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Abstract
The legendary cucumber inbred line WI2757 possesses a rare combination of resistances against nine pathogens, which is 
an important germplasm for cucumber breeding. However, WI2757 flowers late and does not perform well under field con-
ditions. The genetic basis for horticulturally important traits other than disease resistances in WI2757 is largely unknown. 
In this study, we conducted QTL mapping using F2 and recombinant inbred line (RIL) populations from the WI2757 × True 
Lemon cross that were segregating for multiple traits. Phenotypic data were collected in replicated field trials across multiple 
years for seven traits including fruit carpel number (CN) and sex expression. A high-density SNP-based genetic map was 
developed with genotyping by sequencing of the RIL population, which revealed a region on chromosome 1 with strong 
recombination suppression. The reduced recombination in this region was due to a ~ 10-Mbp paracentric inversion in WI2757 
that was confirmed with additional segregation and cytological (FISH) analyses. Thirty-six QTL were detected for flower-
ing time, fruit length (FL), fruit diameter (FD), fruit shape (LD), fruit number (FN), CN, and powdery mildew resistance. 
Five moderate- or major-effect QTL for FL, FD, LD, and FN inside the inversion are likely the pleiotropic effects of the 
andromonoecy (m), or the cn locus. The major-effect flowering time QTL ft1.1 was also mapped inside the inversion, which 
seems to be different from the previously assigned delayed flowering in WI2757. Implications of these findings on the use 
of WI2757 in cucumber breeding are discussed.

Introduction

Cucumber, Cucumis sativus L. (2n = 2x = 14), is an impor-
tant fruit vegetable crop worldwide, and disease resist-
ance is always among top priorities in cucumber breeding. 
The legendary cucumber inbred line WI2757 (Wiscon-
sin 2757) has a rare combination of resistances against 
nine pathogens that cause significant economic losses 
in cucumber production. In growth chamber and green-
house tests, WI2757 was highly resistant to the fungal 
pathogens Podosphaera fusca (formerly Sphaerotheca 
fuliginea) (powdery mildew, PM), Cladosporium cuc-
umerinum (scab), Corynespora cassiicola (target leaf spot, 
TLS), Colletotrichum orbiculare (syn. Colletotrichum 
lagenarium) (anthracnose, AR), and Fusarium oxysporum 
f. sp. cucumerinum (Fusarium wilt, FW). It also confers 
resistance to the obligate biotrophic oomycete pathogen 
Pseudoperonospora cubensis (downy mildew, DM), the 
bacterial Pseudomonas syringae pv. lachrymans (angular 
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leaf spot, ALS), and Erwinia trucheiphila (bacterial wilt, 
BW), as well as the viral pathogen Cucumber Mosaic 
Virus (CMV) (Peterson et al. 1982). WI2757 was released 
almost 40 years ago, but it still holds high level of resist-
ances to all of these diseases except for DM to which it has 
moderate resistance due to the appearance of new virulent 
field strain(s) in 2004 in the USA (Thomas et al. 2017; 
Wang et al. 2019a). Over the years, WI2757 has been a 
popular and important source of disease resistances in 
cucumber breeding.

WI2757 has a complicated pedigree derived from many 
varieties or plant introduction (PI) lines, which are illustrated 
in supplemental Fig. S1A. Main sources of disease resistance 
in WI2757 include the US pickling inbred line Gy14 and 
the Dutch Beit alpha-type cucumber variety ‘EXPO’. Gy14 
was a selection from the progeny of cross between SMR 18 
(with resistance to scab, FW, and CMV) and Gy3 that has 
various donors of resistance genes such as PI 197087, PI 
220860, PI 212233, PI 220860, and PI 234517 (Peterson 
et al. 1982; Wehner and Robinson 1991; Chung et al. 2003) 
(Fig. S1A). The genetic bases of disease resistances in Gy14 
and WI2757, or their relevant lines, have been extensively 
studied (reviewed in Wang et al. 2020). For example, the 
AR, DM, and ALS resistances in WI2757 and Gy14 were 
derived primarily from PI 197087, which were all controlled 
by single, recessive genes (cla for AR, dm1 for DM, and 
psl for ALS) (Fanourakis and Simon 1987; Wyszogrodzka 
et al. 1987; Kennard et al. 1994; Horejsi et al. 2000; Olczak-
Woltman et al. 2007; Słomnicka et al. 2016). Recently, it 
was found that the cucumber STAYGREEN (CsSGR) gene 
is underlying the triple disease resistance loci dm1/psl/cla 
in WI2757 and Gy14 (Pan et al. 2018; Wang et al. 2019a). 
However, as compared with Gy14, WI2757 harbors addition 
minor-effect QTL for DM (dm5.2), AR (cla3.1), and ALS 
(psl1.1 and psl3.1). Using segregating populations derived 
from the cross between WI2757 and True Lemon (TL), He 
et al. (2013) identified six QTL for seedling-stage PM resist-
ance with pm5.2 having the largest effect, which was later 
shown to be a loss-of-susceptibility gene encoding the MLO 
protein (Nie et al. 2015a, b; Berg et al. 2015).

Two single dominant genes control resistances to FW 
and scab in WI2757, which are tightly linked (Vakalou-
nakis 1993, 1995; Mao et al. 2008). In the cucumber line 
9110Gt, the major-effect QTL, qFoc2.1 for FW resistance, 
and the Ccu locus for scab resistance have been mapped 
within a cluster of NB-LRR resistance gene homologs on 
Chr2 (Kang et al. 2010; Zhang et al. 2010, 2014). WI2757 
probably shares the same FW/scab resistance loci as 9110Gt. 
Molecular mapping for BW, CMV, and TLS in WI2757 has 
not been reported. Wen et al. (2015) fine mapped a TLS 
resistance locus cca-3 in the inbred line D31 on Chr6 with a 
CC-NB-ARC type R gene as the candidate. The TLS resist-
ance in D31 was probably derived from WI2757.

WI2757 is gynoecious and parthenocarpic with bitterfree 
fruit, fine and white spines and smooth, and tender and dark 
green skin, which is morphologically similar to the Mediter-
ranean-type (Beit alpha, or mini) cucumber (Fig. S1B–E). 
WI2757 lacks the coarse spines demanded by the American 
market (US pickling and slicing cucumbers); thus, it has 
little direct value as a processing cultivar for production in 
the USA, but may be more useful for the fresh consuming 
cucumbers targeting the Mediterranean or European market 
(Peterson et al. 1982). In commercial production, in addi-
tion to a good disease resistance package, each cucumber 
market class has its own specific requirements for many hor-
ticulturally important traits such as flowering time, fruit size 
(fruit length and diameter) and shape, fruit number, as well 
as fruit epidermal features (Weng et al. 2015; Wang et al. 
2020). WI2757 was selected under greenhouse and growth 
chamber environments (Peterson et al. 1982), and it does not 
perform well under field conditions both home and abroad. 
In particular, WI2757 flowers late despite of its gynoecious 
sex expression, which was proposed to be controlled by a 
single recessive gene, delayed flowering (df) (Fanourakis 
and Simon 1987; Walters et al. 2001). Little is known about 
the genetic basis of these horticultural traits in this important 
germplasm line.

