature of human society since the origins
of agriculture. The domestication of crop plants is
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accompanied by genetic changes, described as the do-
mestication syndrome, which differentiate domesti-
cated plants from their wild progenitors (Doebley et al.,
2006; Jones et al., 2008; Wang et al., 2018a). The spread
of agriculture from the areas of domestication has in-
volved the dispersal of crop plants well beyond the
native range of their progenitors and would often have
required adaptation to new environments (Jones et al.,
2008). In this respect, flowering time is a key phenom-
enon in the local adaptation of crops (Xue et al., 2008;
Hung et al.,, 2012; Liu et al., 2014; Lu et al., 2017; Soyk
et al.,, 2017; Zhang et al., 2018). A long suitable growth
season facilitates late flowering, which leads to a longer
vegetative growth period and the accumulation of
more storage reserves, whereas a short growth season is
associated with early flowering (Roux et al., 2006).
Cucumber (Cucumis sativus) is an economically im-
portant vegetable crop worldwide as well as a model
system for sex determination studies and plant vascular
biology (Huang et al., 2009; Li et al., 2019). Cucumber
originated from India (Sebastian et al., 2010; Lv et al,,
2012), where its wild form C. sativus var hardwickii
grows. As a result of natural and artificial selection,
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cucumber has been adapted to a wide range of envi-
ronments from the tropical areas to the temperate areas,
spreading over 90° of latitude from Oceania to northern
Europe. Phylogenetic analysis (Qi et al., 2013) revealed
that cucumber collections worldwide are composed of
four intercrossable botanical subgroups: the wild In-
dian group, the semiwild Xishuangbanna group, and
two cultivated cucumber groups (Eurasian and East
Asian). However, the molecular processes that con-
tributed to cucumber domestication and dispersal are
still not well understood.

In this study, we report that FLOWERING LOCUS T
(CsFT) is presumably an important genetic determi-
nant of flowering time variation in cucumber. Using
near-isogenic lines (NILs), we studied two distinct
populations to fine-map the late-flowering locus 1.1
(Lf1.1) and the early-flowering locus 1.1 (Ef1.1). We
identified two independent large deletions, located a
considerable distance upstream from CsFT, as candi-
date causal mutations associated with CsFT expression
levels and flowering time. We show that the two large
deletions are pervasive and originated independently
in natural cucumber populations. Our results reveal
that the CsFT locus was targeted by artificial selection
and has been important in cucumber adaptation to
higher latitudes.
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RESULTS

A Large Diversity of Flowering Time in Four
Cucumber Populations

To investigate differences in flowering time between
the four cucumber subgroups (Indian, Xishuangbanna,
Eurasian, and East Asian), we measured the time to first
male flower of 10 Indian accessions, consisting of six wild
accessions (C. sativus var hardwickii) and four cultivated
accessions, 10 Xishuangbanna accessions, 10 Eurasian
accessions, and 10 East-Asian accessions (Supplemental
Data Set S1). The plants were grown under long-day (LD;
16 h of light/8 h of dark) or short-day (SD; 8 h of light/
16 h of dark) conditions. All of the 40 selected accessions
were monoecious and their first flowers were male, re-
gardless of whether they were grown under LD or SD
conditions; thus, the flowering time was recorded for
male flowers, representing the transition from vegetative
growth to reproductive growth.

Under both LD and SD conditions, the wild and
Xishuangbanna accessions flowered much later than
the other cultivated cucumbers, after approximately
80 d (Fig. 1) compared with 30 to 40 d for the other
accessions. There was no significant difference between
Xishuangbanna flowering time under LD and SD con-
ditions, which similarly happens in most wild cucumber

Figure 1. Cucumber populations show
great flowering time diversity and in-
sensitivity to daylength. A, Time to first
male flower of 10 Indian accessions,
10 Xishuangbanna accessions, 10 Eur-
asian accessions, and 10 East Asian
accessions under LD (red bars) and
SD (blue bars) conditions. The green
circles, blue circles, red circles, and
yellow circles indicate the Indian,
Xishuangbanna, Eurasian, and East
Asian cucumbers, respectively. The
bars and lines indicate means and sp of
eight individual plants. Triangles rep-
resent the wild-type accessions. Aster-
isks represent significant differences of
flowering time (*, P < 0.05, Student’s
t test). B, Representative 45-d-old ac-
cessions from four cucumber popula-
tions exhibiting major flowering time
diversity. The cucumber accessions
CG9192, CG5479, 404, and 9930 are
also the parents of the genetic popula-
tions used in this study. Bars = 15 cm.

== | D
== SD

a @ Eurasian East Asian

9930
East Asian

909


http://www.plantphysiol.org/cgi/content/full/pp.19.01215/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01215/DC1

Wang et al.

accessions, indicating that the male flowering time of
wild and semiwild Xishuangbanna cucumbers is insen-
sitive to daylength. Compared with the SD condition,
the LD condition could significantly accelerate the first
male flowering time of cultivated cucumbers, especially
Eurasian and East-Asian cucumbers (Fig. 1A).

Positional Cloning of Lf1.1 of Xishuangbanna Cucumber

In a previous study, we generated NILs using the ac-
cession CG9192 (Xishuangbanna) as the donor parent
and the accession 404 (East-Asian type) as the recurrent
parent (Figs. 1B and 2, A and B; Wang et al.,, 2015). We
observed that accession CG9192 flowered approximately
40 d later than accession 404. We identified a series of lines
displaying later flowering characteristics that contained a
common region (25.2-28.1 Mb) on the end of chromo-
some 1 (Fig. 2C), indicating that there was a genetic factor
conferring the late-flowering trait in that region.

To identify the causal genetic factor underlying
Lf1.1, we analyzed a segregating population of 3,104
BC3F, plants derived from the NILs, using two
flanking insertion/deletion (InDel) markers (InDel-
1 and InDel-3), and identified 32 recombinants. The
late-flowering Lf1.1 was ultimately limited to a 35,837-
bp interval (in the 9930 reference genome) between
two single-nucleotide polymorphism (SNP) markers
(SNP1 at nucleotide 25,868,566 and SNP2 at nucleo-
tide 25,904,403 on chromosome 1). The recombination
events between SNP1 and SNP2 were confirmed in an
analysis of the corresponding F3 families (Fig. 2D).

The 35,837-bp mapping region contained no SNP
or InDel variants between cucumber accessions
404 and CG9192, except for a 39.9-kb structural var-
iant (S5V), a fragment of 39.9-kb sequences present in
accession CG9192 but absent from accession 404
(Fig. 2D). We investigated the expression of the genes
adjacent to the 39.9-kb SV in the 404 and 404-late
NILs (Csa1G651700, CsalG651710, CsalG652210,
and Csa1G652220) and found that only CsalG651710
exhibited a significant difference (Fig. 3). A pectin
lyase-like superfamily protein, CSPI01G31950, was
predicted by gene structure to be located in the 39.9-
kb fragment; however, CSPI01G31950 also exists in
many other early-flowering accessions (such as the
10 Eurasian accessions in Fig. 1A), so we concluded
that CSPI01G31950 is not likely to be responsi-
ble for the reduced flowering time. Csa1G651710 is
annotated to encode a phosphatidylethanolamine-
binding protein (PEBP), and a phylogenetic tree
was constructed using protein sequences of the seven
cucumber PEBP members and six Arabidopsis (Ara-
bidopsis thaliana) PEBP members (Supplemental Fig.
S1). Based on a phylogenetic analysis, Csal1G651710
was predicted to be an ortholog of Arabidopsis
FLOWERING LOCUS T (FT; Supplemental Fig. S1),
and the 39.9-kb SV is located 16.5 kb upstream of
Csa1G651710 (named CsFT here), suggesting that
sequences within the 39.9-kb fragment of CG9192
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may be contributing to repressed expression of CsFT
and later flowering time.

Positional Cloning of Ef1.1 of Eurasian Cucumber

In a previous study, we found that accession CG5479
(Eurasian type) flowered about 7 d earlier than accession
9930 (East-Asian type; Fig. 1B) and performed quanti-
tative trait loci mapping to delimit the major early-
flowering locus Ef1.1 to an 890-kb genomic region on
chromosome 1 (Lu et al., 2014). To clone the Ef1.1 locus,
we generated NILs (Fig. 2, E and F) in which the Ef1.1
locus of the CG5479 genotype was introgressed into 9930
by backcrossing three times, to construct a large BC5F,
population (n = 4,320). A total of 56 recombinants were
identified with two InDel markers (InDel-4 and InDel-5)
in the BCsF, population. Following a recombinant-
derived progeny testing strategy, Efl.1 was narrowed
down to an interval of 46,365 bp on chromosome 1, be-
tween markers SNP25845628 and SNP25891993 (corre-
sponding to positions 25,845,628 to 25,891,993 of
chromosome 1), according to the 9930 reference genome
(Fig. 2, G and H). The recombination events between the
two markers were also confirmed in the corresponding
F3 families. We compared the sequences of the 46,365-bp
mapping region between 9930 and CG5479 and identi-
fied two SVs located 16.5 kb upstream from CsFT (Fig. 2,
H and I). We examined the expression levels of the genes
adjacent to the two SVs (Csa1G651700, CsalG651710, and
CsalG652220) in the NILs (9930 and 9930-early), and
only CsalG651710 exhibited significantly different ex-
pression (Fig. 3), suggesting that the two SVs affect CsFT
expression.