In cucumber and other cucurbit crops, fruit size, shape, and 
number are known to be affected by the andromonoecy (m) 
and carpel number (Cn) loci (reviewed by Pan et al. 2020). 
While Li et al. (2016) showed pleiotropic effect of the Cn locus 
on fruit size and weight, the association of fruit size and shape 
with the m locus has never been explicitly demonstrated in 
cucumber. The ‘True Lemon’ (TL) cucumber is an heirloom 
that is very popular among home gardeners for its lemon-
shaped fruit. True Lemon is andromonoecious bearing male 
and perfect flowers and sets characteristic lemon size, nearly 
round fruit with five carpels (Fig. 1). It has normal flowering 
time and is susceptible to almost all diseases. Major contrast-
ing traits between WI2757 and True Lemon are summarized 
in supplemental Table S1. Thus, the main objectives of the 
present study are to (1) investigate the genetic basis of several 
horticultural traits associated with WI2757 including flower-
ing time, fruit size/shape, fruit number, and PM resistance and 
(2) clarify possible pleiotropic effects of the m and cn loci on 
these traits. The overall goal of this study was to gain a more 
comprehensive understanding of various horticultural traits in 
WI2757 for more efficient use of this germplasm in cucumber 
breeding.

In this study, we developed segregation F2 and recombi-
nant inbred line (RIL) populations from the cross between 
WI2757 and TL, which were used for phenotyping seven traits 
(fruit length, diameter, shape, fruit number, carpel number, 
flowering time, and PM resistance) in both greenhouse and 
field trials. A linkage map was developed with 129 micro-
satellite (simple sequence repeats, SSRs) markers and 139 
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RILs. A high-density genetic map was also developed with 
1845 SNP loci with genotyping-by-sequencing (GBS)-based 
SLAF-Seq. From linkage mapping, we identified a 10-Mbp 
large segmental inversion on Chr1 of WI2757, which was con-
firmed in further cytological analysis and linkage analysis in 
additional segregating populations. QTL mapping in both F2 
and RIL populations identified 36 QTL for seven traits. The 
results from these experiments revealed the important effects 
of the large inversion in WI2757 and the pleiotropic effects of 
the m and cn loci on QTL detection of the seven traits in the 
WI2757 × TL segregating populations.

Materials and methods

Plant materials

Two cucumber inbred lines, WI2757 and True Lemmon 
(TL), were the main subjects in the present study. WI2757 
is a gynoecious, Beit alpha-type germplasm line known 
for its multiple disease resistances (Fig. S1; Peterson 
et al. 1982). TL is an andromonoecious heirloom with the 
characteristic lemon size, round, and yellow-striped fruits 
widely used by home gardeners. Two parental lines show 

a number of morphological and disease resistance differ-
ences (Table S1). Traits under investigation in the pre-
sent study included sex expression, flowering time, fruit 
size, and shape. For linkage map development and QTL 
analysis, two populations were developed from the cross 
between WI2757 and TL including F2 populations of dif-
ferent sizes and 139 F6 RILs. These RILs were derived 
from the F2 plants used by He et al. (2013) through single-
seed descent (SSD).

Since high-density genetic mapping suggested a 
large inversion on Chr1, ad hoc F2 populations from 
WI2757 × WI7200 (89 plants) and TL × WI7200 (96 
plants) were developed and used to construct regional 
genetic maps on Chr1. To track the origin of the inversion 
in WI2757, four germplasm lines, Gy14, PI 197087, PI 
212233, and PI 220860 that are known to be in the pedi-
gree of WI2757 (Fig. S1) were used in fluorescence in situ 
hybridization (FISH).

Phenotypic data collection

Phenotypic data from F2 individuals and RILs were col-
lected in six experiments over 6 years, namely WI2009F2, 

Fig. 1   Representative fruit 
images of WI2757, TL (TL), 
their F1, and derived RILs

TL          F1     WI 2757
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WI2013F2, WI2014RIL, WI2015RIL, WI2016RIL, and 
WI2017F2. The details of each experiment are provided 
in supplemental Table S2. The WI2009F2 experiment was 
conducted in the Walnut Street Greenhouses (WSGH) of 
the University of Wisconsin at Madison, and the rest were 
in open fields at the Hancock Agriculture Research Station, 
Hancock, Wisconsin (HARS). The two parental lines and 
their F1 were included in all experiments for data collection.

Target traits for phenotypic data collection in the six 
experiments included flowering time (FT), mature fruit 
length (FL) and diameter (FD), fruit number (FN), fruit car-
pel number (CN), and powdery mildew (PM) resistances. 
Sex expression of each plant in all populations was also 
recorded. Not all traits were phenotyped in all experiments 
(Table S2). Data collection for the F2 population was on the 
individual plant basis. For RILs, data were collected from 
each plant per family per replication and the RIL means 
were used in QTL analysis. Flower time was recorded as the 
dates from sowing to anthesis of the first female or perfect 
flower on the plant. Measurement of FL, FD, LD, and FN 
at the mature fruit stage (> 35 days after pollination) fol-
lowed Weng et al. (2015) and Bo et al. (2015). Counting of 
carpel numbers of each fruit was based on Li et al. (2016). 
For sex expression, each plant was recorded as andromo-
noecious (with both male and bisexual flowers), gynoecious 
(with only female flowers), and monoecious (with both male 
and female flowers). The rating of PM disease scores on 
RIL plants under natural infection in the field was based 
on percentage of diseased areas on leaves with a 1–9 scale 
where 1 = no symptom and 9 = > 90% diseased area or dead 
(He et al. 2013; Wang et al. 2019a). In each season, the 
RIL population was scored twice (1–2 weeks apart), and the 
mean disease scores of each RIL were used in QTL analysis.

Genotyping and linkage map development

A linkage map with 236 SSR loci and 132 WI2757 × TL 
F2 plants was developed previously for QTL mapping of 
PM resistance (He et al. 2013), which was also used in the 
present study for QTL analysis of FT, FL, FN, LD, and 
CN collected in the WI2009F2 experiment. From the early 
map, 129 polymorphic SSR markers evenly distributed 
across seven chromosomes (Chr) were used to develop a 
genetic map with 139 WI2757 × TL F6 RILs. A subset of 
87 RILs were genotyped with SLAF-Seq based on high-
throughput genotyping by sequencing (GBS) (Sun et al. 
2013). SLAF-Seq library, Illumina Hi-Seq 2500 sequenc-
ing, raw reads processing, filtering, SNP calling, and link-
age map construction were all the same as described early 
(Wang et al. 2016, 2018). A combined linkage map was 
developed with 87 RILs, 1845 SNP, and 129 SSR markers 

using the function ‘mstmap’ in the R/ASMap package 
(Wang et al. 2018).