Intriguingly, the Lfl.1 and EfI.1 mapping regions
overlapped between the two distinct populations
(Fig. 2I), and the two candidate causal SVs for Lf1.1 and
Ef1.1 were found to be situated at the same location
(16.5 kb upstream of CsFT in the 9930 reference ge-
nome), raising the possibility that common allelic var-
iations upstream from CsFT lead to flowering time
diversity. Notably, the CsFT gene, a critical regulator of
the transition from vegetative to reproductive growth
(Corbesier et al, 2007; Huijser and Schmid, 2011;
Andrés and Coupland, 2012), is located within the
overlapping mapping interval of the two populations,
and there are no other flowering time-associated genes
located in, or adjacent to, the mapping interval. Given
that CsFT showed significantly different expression
between the two NILs (404/404-late and 9930/9930-
early), we inferred that CsFT is most likely to be the
gene underlying the flowering time variation observed
in both F2 populations.

Two Independent Deletion Events Are Present Upstream
from CsFT in the Eurasian and East-Asian Populations

To assess whether there were any structural poly-
morphisms in the upstream region (UR) of CsFT, we
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Figure 2. Map-based cloning of Lf1.7and Ef1.7 in two distinct F2 populations. A and B, Phenotypes and first male flowering times
of NILs 404, 404-late, and the heterozygous 404-F;. C, Construction of NILs 404 and 404-late. The red color represents the
homozygous region of accession CG9192, and the dark blue color shows homozygous regions of accession 404. The green color
indicates heterozygous regions of CG9192. The region with dotted lines represents the position of the Lf1.7 locus on chromosome
1 of cucumber. D, High-resolution mapping of Lf1.1. The numbers above the markers indicate the physical positions on chro-
mosome 1. Numbers below the map indicate the numbers of recombinants detected between the corresponding markers. The red
triangle represents a fragment of 39.9 kb absent in accession 404 compared with CG9192. E and F, Phenotypes and first male
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analyzed the depth of sequencing reads at the CsFT locus
by comparing a 104.5-kb region (a 100-kb region up-
stream from the start codon and the 4.5-kb gene body
region) in high-quality sequence data derived from 115
cucumber accessions (Qi et al., 2013). Given that parts of
the genome sequence may have been lost in cultivated
populations during domestication, we used the assem-
bled wild cucumber genome CGO0002 as the reference
(Qi et al., 2013). This analysis revealed the three types of
URs of CsFT that varied in size, termed long, short-1, and
short-2 (Fig. 4A; Supplemental Fig. S2). Through com-
bined analysis of the deletion positions and the sequences
around the deletion sites, we inferred that the long type of
UR was ancestral (Supplemental Figs. S3 and 54). A series
of primers was also designed, based on the deletion break
points, to validate the three types of URs by PCR and
Sanger sequencing (Supplemental Fig. S5; Supplemental
Data Set S2). To generate further supporting evidence, we
performed a phylogenetic analysis of the 115 cucumber
lines in our collection, using all SNPs within a 21-kb re-
gion around the CsFT locus (a 16.5-kb region upstream
from the start codon and a 4.5-kb gene body region;
Fig. 4B). This suggested that the long type of UR from
Indian cucumber was ancestral and that the struc-
tural variation originated from two independent
events: a 39.9-kb deletion (designated as deletion-1)
and a 16.2-kb deletion (designated as deletion-2), giving
rise to the short-1 and short-2 URs, respectively (Fig. 4B;
Supplemental Figs. S3 and 54).

We observed that the deletion-1 fragment harbored a
transposase (with similarity to transposase Tnp2), which
carried some frameshift mutations. Furthermore, a five-
nucleotide (GTTTT) duplication was identified on both
sides of the break points in deletion-1 (Supplemental Fig.
S3), consistent with a transposase-mediated origin of the
SV, although the duplicated sequences are not related to
any known transposable element excision footprint/
insertion point.