To confirm a possible inversion identified from linkage 
analysis in the RIL population, additional linkage mapping 
in the target region was performed in a larger WI2757 × TL 
F2 population with 340 plants with 14 polymorphic SSRs 
from He et al. (2013). This population was also pheno-
typed for various traits in the WI2017F2 field experiment 
with the intention to refine the locations of QTL detected 
in the RIL population. After the confirmation of the inver-
sion, two regional maps on the long arm of Chr1 were fur-
ther developed with 5–9 polymorphic SSR markers in the 
WI2757 × WI7200 (89 individuals) and WI7200 × TL (96 
plants) F2 populations, which revealed WI2757 harboring 
the ~ 10-Mbp inversion.

DNA extraction, molecular marker analysis, and linkage 
analysis all followed standard protocols described in our 
previous studies (e.g., Pan et al. 2017a, b).

Fluorescence in situ hybridization (FISH) 
for visualizing segmental inversion

To better visualize the segmental inversion on Chr1, fos-
mid clones located in the target region were selected from 
Yang et al. (2014) and used as probes in FISH analysis. 
Chromosome preparation and FISH procedures followed 
Yang et al. (2014). Briefly, root tips were harvested from 
germinated seeds, pretreated in 4 °C water for 2–4 h to 
capture pro-metaphase and metaphase cells, and fixed in 
Carnoy’s solution (3 ethanol: 1 glacial acetic acid). Root 
tips were then macerated in 2% cellulose and 1% pectol-
yase at 37 °C for 2 h, and squashes were prepared using the 
same fixative. DNA probes were labeled with digoxigenin-
dUTP or biotin-dUTP via nick translation and detected 
with antidigoxigenin antibody coupled with rhodamine 
(Roche) or avidin conjugated with FITC (Vector Labora-
tories), respectively. Chromosomes were counterstained 
by 4,6-diamidino-2-phenylindole (DAPI) in a Vecta 
Shield antifade solution (Vector Laboratories). Images 
were captured digitally using a CCD camera (QIMAG-
ING, RETIGA-SRV, FAST 1394) attached to an Olympus 
BX63 epifluorescence microscope.

QTL analysis

QTL analysis was performed with the R/qtl software pack-
age (http://www.rqtl.org/) (Broman et al. 2003). The initial 
whole genome scan for QTL was conducted with a window 
size of 25 cM. Refinement of QTL number and location 
was then performed with both composite interval mapping 
(CIM) and multiple QTL mapping (MQM) methods using 
a 10 cM window size following Weng et al. (2015) and Pan 

http://www.rqtl.org/
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et al. (2017b). Genome-wide LOD thresholds (P < 0.05) for 
declaring the presence of QTL were determined using 1000 
permutations. For each detected QTL, a 1.5-LOD-support 
interval was calculated and defined by left and right markers. 
Naming of QTL followed the nomenclature recommenda-
tions by Pan et al. (2020) and Wang et al. (2020). For exam-
ple, ft1.1 and fl6.2 designated the first QTL for flowering 
time and the second QTL for mature fruit length on cucum-
ber Chr1 and Chr6, respectively.

Results

Phenotypic variation of flowering time, fruit 
size/shape‑related traits, and PM resistance 
in WI2757 × TL segregating populations

We collected phenotypic data for seven traits (FL, FD, LD, 
FN, FT, CN, and PM) from the F2 and RIL populations in 
six experiments (Table S2). The phenotypic means, standard 
deviation, the range, and estimated heritability (from RILs) 
of these traits in five of the six experiments are presented 
in Table 1 (WI2013F2 was not included because only FT 
data were collected). The frequency distribution of these 
traits in all experiments is illustrated in supplemental Fig. 
S2. Representative fruit images of the two parents, their F1, 
and RIL plants are shown in Fig. 1.

All seven traits showed high heritability (Table  1). 
Among them, FL, LD, and FT (earlier flowering) exhibited 
heterosis (i.e., F1 plants had larger fruits and earlier flower-
ing time than either parent). CN and FN of F1 were similar 
to WI2757, whereas FD and PM disease scores of F1 were 
closer to TL (Table 1). All traits except CN showed largely 
continuous distribution in the F2 and RIL populations sug-
gesting their quantitative nature. Transgressive segregation 
was observed for all traits (Fig. S2) indicating different 
genetic architectures of each trait between the two parental 
lines. For example, in all trials, WI2757 consistently flow-
ered later than that of TL, and the F1 plants flowered earlier 
than either parent, suggesting that earlier flowering time is 
dominant to later flowering. In the F2 and RIL populations, 
there were many plants with much earlier flowering dates 
than the F1 or later than WI2757 (Fig. S2).

The WI2757 × TL F2 and RIL populations were seg-
regating for the andromonoecious (m) and carpel num-
ber (cn) loci, both of which are located on Chr1, and are 
physically ~ 15 Mbp away from each other. Monoecious/
gynoecious (M_) sex expression is dominant to andromo-
noecious (mm in TL); three carpels (Cn_) are dominant to 
five carpels (cncn, in TL) (Tan et al. 2015; Li et al. 2016). 
In cucurbits, both loci are known to exert pleiotropic 
effects on fruit size, shape, and fruit number (reviewed Ta
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in Pan et al. 2020; also see “Discussion” section), which 
could explain most of the phenotypic variations observed 
among the F2 and RIL populations in this study. TL sets 
many (mean FN = 12.3 per plant), nearly round (LD ≈ 1.0) 
fruits with five carpels (mean CN = 4.9), while WI2757 
bears fewer (mean FN = 6.7 per plant), oblong (LD > 2.0) 
fruits with mean CN = 3.1. The F1 had fruits with similar 
FL, LD, and FN with WI2757 (Table 1; Fig. 1). To bet-
ter understand the pleiotropic effects of the m locus, the 
means of FL, FD, LD, FN, and FT in the six experiments 
were calculated by sex (mm vs. M_) in each population, 
and the reorganized data are presented in supplemental 
Table S3. Boxplots and significance tests of population 
means between the two sex groups in each experiment are 
illustrated in Fig. 2. In each experiment, as compared with 

M_ or MM (gynoecious or monoecious) plants, the mean 
values for FL, FD, and LD were lower in andromonoecious 
(mm) plants, but higher for FN and CN. The mean values 
for each trait in the F2 and RIL populations were somewhat 
different, though, which could be explained by the differ-
ent percentages of andromonoecious plants in the F2 (1/4, 
or ~ 25%) and RIL (1/2, or ~ 50%) (Table S3) populations.