Three Types of URs Are Associated with Differences in
CsFT Expression

In order to detect how the CsFT transcript level
is affected by the three types of URs under different

daylength conditions, we therefore examined the di-
urnal expression patterns of CsFT in mature NIL leaves
(404 /404-late and 9930/9930-early) under artificial LD
and SD conditions. Under both conditions, CsFT ex-
pression in 404 was higher, with a clear diurnal rhythm,
than CsFT in 404-late, in which expression was always
extremely low (Fig. 5, A and B). CsFT expression in both
9930-early and 9930 showed a clear diurnal rhythm,
with a peak at dusk under both LD and SD conditions,
and the level of CsFT mRNA in 9930-early was higher
than in 9930 at all time points during the day (Fig. 5, C
and D). Consistent with the CsFT expression levels, the
404-late flowering time was about 40 d later than that of
404 under both LD and SD conditions, and 9930-early
flowered approximately 5 d earlier than 9930 under
both LD and SD conditions (Supplemental Fig. S6).
Thus, the short-1 and short-2 URs are both associated
with higher CsFT transcript levels in the NILs than the
long UR type, independent of the photoperiod.

To further assess the contributions of the three types
of URs, we analyzed their effects on gene expression
and flowering time in the collected cucumber acces-
sions (Fig. 5, E and F; Supplemental Data Set S3).
Through statistical analysis, we found that cucumber
accessions carrying the short-1 and short-2 URs flow-
ered significantly earlier than the long accessions
(Fig. 5E), and short-2 accessions flowered somewhat
earlier than short-1 accessions. The CsFT gene was
expressed at the highest level in short-2 accessions, at an
intermediate level in short-1 accessions, and at the
lowest level in long accessions (Fig. 5F), consistent with
flowering time. We noted that some long accessions
exhibited similar CsFT expression levels and flowering
time to those of short-1 and short-2 accessions, sug-
gesting that these accessions might contain other ge-
netic loci that accelerate flowering.

Domestication Features of a Long-Distance SV Upstream
from CsFT

We genotyped the three types of URs of CsFT in 286
cucumber accessions worldwide (a core collection of
115 cucumber accessions and another 171 cucumber
accessions we collected) by PCR (Supplemental Fig. S5;

Figure 2. (Continued.)

flowering times of NILs 9930-early, 9930, and the heterozygous 9930-F;. G, Linkage analysis of Ef1.1 in the BC5F, population
from the CG5479 X 9930 cross. The numbers above the markers indicate the physical positions. CG5479, BC5F,-35, BC5F,-6,
and BC;F,-4 were all early flowering (red text); 9930, BC3F,-28, and BC3F,-10 were late flowering (black text). The blue boxes
represent the homozygous region of accession CG5479, and the black boxes show homozygous regions of accession 9930. The
graph at right shows the flowering time of F3 families of recombinant plants. H, Genes from the fine-mapping region of Ef1.7 in the
9930 reference genome. The numbers above the markers indicate the physical positions on chromosome 1. The red triangle
represents a fragment of 38.1 kb absent in 9930 compared with CG5479, and the black triangle represents a fragment of 12.2 kb
absentin CG5479 compared with 9930. |, Schematic illustration of the mapping regions of the Lf1.7 and Ef1.7 loci. SVs are shown
in the mapping regions of the Lf1.7 and Ef1.1 loci. Horizontal dashed lines represent large deletions, and the red lines represent
the Lf1.7 and Ef1.1 mapping regions. The gray arrow shapes represent the annotated genes, and the transposase is labeled with a
red rectangle. The bars and lines indicate means and sp of eight individual plants in B, F, and G. **, P < 0.01 (Student's ¢ test) for
flowering time. The black shapes along the chromosome represent the annotated genes and the red shape represents gene CsFT

inDand H. Barsin Aand E = 15 cm.
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Supplemental Data Set S4) and associated the different
types of URs with geographic coordinates (Fig. 6A).
These results revealed that the three types of URs are
highly linked to the geographic distribution of the four
cucumber subgroups. The long type UR variant is as-
sociated with lower latitudes, which makes up the
largest proportion of Indian (72.1%) and Xishuangbanna

CsFT Expression Regulates Cucumber Adaptation

Figure 3. Expression analysis of the genes ad-
jacent to the 39.9-kb SV and the 16.2-kb SV in
two pairs of NILs (404/404-late and 9930/9930-
early). The mRNA levels of genes Csa1G651700
(A), CsalG651710 (B), CSPI01G31950 (C),
CsalG652210 (D), and CsalG652220 (E) were
measured in mature leaves of cucumber plants by
reverse transcription quantitative PCR (RT-qPCR).
Data shown are relative to the control Ubiquitin
(Csa3G778350) gene and represent means = st of
three biological replicates. **, P < 0.01 (Student’s
t test).