The pleiotropic effect of the m locus could also be seen 
from trait correlations. We calculated the Spearman’s rank 
correlation coefficients (rs) among morphological traits in 
different experiments (Table 2). FL exhibited strong and 
positive correlations with both FD and LD in all experi-
ments, while no or weak correlation was found between 
FD and LD. This may suggest that FL and FD share some 
genetic basis, and FL dictates LD, which is a compound trait 
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Fig. 2   Boxplots of population means of flowering time (FT), fruit 
length (FL), fruit diameter (FD), length-to-diameter ratio (LD), 
fruit number (FN) per plant, and carpel number (CN) of gynoecious 
or monoecious (M_) and andromonoecious (mm) plants in differ-

ent experiments. Comparison in each group pair is conducted with 
the Wilcoxon rank sum test implemented in R. Significance level: 
*P < 0.05; **P < 0.01; ***P < 0.001; ns not significant
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depending on both FL and FD (Bo et al. 2015). We observed 
a weak positive correlation of CN with FN (in RILs only) 
and a moderate negative correlation with FL/LD (both F2 
and RIL populations). Li et al. (2016) suggested possible 
pleiotropic effect of the Cn locus on fruit size and weight: 
in monoecious background, more fruits with more carpels 
tend to be larger and heavier. We reorganized the FL, FD, 
LD, FN, and FT phenotypic data from three experiments 
(WI2009F2, WI2014RIL, and WI2015RIL) by carpel num-
ber (use CN = 3.5 as the cutoff) and sex expression, which 
are presented in Supplemental Table S4. The boxplots and 
significance tests of population means between the high 
(CN ≥ 3.5) and low (CN < 3.5) plants in two sex groups 
in each experiment are presented in supplemental Fig. S3. 
When only monoecious and gynoecious plant (genotype M_) 
were considered (blocking of m effects), no differences were 
observed in FT and FN means between CN < 3.5 (WI2757 
type) and CN ≥ 3.5 (TL type) plants. In general, plants with 
higher CN showed slightly lower FL and LD, but higher FD 
than those with CN < 3.5 (Table S4). Therefore, the observed 
phenotypic variation of FD could at least partially be attrib-
uted to the pleiotropic effect of the cn locus (see “Discus-
sion” section).

Not all traits were associated with pleiotropic effects of 
the m and cn loci. In all populations, andromonoecious (mm) 
plants in general flowered earlier than gynoecious or monoe-
cious plants (Table S3). There were negative correlations 
between FT and FN, as well as between FT and CN (RIL 
population only), implying that early flowering plants set 
more fruits with more carpels. In the RIL population, FT 
positively correlated with FL and LD, but such correlation 
was not significant in the F2. The correlation between FT and 
FD was dependent on the environments and populations: In 
WI2016RIL and WI2017F2, they showed positive and nega-
tive correlations, respectively, whereas no correlation was 
found between FT and FD in the WI2009F2, WI2014RIL, 
and WI2015RIL experiments (Table 2). The correlations of 
FT with other traits are likely due to the recombination sup-
pression inside a large paracentric inversion in WI2757 in 
which both the M and df (delayed flowering) loci are located.

Under field natural infections, WI2757 was highly resist-
ant to powdery mildew. TL and F1 were both susceptible to 
the PM pathogen, and the mean disease scores in the RIL 
population showed largely normal distribution (Table 1; Fig. 
S2), which was consistent with the quantitative nature of 
PM resistance in WI2757 (He et al. 2013). No significant 

Table 2   Spearman’s rank 
correlation coefficients 
among morphological traits in 
WI2757 × TL populations

ns not significant, n/a data not available, FT flowering time, FN fruit number, FL fruit length, FD fruit 
diameter, LD fruit length by diameter, CN carpel number
***P < 0.001; **P < 0.01

Environments FT FN FL FD LD

FN WI2009F2 n/a
WI2014RIL − 0.3814***
WI2015RIL − 0.5752***
WI2016RIL − 0.5106***
WI2017F2 − 0.3912***

FL WI2009F2 ns n/a
WI2014RIL 0.3583*** − 0.4908***
WI2015RIL 0.4700*** − 0.6113***
WI2016RIL 0.5094*** − 0.6969***
WI2017F2 ns ns

FD WI2009F2 ns n/a 0.4813***
WI2014RIL ns ns 0.5747***
WI2015RIL ns − 0.2263** 0.3669***
WI2016RIL 0.3772*** − 0.4766*** 0.5684***
WI2017F2 − 0.2896*** ns 0.6107***

LD WI2009F2 ns n/a 0.8698*** ns
WI2014RIL 0.3485*** − 0.4823*** 0.9050*** ns
WI2015RIL 0.5067*** − 0.5889*** 0.9309*** ns
WI2016RIL 0.4850*** − 0.6376*** 0.9301*** 0.2661**
WI2017F2 ns ns 0.8314*** ns

CN WI2009F2 ns n/a − 0.3292*** ns − 0.4245***
WI2014RIL − 0.3230** 0.2727** − 0.6192*** ns − 0.7302***
WI2015RIL − 0.3273*** 0.3002*** − 0.6415*** ns − 0.7610***
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correlation was found between mean PM disease scores and 
any other traits in the RIL population (data not shown).

High‑density linkage mapping in WI2757 × TL 
F2 and RIL populations reveals recombination 
suppression in the lower distal end of Chr1

Using the WI2757 × TL F2 population, we previously devel-
oped a linkage map with 249 SSR marker loci for QTL 
mapping of PM resistance in WI2757 (He et al. 2013). We 
advanced these F2 plants through SSD and developed 139 F6 
RILs. A linage map was developed using the 139 RILs and 
129 polymorphic SSR markers selected from the early map 
by He et al. (2013). Detailed information of this map is pre-
sented in supplemental Table S5, which spanned 871.4 cM 
in seven linkage groups (LG = chromosome). Four cloned 
genes were added onto the map based on their locations in 
the genome including cn (Li et al. 2016), m, de (for determi-
nate growth habit) (Wen et al. 2019), and F (for femaleness, 
or gynoecious sex expression) (Li et al. 2020). Each marker 
was also aligned against the Gy14v2.0 draft genome. The 
marker order along each LG was highly consistent with their 
physical positions, but there were some large gaps (> 10 cM) 
on each chromosome. In addition, in the distal end of the 
long arm of Chr1, there were five markers (UW084366, 
UW083725, UW083752, UW084651, and UW084538) 
that did not show any recombination among the 139 RILs, 
which physically spanned at least 10 Mbp including the m 
locus (Table S5).

To increase the marker density on the map, a subset of 
87 RILs were genotyped with SLAF-seq. In total, 6.48 Gb 
sequences from 40,504,760 150-bp-paired-end reads were 
generated from high-throughput Illumina sequencing. 
Among them, 80.1% reads had > Q30 quality score, from 
which 50,256 high-quality SLAF tags were obtained, and 
6491 (12.9%) were polymorphic between WI2757 and TL. 
Distribution of these polymorphic SLAFs across seven chro-
mosomes is presented in supplemental Table S6. After filter-
ing with the same criteria used by Wang et al. (2018), 1845 
SNP markers were kept for linkage analysis. A genetic map 
combining the 1845 SNPs and 129 SSRs (total 1974) was 
constructed with 87 RILs. Main statistics of the map are 
summarized in Table S6, and the complete information of 
the map is presented in supplemental Table S7.

We evaluated the quality of the high-density linkage 
map by alignment of mapped markers against the Gy14v2.0 
draft genome, which are graphically presented in Fig. 3a 
(for Chr1) and supplemental Fig. S4 (for Chr2 to Chr7). 
Physically, this map covered the majority of the cucumber 
genome, and the marker orders on the genetic map were 
highly congruent with their physical positions in the draft 
Gy14v2.0 genome. On Chr2 to Chr7, the genetic-to-physical 
distance ratios across the whole chromosomes were largely 

linear except in the centromeric regions (Fig. S4). However, 
in a ~ 10-Mbp region at the bottom of Chr1 (23.4–33.2 Mbp), 
there were 224 marker loci that spanned only ~ 15 cM (from 
245.65 to the end at 261.78 cM); 212 of the 224 (95%) mark-
ers were in four clusters (Table S7) suggesting significantly 
reduced recombination in this region (Table S7, Fig. S4), 
which was consistent with the finding from the SSR-based 
RIL map in this region (Table S5).

Additional evidence supports a ~ 10 Mbp segmental 
inversion in WI2757

To confirm the recombination suppression in the Chr1 
region observed in the RIL population, we developed a local 
linkage map in a larger WI2757 × TL F2 population with 340 
plants (WI2017F2). Linkage analysis was performed in this 
population with 14 SSR markers from the long arm of Chr1. 
The resulting genetic map is shown in Fig. 3b. Consistent 
with the RIL map, there was clear marker clustering in this 
region despite the much larger F2 population used.

Recombination suppression often occurs in chromo-
somal regions heterozygous for large structural variations 
(SV) such as inversions (e.g., Ren et al. 2009; Yang et al. 
2012). The above observations suggested the SV must be 
present in either WI2757 or TL. To identify the origin of this 
SV, linkage maps were developed for the Chr1 region with 
two segregating populations including 96 F2 plants from 
WI7200 × TL and 89 F2 plants from WI2757 × WI7200. We 
tested 14 SSR markers in the suspected inversion region, 
and 5 and 9 were polymorphic between the two pairs of 
parental lines, respectively. Linkage maps from the two F2 
populations are illustrated in Fig. 3b. The five markers on 
the WI7200 × TL map were well separated indicating their 
normal recombination and segregation. However, all nine 
markers in the WI2757 × WI7200 F2 population were clus-
tered, suggesting that WI2757 carries the SV (Fig. 3b).

To confirm the presence and the nature of the SV in 
WI2757, we conducted fluorescence in situ hybridization 
(FISH) on metaphase chromosomes in WI2757, Gy14 
and 9930 cucumber lines. Three fosmid clones located in 
the ~ 10-Mbp target region (Yang et al. 2014; details in sup-
plemental Table S8) were used as probes in FISH analy-
sis. The results are shown in Fig. 3c. The physical loca-
tions of signals for the probes 255H13 (at ~ 24.6 Mbp on 
Gy14_v2.0), 255I22 (at ~ 27.4 Mbp), and 32O20 (at distal 
end of Chr1; ~ 32.4 Mbp) in 9930 and Gy14 chromosomes 
were consistent with their draft genome positions, but the 
order was reversed in WI2757. The centromere of Chr1 is 
located at approximately 12.0–13.0-Mbp region. This FISH 
work provided convincing evidence that a large paracentric 
inversion (~ 10 Mbp, from 23.4 Mbp to the end) is present 
in the long arm of Chr1 of WI2757 cucumber.
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To confirm the presence and the nature of the SV in 
WI2757, we conducted fluorescence in situ hybridization 
(FISH) on metaphase chromosomes in WI2757, Gy14 
and 9930 cucumber lines. Three fosmid clones located in 
the ~ 10-Mbp target region (Yang et al. 2014; details in sup-
plemental Table S8) were used as probes in FISH analy-
sis. The results are shown in Fig. 3c. The physical loca-
tions of signals for the probes 255H13 (at ~ 24.6 Mbp on 
Gy14_v2.0), 255I22 (at ~ 27.4 Mbp), and 32O20 (at distal 
end of Chr1; ~ 32.4 Mbp) in 9930 and Gy14 chromosomes 
were consistent with their draft genome positions, but the 
order was reversed in WI2757. The centromere of Chr1 is 
located at approximately 12.0–13.0 Mbp region. This FISH 
work provided convincing evidence that a large paracentric 
inversion (~ 10 Mbp, from 23.4 Mbp to the end) is present 
in the long arm of Chr1 of WI2757 cucumber.

WI2757 has a complicated pedigree in which many lines 
were involved during its development including PI 220860 
(Korea; source of gynoecy), PI 197087 (India; DM and 
anthracnose resistance source), and PI 212233 (Japan; PM 
resistance source) (Fig. S1; Peterson et al. 1982). To check 
if any of the donor lines may carry this inversion, we also 
included the three PI lines in FISH analysis. The three PI 
lines and the immediate donor Gy14 all had the same FISH 
signal pattern as 9930 (Fig. 3c). This suggests that the inver-
sion in WI2757 may be generated de novo. It is also pos-
sible that this inversion was from some other donors in its 
pedigree, which are not available to test in this study (for 
example, EXPO or PM66, Fig. S1).