(92%) populations (Fig. 6A; Supplemental Fig. S7).
Compared with the lower frequency distribution of
short-1 (5.7%) and short-2 (22.2%) type URs in the Indian
population, the short-1 and short-2 types of URs tend to
accumulate significantly in higher latitudes (88.4% in
East Asian and 80.7% in Eurasian, respectively; Fig. 6A;
Supplemental Fig. S7). Furthermore, the geographical
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Figure 4. Large SVs upstream from CsFT in different cucumber populations. A, Schematic illustration of SVs giving rise to the
short-1, short-2, and long types URs of CsFT. The 39.9- and 16.2-kb deletions are designated as deletion-1 and deletion-2, re-
spectively. The gray arrow shapes represent the annotated genes, and the transposase is labeled with a red rectangle. B, Maximum-
likelihood phylogeny of the 4.5-kb gene body regions and 16.5-kb URs of CsFT from 115 cucumber accessions. Blue, red, and
yellow circles denote long, short-2, and short-1 type URs of CsFT, respectively. The bootstrap values are shown at the nodes (%).
The numbers on the circular lines indicate the proportions of cucumber accessions from different subgroups in each branch.
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distribution of the three types of URs is consistent with
genome-wide phylogenetic studies (Lv et al., 2012; Qi
et al., 2013; Wang et al., 2018b) that distinguished Eur-
asian and East-Asian populations, indicating that CsFT
UR variation associated with flowering time was one of
the selective signatures during domestication of Eur-
asian and East-Asian cucumbers.

To further assess whether the altered flowering time
conferred an adaptive advantage and was subject to
selection during cucumber breeding, we screened the
published genetic diversity data set of four cucumber
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groups among 115 cucumber accessions (Qi et al., 2013)
for potential signatures of selection surrounding the
CsFT locus. We found that the nucleotide diversity () of
the region (a 16.5-kb region upstream from the start co-
don and a 4.5-kb gene body region) around CsFT was
much lower in cultivated populations (Eurasian and East
Asian) compared with the Indian population (Fig. 6B).
Collectively, allele expansion and the significant re-
duction of 7 implied a possible domesticated trace at
the region around the CsFT locus in East-Asian and
Eurasian populations. The results above suggest that
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Figure 6. Footprints of CsFT locus selection. A, Geographical distribution of three types of CsFT URs. A total of 286 cucumber
accessions (Supplemental Data Set S4) were used, consisting of 26 North-African accessions, 43 East-Asian accessions,
70 Southeast-Asian accessions, 25 Xishuangbanna accessions, 32 Russian accessions, 34 European accessions, 24 Central-Asian
accessions, and 32 North-American accessions. Distributions of long, short-2, and short-1 URs across geographic areas are
shown as pie charts, colored in blue, red, and yellow, respectively, with the allele numbers indicated. The colored lines represent
the four cucumber populations: Indian (green), Xishuangbanna (blue), Eurasian (red), and East Asian (yellow). B, The genomic
region around the CsFT locus shows evidence of a domestication sweep. The distribution of 7 is shown for the Indian (green),
Xishuangbanna (blue), Eurasian (red), and East-Asian (yellow) populations. The CsFT locus is located in the pink region.

CsFT short-1 and short-2 URs have undergone positive
selection during domestication of Eurasian and East-
Asian cucumbers and that these two types of URs
may bring CsFT under the influence of stronger pro-
motive effects, thereby decreasing flowering time,
which facilitates the improvement of cucumber adap-
tation to temperate and cold geographic areas.

DISCUSSION

Cucumber is a warm-season plant, with an optimal
growth temperature of 20°C to 30°C, and is widely
distributed from low latitudes to high latitudes,
where there are significant differences in photoperiod
and temperature. In this study, we found that most
of the Indian and Xishuangbanna cucumber accessions
growing at low latitudes have the long UR of CsFT,
giving rise to late flowering times. In contrast, most
cultivated cucumbers (Eurasian and East Asian)
growing at higher latitudes have short-1 and short-2
URs of CsFT, resulting in earlier flowering times. We
propose here a model for cucumber adaptation to
higher latitudes. Cucumber originated in low-latitude
tropical areas with long-term high-temperature envi-
ronments throughout the year, and the wild progenitor
of cucumber in these areas evolved into late-flowering
plants. In the process of differentiation of cultivated
cucumber subgroups at higher latitudes, there is a
gradual decrease in temperature and thus a shortened
period suitable for cucumber growth, and conse-
quently, the cucumber genotypes in these areas were
domesticated as early-flowering crops. In this study, we
found that the transition from vegetative to reproduc-
tive growth in cucumber was not sensitive to photo-
period. We speculate that after long-term artificial

Plant Physiol. Vol. 182, 2020

selection, cucumbers were domesticated as crops with a
shorter growth period and higher expression of CsFT
that were adapted to lower temperature changes in
higher latitude areas.