9930                        WI2757                          Gy14                      PI 197087                    PI 212233                  PI 220860

Chr1

WI2757 x TL F2

WI7200 X TL F2

WI7200 x 
WI2757 F2

A B

C

Fig. 3   Large inversion (~ 10  Mbp) on Chr1 of WI2757 cucumber. 
a Distribution of mapped SNP loci against physical map of Chr1 
(Gy14v2.0). The left panel is side-by-side alignment between genetic 
(left) and physical (right) maps. The right panel is a scatter plot com-
paring the genetic distance (Y axis, in cM) in relation to physical 
distance (X axis, in Mbp). Gray and white regions represent differ-

ent scaffolds in the assembly. The ρ value is Pearson correlation coef-
ficient. (Values closer to − 1 and 1 indicate near-perfect colinearity.) 
Horizontal red bar shows the marker clustering and no-recombination 
region. b Linkage mapping in three F2 populations confirmed the 
inversion in WI2757 but not TL. c Fosmid clone-based FISH among 
six cucumber inbred lines further validated the inversion in WI2757
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The m locus and the inversion affect QTL detection 
for fruit size, shape, and FT in the WI2757 × TL 
segregating populations

QTL analysis for FT, FL, FD, LD, FN, CN, and PM was per-
formed using phenotypic data from WI2009F2, WI2014RIL, 
WI2015RIL, and WI2016RIL experiments. The linkage 
maps for the F2 and RIL populations were the one devel-
oped by He et al. (2013), and the 1974-locus SNP-SSR map 
developed herein (Table S7), respectively. For each trait, the 
LOD threshold to declare significance of QTL was deter-
mined with 1000 permutation tests (P = 0.05), which ranged 
from 3.1 to 3.5. A global view of all QTL detected across 
the seven chromosomes for the WI2009F2 experiment is 
shown in supplemental Fig. S5. Those detected with the 
SSR/SNP map (87 RILs), and the 129-SSR map (139 RILs) 
are provided in Fig. 4 and supplemental Fig. S6, respec-
tively. Details of all QTL for the morphological traits and 
FT from the four experiments including map locations, LOD 
support values, percentage of observed phenotypic variance 
explained (PVE, or R2), additive effects, as well as 1.5-LOD 
support intervals are provided in Table 3. QTL information 
for PM resistance detected with the RIL population is listed 
separately in Table 4. Each QTL was assigned a name. If 
multiple QTL for the same trait detected by different experi-
ments were located at the same or nearby locations, the same 
name was assigned (Weng et al. 2015; Pan et al. 2020). In 
total, 36 QTL were detected for the seven traits including 2 
for FT, 6 for FL, 6 for FD, 5 for LD, 6 for FN, 2 for CN, and 
9 for PM, which are briefly described below.

QTL for FT

Major-effect QTLs for FT were detected on Ch1 in all four 
experiments (PVE = 13.9–44.9%; Table 3, Fig. 4). This 
likely reflected the presence of a single QTL with consistent 
effect across environments, which thus was named ft1.1. A 
second FT QTL, ft6.4 with moderate effect (PVE = 14.8%), 
was only detected in WI2009F2 (with CIM). Interestingly, 
ft1.1 had positive additive effect (i.e., the WI2757 allele 
delays anthesis of female flowers), whereas the WI2757 
allele of ft6.4 promoted early flowering (negative additive 
effect) (Table 3). This could explain the earlier flowering 
time of F1 of WI2757 × TL than either parent (Table 1; Fig. 
S2).

QTL of FL, FD, LD, FN, and CN

Six FL QTL, fl1.1, fl1.2, fl3.1, fl4.1, fl4.2, and fl6.1, were 
detected from the four experiments (Table 3). Two QTL, 
the minor-effect fl1.1 (PVE = 6.1–7.6%) and the major-effect 
fl1.2 (PVE = 34.3–68.7%), were detected in WI2014RIL, 
WI2015RIL, and WI2016RIL experiments. (fl1.2 was also 

detected in WI2009F2.) Each of the four remaining minor-
effect QTL, fl3.1, fl4.1, fl4.2, and fl6.1 (PVE = 2.5–5.8%), 
was only detected in one experiment. Four of the six QTL 
(fl1.1, fl1.2, fl3.1, and fl6.1) had positive additive effects 
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Fig. 4   Genome-wide view of QTL locations for flowering time 
(FT), mature fruit length (FL) and diameter (FD), mature fruit LD, 
carpel number (CN), fruit number (FN), and powdery mildew (PM) 
resistance detected with the RIL population in three experiments 
(WI2014RIL, WI2015RIL and WI2016RIL) and the 1974_SSR/
SNP_locus genetic map. Horizontal dashed lines indicate LOD 
thresholds for significant QTL. Vertical dashed lines indicate QTL 
co-localized with the carpel number (cn), and andromonoecious (m) 
loci on Chr1
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suggesting alleles from WI2757 at these loci promoting fruit 
elongation.

Among the six FD QTL, fd1.1 (PVE = 10.3–16.6%) and 
fd1.2 (PVE = 15.2–27.4%) were detected in all four environ-
ments. The QTL fd4.1 (PVE = 13.3%), fd6.1 (PVE = 13.5%), 
and fd6.2 (PVE = 11.6%) were only identified in one 
experiment (WI2015RIL or WI2016RIL), whereas fd5.1 
(R2 = 7.3–7.5%) was detected in both WI2009F2 and 
WI2016RIL. Both fd1.2 and fd4.1 showed positive additive 
effect on FD, while the rest had negative additive effect on 
FD (that is, WI2757 alleles reduce radial growth).

Of the five fruit shape (LD) QTL, the two major-
effect ones, ld1.1 (PVE = 9.5–19.9%) and ld1.2 
(PVE = 24.4–46.1%) were detected in both F2 and the 
RIL populations (Table 3).The three minor-effect QTL, 
ld3.1 (PVE = 3.0–5.8%), ld6.1 (PVE = 1.8–4.3%), and 
ld6.2 (PVE = 4.0–7.3%) showed up only in WI2014RIL, 
WI2015RIL, and WI2016RIL experiments, respectively. All 
QTL had positive additive effects on LD suggesting alleles 
from TL at these loci contributed to a rounder fruit shape.

Phenotype data for FN were only collected from the RIL 
population in WI2014RIL, WI2015RIL, and WI2016RIL. 
Among the six FN QTL detected, fn1.1 (PVE = 27.9–35.5%) 
was consistently identified in all three experiments; fn5.1 
(PVE = 14.7–19.7%) was detectable in WI2014RIL and 
WI2015RIL experiment, whereas fn3.1 (PVE = 9.2%), fn4.1 
(PVE = 8.6%), fn6.1 (PVE = 12.4%), and fn7.1 (PVE = 9.2%) 
were each detected in only one environment. TL alleles at all 
loci except for fn5.1 contributed to increase of FN (negative 
additive effect for WI2757).

One major-effect QTL cn1.1 (PVE = 57.0–57.9%) and 
one minor-effect QTL cn1.2 (PVE = 5.9–6.7%) were iden-
tified with phenotypic data collected from WI2009F2, 
WI2014RIL, and WI2015RIL experiments. Both cn1.1 and 
cn1.2 had negative additive effect on carpel number, sug-
gesting that the WI2757 alleles reduce CN.