Despite the association between flowering time var-
iation and the three types of CsFT URs, the flowering
times of some accessions could not be explained by
these SVs. For example, four accessions (CG1601,
CG1149, CG1778, and CG3127) from the East-Asian
group showed an early-flowering trait despite carry-
ing a late-flowering long type UR allele. We propose
that there are loci other than CsFT that determine
flowering time in these accessions. This is consistent
with previous studies reporting cucumber flowering
time quantitative trait loci on chromosome 1, chromo-
some 5, and chromosome 6 (Dijkhuizen and Staub,
2002; Fazio et al., 2003; Weng et al., 2010; Bo et al,,
2015; Pan et al., 2017).

The ratio of 7 between Indian and East-Asian cu-
cumbers (Tndian/ TEast-Asian) at the region around CsFT
was 163.4 (at genome-wide top 1.1%), and therefore
suggestive of a domestication event in the East-Asian
population. Although the Tmgian/ TEurasian Value at the
same region was 4 (at genome-wide top 36.7%), the
frequency of short-2 type UR (22.2%) was much higher
than that of short-1 type UR (5.7%) in the Indian pop-
ulation (Supplemental Fig. S7), suggesting the possi-
bility that the genetic diversity of the germplasms
containing short-2 type UR that migrated from the In-
dian to the Eurasian population was much higher; thus,
the Tgurasian Value at this region was higher. These
findings further suggest that the CsFT locus was posi-
tively selected during the domestication of Eurasian
and East-Asian cucumbers.

Our study showed that there are three types of URs
of CsFT (long, short-1, and short-2) associated with
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flowering time whose geographic distribution is related
to cucumber population structure: the long type is most
frequent in Indian and Xishuangbanna populations, the
short-1 in East Asian, and the short-2 in Eurasian cu-
cumbers. Considering that flowering time is one of the
important traits for cucumber domestication and
breeding concerns, our results further enhance the
previous notion that there are two distinct domestica-
tion directions of cucumber from India, one to East Asia
and the other to the West (including Central Asia,
Europe, North America, and Africa; Lv et al., 2012; Qi
et al., 2013; Wang et al., 2018b).

The Xishuangbanna population is semiwild and is
supposed to be a single dispersal that occurred from the
Indian population (Lv et al., 2012). The Xishuangbanna
population has a very narrow genetic base, and the
genome-wide 7 of Xishuangbanna (1.06 X 1073) is
similar to that of East Asian (1.03 X 1073) but much
lower than that of Eurasian (1.85 X 1072) and Indian
(4.48 X 1073; Lv et al.,, 2012; Qi et al., 2013). We thus
hypothesized that the ancestor of Xishuangbanna cu-
cumbers might only be derived from some specific late-
flowering germplasms carrying the long type UR in the
Indian population. In the process of the formation of the
Xishuangbanna population, the long type UR associ-
ated with the late-flowering trait has not been altered
obviously by local ethnic residents, probably due to the
suitable temperature for cucumber growth throughout
the year. These factors may lead to the lower 7 around
the CsFT locus in the Xishuangbanna population.

Our findings that the short-1 and short-2 type UR
alleles were associated with higher expression of CsFT
suggested that both types of alleles would result in
faster-flowering plants. These plants could have im-
portant agronomic value, particularly for the early yield
of cucumber fruit. We investigated the yield of NILs at
35 d after seedlings were transplanted in the field
(Supplemental Fig. S8). Notably, accession 404 pro-
duced ~0.6 kg of fruit per plant, and the heterozygous
F1 produced only 58% (~0.35 kg per plant) of that
value, while the 404-late line did not flower within that
time. Similarly, the fruit yield of 9930-early was about
20% higher than that of 9930 at the early stage
(Supplemental Fig. S8). Thus, the two deletions up-
stream from CsFT promote an earlier flowering and so
provide a potentially valuable target for tuning cu-
cumber productivity.

In summary, the CsFT locus is a major source of cu-
cumber adaptation to higher-latitude regions. Our
findings provide an important perspective on cucum-
ber flowering time control and latitudinal adaptation,
which may help drive improvements in cucumber
breeding for temperate and cold zones.

MATERIALS AND METHODS
Plant Growth

For flowering time assessment in different daylengths, 40 cucumber (Cucumis
sativus) accessions (listed in Supplemental Data Set S1) from a cucumber core
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collection (Qi et al., 2013) were grown in phytotrons under LD (16 h of light/8 h
of dark) and SD (8 h of light/16 h of dark) conditions at a temperature ranging
from 18°C to 25°C for 28 d, then the cucumber plants were transplanted in a
greenhouse in Beijing under natural light conditions. To further assess the
contributions of the three types of URs in more cucumber accessions, 80 cu-
cumber accessions that are all monoecious in sex expression were selected
(listed in Supplemental Data Set S3), and the 80 cucumber accessions were
grown in a greenhouse in Beijing under natural light conditions. At least eight
individual plants of each accession were used for flowering time assessment.
Male flowering time was calculated on the days from sowing to anthesis of the
first male flower.