QTL for PM resistance

Phenotypic data of PM disease scores upon natural infec-
tion were collected once for WI2015RIL and twice in 
WI2014RIL and WI2016RIL with a 2-week interval. 
Genome-wide PM QTL scan was conducted with data from 
individual ratings, and the results are summarized in Table 4. 
QTL naming followed Wang et al. (2020). In total, nine PM 
QTL were detected. Except for pm3.2 (PVE = 2.5%), pm3.3 
(PVE = 7.5%), and pm4.2 (PVE = 9.9%) that were detected 
in a single experiment, the rest six were detected in at least 
two environments including pm1.2 (PVE = 2.8–15.8%), 
pm2.2 (PVE = 6.4–15.0%), pm5.1 (PVE = 7.5–8.6%), 
pm5.2 (PVE= 4.9–12.6%), pm5.3 (PVE = 11.3–59.7%), 
and pm6.1 (PVE = 1.6–7.1%). Among the nine QTL, pm5.3 
was detected in all experiments and rating times with the 

strongest effect on conferring PM resistance. Three QTL, 
pm2.2, pm4.2, and pm6.1, showed positive additive effect, 
indicating that WI2757 alleles of these QTL increase disease 
scores. The rest six had negative additive effect. (WI2757 
alleles reduce disease scores.)

Clustering of QTL at the andromonoecious (m) and carpel 
number (cn) loci

A glimpse of the genome-wide locations of all QTL detected 
in the present study showed that major-effect QTL for fruit 
morphology (FL, FD, LD, and CN) and flowering time (FT) 
were clustered on three regions on Chr1 (Fig. 4, Figs. S5 
and S6). A close look of the 1.5-LOD intervals of these 
QTL suggested that the FL, FD, LD, FN, and FT QTL are 
co-localized with the andromonoecy (m) locus, and FD QTL 
was co-localized with the cn locus (cn1.1) (Fig. 4; Table 3). 
The m locus was inside the 10-Mbp inversion detected in 
WI2757. These observations suggested that at least some of 
those QTL are due to pleiotropic effects of the m or cn loci, 
or due to recombination suppression of the large paracentric 
inversion (see “Discussion” section). However, PM resist-
ance did not seem to have any correlation with either locus.

Discussion

Phenotypic variation of morphological traits 
in the WI2757 × TL populations due to pleiotropic 
effects of the m and cn loci

In this study, we phenotyped flowering time (FT), fruit size, 
shape and number (FL, FD, LD, CN, and FN), as well as PM 
resistance in six environments in the WI2757 × TL F2 and 
RIL populations. Trait correlations and QTL analysis clearly 
suggested that, except for the true QTL underlying these 
traits, additional factors contributed to the observed pheno-
typic variation in these populations including the pleiotropic 
effects of the m and cn loci and the large chromosomal inver-
sion in WI2757 (Fig. 4; Table 3).

TL used in the present study exhibits andromonoecious 
sex expression (mm), and its fruit has five carpels (cncn) 
(Fig. 1). In cucurbits, both loci have pleiotropic effects on 
fruit size and shape (reviewed in Pan et al. 2020). Indeed, in 
segregation populations, andromonoecious plants had sig-
nificantly more fruits (larger FN) that were shorter/rounder 
(smaller FL and LD), and with higher carpel numbers than 
gynoecious or monoecious plants (Fig. 2; Table S3). Con-
sistent with this, QTL mapping identified QTL for FL, FD, 
LD, and FN that are co-localized with the m locus (Fig. 4).

At the whole population level, the mean FD values of 
andromonoecious plants were slightly lower than those in 
gynoecious and monoecious ones (Fig. 2; Table S3), which 
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probably suggests that the m locus restricts radial growth. 
On the other hand, andromonoecious plants tended to have 
slightly higher CN which is likely due to the weak link-
age of the m and cn loci which are ~ 15 Mbp away on Chr1 
(Fig. 4; Table S5). However, when only non-andromonoe-
cious plants were considered, fruits with more carpels tend 
to have slightly lower FL, but higher FD (Table S4). This 
suggests that, in the absence of the effects of the m locus, the 
cn locus seems to promote radial fruit growth, which is con-
sistent with observations in natural cucumber populations 
(Li et al. 2016), and other crops such as melon, and tomato 
(e.g., Perin et al. 2002; Monforte et al. 2004; Eduardo et al. 
2007; Barrero and Tanksley 2004; Muños et al. 2011; Rodri-
guez et al. 2011). In this study, the CN QTL was mapped to 
a region where the candidate gene (CsCLV3) of cn locus is 
located (Li et al. 2016), and the intermediate-effect QTL for 
FD (fd1.1) was co-localized with CN QTL (and the cn locus) 
(Fig. 4) supporting the pleiotropic effect of CN on FD.

It should be pointed out that the magnitude of the 
observed phenotypic correlations was dependent on environ-
ments. In addition to the m and cn loci, the large inversion in 
WI2757, and the population structure (F2 vs. RIL), environ-
mental factors (field vs. greenhouse, and culture practices) 
were also some other factors that may affect the performance 
of these traits.

The 10‑Mbp segmental inversion in WI2757

In this study, comparison of the SSR- and SNP-based link-
age maps with the physical map identified a region of strong 
recombination suppression on the long arm of cucumber 
Chr1 in the WI2757 × TL F2 and RIL populations (Tables 
S5 and S7). Linkage analysis in additional segregating popu-
lations and FISH revealed a large paracentric inversion in 
WI2757, which spanned ~ 10 Mbp (on Gy14_v2.0, from 
Marker1_19918318 to the end of Chr1; Fig. 4; Table S3). 
Inversions are the most common structural variations widely 
present in plant and animal genomes (e.g., Kirkpatrick 2010; 
Wellenreuther and Bernatchez 2018). In cucumber, Yang 
et al. (2012) identified six large inversions on three chromo-
somes (4, 5, and 7) between the cultivated (C. s. var. sativus) 
and wild (C. s. var. hardwickii) cucumbers. The ~ 10-Mbp 
inversion in WI2757 identified in this study seems to be the 
first report of large inversions within cultivated cucumbers.

A major consequence of large heterozygous inversions is 
recombination suppression in the inverted region resulting in 
transmission of genes within the inversion as a whole called 
‘supergene’ (Thompson and Jiggins 2014). A supergene 
often consists of multiple coadapted loci associated with 
speciation, local adaptation, or fitness of plants (Dobzhan-
sky 1947; Kirkpatrick and Barton 2006; Kirkpatrick 2010; 
Schwander et  al. 2014; Wellenreuther and Bernatchez 
2018). For example, in the yellow monkey flower (Mimulus 

guttatus), an inversion is associated with flowering time and 
other morphological traits in annual and perennial ecotypes 
(Lowry and Willis 2010; Lee et al. 2016). In maize (Zea 
mays), an inversion on Chr1 shows a strong altitudinal sig-
nature (Fang et al. 2012), and in Arabidopsis thaliana, a 
1.17-Mbp inversion on Chr4 shows a strong association with 
fecundity under drought stress (Fransz et al. 2016). However, 
considering the very recent history of WI2757, any claim 
of adaptive significance of this inversion in WI2757 would 
be dubious.