Construction of NILs

In order to identify the Lf1.1 locus, accessions CG9192 and 404 were used to
construct NILs and segregating populations. CG9192 is a Xishuangbanna type
cucumber from tropical southwest China, and 404 is an East-Asian type cu-
cumber from the north of China. Both accessions are monoecious and have been
resequenced (Wang et al., 2015). Accession CG9192 usually flowered about 40 d
later compared with accession 404. A series of BC3S; lines with a late-flowering
trait were developed using accession CG9192 as donor and accession 404 as
recurrent parent, and these late-flowering lines were screened by whole cu-
cumber genome chip, which contains 181 loci for an SNP test (Supplemental
Data Set S5). We chose one BC3S; late-flowering line, 404-18, whose back-
ground was most similar to that of line 404 for the construction of the BC3F,
segregation population.

Two cucumber accessions, CG5479 and 9930, were used as parental lines to
develop segregating populations for mapping the EfI.1 locus. CG5479 (also
named Muromskij) from Russia is a Eurasian type cucumber whose genome
has been resequenced (Qi et al., 2013), and 9930 is an East-Asian type cucumber
whose draft genome assembly is available (Huang et al., 2009). Both lines are
monoecious in sex expression, and accession CG5479 usually flowered about
7 d earlier than accession 404. We used accession CG5479 as donor and acces-
sion 9930 as recurrent parent; nine BC3S, lines with an early-flowering trait
were screened by whole cucumber genome chip, which contains 193 loci for an
SNP test (Supplemental Data Set S5). The early-flowering lines 9930-17 and
9930 were crossed for construction of the BC3F, segregation population.

Positional Cloning of Lf1.1 and Ef1.1

For fine-mapping of cucumber Lf1.1 and Ef1.1, we developed InDel and SNP
markers (Supplemental Data Set S2) on chromosome 1 based on the polymor-
phic sequences. PCR products corresponding to InDel markers were subjected
to electrophoresis in 6% (w/v) polyacrylamide, and the presence of SNP
markers was validated by PCR and Sanger sequencing.

We identified 32 recombinants for Lf1.1 and 56 recombinants for EfI.1 using
flanking markers and observed the time to the first male flower of all the re-
combinants. The F3 families of these recombinants were tested to confirm the
recombination events, with 20 individuals per family.

Phylogenetic Analysis of CsFT Protein

PEBPs were obtained from The Arabidopsis Information Resource (http:/ /www.
arabidopsis.org) and the Cucurbit Genomics Database (http:/ /cucurbitgenomics.
org). These protein sequences were aligned by ClustalW and manually edited
when necessary. A phylogenetic tree was constructed using a maximum-
likelihood method with bootstrapping based on 1,000 pseudoreplicates
with MEGA?7 software (Kumar et al., 2016).

Phylogenetic Analysis of 115 Cucumber Accessions Based
on the SNPs within a 21-kb Region of the CsFT Locus

A total of 350 SNPs among the cucumber core collection (115 accessions) in the
4.5-kb gene body region and 16.5-kb UR of CsFT were extracted from the pre-
viously reported data set (Qi et al., 2013). Next, these variations were converted
into phylip format and sent to PHYLIP version 3.6 (http:/ /evolution.genetics.
washington.edu/phylip.html) to generate a consensus tree using maximum-
likelihood estimation with a bootstrap resampling time of 100. The final tree
plot was modified using MEGA? software (Kumar et al., 2016).
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Mapping Resequencing Reads to the CG0002
Reference Genome

Previously generated resequencing reads from the core collection of 115
cucumber accessions (Qi et al., 2013) were mapped to the CG0002 reference
genome (Qi et al., 2013) by BWA (Li and Durbin, 2009) with default parameters,
and SAMtools (Li and Durbin, 2009) was used to perform sorting and duplicate
marking of the resulting BAM-format files. These BAM alignment results were
subsequently passed to the bamCoverage program within the deep Tools suite
(Ramirez et al., 2016) to calculate the genome coverage of the 104.5-kb region
(a 100-kb region upstream of the start codon and the 4.5-kb gene body of CsFT)
on the CG0002 reference genome (parameter -r chr1:29,207,609-29,311,798) of
the 115 accessions. The window size was set to 300 bp.

PCR Testing for the Three Types of URs

The PCR primers were designed as shown in Supplemental Figure S5, and
the sequences of the primers are listed in Supplemental Data Set S2. DNA was
isolated from leaves of cucumber accessions. Three pairs of primers (P1/P2, P3/
P4, and P9/P10) were first used to detect all accessions. If the PCR fragments
from the P9/P10 primers amplified the expected size in some accessions, these
accessions were analyzed with another four pairs of primers (P5/P6, P7/P8,
P11/P12, and P13/P14). PCR was performed using KOD-FX DNA polymerase
(Toyobo), and PCR products were loaded on 1% agarose gels.

RNA Extraction and RT-qPCR Analysis

The third leaves from NILs (404/404-late and 9930/9930-early) and the
collected cucumber accessions (Supplemental Data Set S3) at the four-leaf stage
were collected, and total RNA was isolated using an EasyPure Plant RNA Kit
(TransGen Biotech). First-strand cDNA was synthesized from 1 mg of total
RNA using FastQuant RT Super Mix (Tiangen). PCR was performed on an ABI
7900 using SYBR Premix (Roche) using the following program: 3 min at 95°C
followed by 40 cycles of 20 s at 95°C, 30 s at 60°C, and 20 s at 72°C, according to
the manufacturer’s instructions. Ubiquitin (Csa3G778350) was used as the in-
ternal control for RT-qPCR. Three independent biological experiments were
performed in all cases. The PCR primers used in these experiments are listed in
Supplemental Data Set S2.

For the analysis of diurnal expression patterns, the two pairs of NILs (404/
404-late and 9930/9930-early) were grown in a phytotron under either LD (16 h
of light/8 h of dark) or SD (8 h of light/16 h of dark) conditions with 25°C
constant temperature. Then we investigated CsFT expression on day 28 after
sowing. The third leaf of each plant at the four-leaf stage was collected and
stored in liquid nitrogen. Samples were collected every 4 h for 24 h. Three in-
dependent biological experiments were performed in all cases. Total RNA ex-
traction, first-strand cDNA synthesis, and RT-qPCR analysis were performed as
described above.

Identification of Selective Sweeps

To identify the selection region around CsFT, the SNPs near the CsFT locus
in the cucumber genome were obtained (corresponding to Chr01: 25.3-26.3 Mb,
9930 genome V2). We measured the level of 7 sing a 100-kb window with a step
size of 10 kb in the Indian population, Xishuangbanna population, Eurasian
population, and East-Asian population.

Statistical Analyses

For quantitative analyses of flowering time, at least eight individual plants
were analyzed per genotype or ecotype, and the numbers of individuals are
given in the figure legends. For expression analyses using RT-qPCR, 10 indi-
vidual plants were pooled per sample and three biological replicates were
performed. Statistical calculations were conducted in Microsoft Excel 2016, and
mean values for each measured parameter were compared using two-way
ANOVA or two-tailed, two-sample Student’s ¢ test.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries and the Cucurbit Genomics Database (cucurbitgenomics.org) under
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the following accession numbers: CsFT (CsalG651710), AtATC (AT2G27550),
AtBFT (AT5G62040), AtFT (AT1G65480), AtMFT (AT1G18100), AtfTFL1
(AT5G03840), and AtTSF (AT4G20370). The sequences of cucumber genes
(Csa1G651700, CSPI01G31950, Csa1G652210, and CsalG652220 in Fig. 3 and
Csa3G776350, Csab6G452100, Csa6G152360, Csa3G180440, CsalG071830, and
Csa3G807330 in Supplemental Fig. S1) can also be found in the Cucurbit Ge-
nomics Database.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phylogenetic analysis of PEBP proteins in cu-
cumber and Arabidopsis.

Supplemental Figure S2. Schematic illustration of the mapped reads from
different cucumber accessions on top of the wild-type CG0002 reference
genome.

Supplemental Figure S3. Alignment of the polymorphic region between
the long type and the short-1 type URs.

Supplemental Figure S4. Alignment of the polymorphic region between
the long type and the short-2 type URs.

Supplemental Figure S5. PCR primers designed for testing the short-1,
short-2, and long URs.

Supplemental Figure S6. Flowering time of the two pairs of NILs under
LD and SD conditions.

Supplemental Figure S7. Frequency distribution of three types of URs in
four cucumber populations.

Supplemental Figure S8. Yield test of two pairs of NILs at the early stage.

Supplemental Data Set S1. The 40 cucumber accessions listed for flower-
ing time assessment.

Supplemental Data Set S2. Primers listed in this study.

Supplemental Data Set S3. The 80 cucumber accessions listed for assessing
the contributions of the three types of URs

Supplemental Data Set S4. The 286 cucumber accessions used for geo-
graphical distribution of three types of URs.

Supplemental Data Set S5. The information of SNP chips used for geno-
typing in this study.
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