The origin and the roles of the large paracentric inver-
sion in WI2757 are unknown. WI2757 was released nearly 
40 years ago, and five lines were involved in the develop-
ment including Gy14, PM66, RS, 817, and EXPO (Fig. 
S1). FISH excluded three PI lines as possible donor of the 
inversion (Fig. 3c). Gy14 is the immediate donor of most 
disease resistances in WI2757. Gy14 flowers earlier than 
WI2757. From the draft genomes of Gy14 and 9930, no 
major structural changes have been observed in the inver-
sion region. Thus, it is unlikely that Gy14 carries this inver-
sion. As shown in Table S6, the average polymorphic level 
of the 6491 SLAF tags (SNPs) between WI2757 and TL 
was 12.9%, which was 26.3% for those on Chr1. We aligned 
WI2757 resequencing reads against the Gy14v2.0 draft 
genome for SNP calling. The genome-wide distribution 
of SNPs per 500Kbp window was plotted against physical 
length on each Chr (supplemental Fig. S7). The SNP poly-
morphisms in the 10-Mbp inversion region were more than 
twice of any other regions in the genome. This was probably 
due to the recombination suppression in this region and the 
high-level polymorphisms from the original donor of this 
region. This observation also hints that the inversion was not 
from Gy14, because, if this is true, we should see very low 
level of polymorphism in this region between WI2757 and 
Gy14. Conversely, we can also infer that regions with very 
low-level SNP polymorphism shown in Fig. S7 were prob-
ably derived from Gy14. Such regions are physically quite 
large, which seems to be consistent with the heavy presence 
of Gy14 in the pedigree of WI2757. One good example is 
the region harboring the cucumber staygreen gene (CsSGR) 
which is located ~ 5.0 Mbp position on Chr5 that is responsi-
ble for disease resistances against the downy mildew, angu-
lar leaf spot, and anthracnose pathogens, which has been 
shown to be derived from the original donor PI 197087 
through Gy14 (Wang et al. 2019a). The low polymorphism 
level of SNPs between WI2757 and Gy14 in this region was 
in agreement of its Gy14 origin (Fig. S7).

The df (delayed flowering) locus in WI2757 
and flowering time (FT) QTL in cucumber

Flowering time is an important trait for cucumber. Shifriss 
and George (1965) were probably the first to investigate the 
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inheritance of flowering time and seed dormancy in cucum-
ber. The wild cucumber (C. s. var. hardwickii, HARD here-
inafter) line ‘Baroda’ (PI 212896) exhibited strong seed dor-
mancy and required short day for flowering. They found that 
the delayed flowering was conditioned by a single-recessive 
locus df, which seemed to be linked with seed dormancy 
that was controlled by probably three dominant genes. Della 
Vecchia et al. (1982, 1984) suggested that the day-length 
sensitive flowering in the HARD accession PI 215589 is 
also controlled by df. Fanourakis and Simon (1987) stud-
ied the delayed flowering habit in WI2757 and proposed a 
single-recessive gene df under this trait, which was linked 
with the femaleness (F) locus at ~ 34.7 cM. This linkage of 
df with F in WI2757 was concurred by Walters et al. (2001). 
In particular, in the F2 populations from the cross between 
WI2757 and LJ90430 that is a selection from the wild 
cucumber line PI 183967, the segregation of early flowering 
and delayed flowering plants was consistent with 3:1 ratio, 
and the genetic distances between df and F or de (determi-
nate) were 0–35.4 cM. This implies that df in WI2757 and 
PI 183967 was probably allelic and was located in a region 
of Chr6 that is very close to the F/de loci (de at 24.6 Mbp 
and F at ~ 27.6 Mbp of Chr6 on Gy14v2.0) (Table S7; Wen 
et al. 2019; Li et al. 2020).

In the present study, we detected two FT QTL: the 
major-effect ft1.1 (PVE = 13.9–44.9%) and minor-effect 
ft6.4 (PVE = 14.8%) (Table 4). While the exact region 
harboring ft1.1 in WI2757 is not known due to recom-
bination suppression inside the inversion, its location is 
largely consistent with major-effect FT QTL detected in 
several previous studies (e.g., Miao et al. 2012; Lv et al. 
2014; Bo et al. 2015; Sheng et al. 2019; Wang et al. 2019b; 
reviewed by Wang et al. 2020). In particular, Sheng et al. 
(2019) conducted QTL mapping of flowering time using 
segregation populations derived from the cross between 
Gy14 and the monoecious, later flowering HARD acces-
sion PI 183967. Interestingly, Sheng et al. (2019) also 
identified two FT QTL, FT1.1 (PVE = 16.2–42.8%) and 
FT6.3 (PVE = 6.0–23.8%), which were located in the same 
1.5-LOD intervals as ft1.1 and ft6.4 detected in this study, 
respectively. However, while the alleles of both ft1.1 in PI 
183967 and ft1.1 in WI2757 contributed to late flowering, 
the allele effect of ft6.3 in HARD and ft6.4 in WI2757 had 
the opposite effect, which delayed and promoted flowering, 
respectively (Sheng et al. 2019; Table 4). The most pos-
sible location of FT1.1 QTL is in an interval from 27.6 to 
30.8 Mbp (Gy14v2.0, Sheng et al. 2019), which overlaps 
with the region of the 10-Mbp inversion (Fig. 3a), suggest-
ing that FT1.1 in HARD and ft1.1 in WI2757 are closely 
linked. However, there are two important differences in 
the late flowering habit between WI2757 and PI 183967. 
First, as mentioned above, the effect of ft6.3 and ft6.4 
on flowering in the two lines was the opposite. Second, 

flowering time in HARD is day length sensitive (short day 
promotes flowering) (Della Vecchia et al. 1982, 1984). It is 
not known if the flowering time in WI2757 is affected by 
photoperiod. Based on our observations, such day length 
requirement, if any, is not as strong as PI 183967 because 
WI2757 usually flowers earlier than PI 183967 in Wis-
consin greenhouse or field conditions. There is also no 
indication that any of those lines presented in the pedigree 
of WI2757 (Fig. S1) are day length sensitive for flower-
ing. Meanwhile, we cannot eliminate the possibility that 
the late flowering in WI2757 is caused by the paracentric 
inversion because large inversions may alter expressions 
of involved genes (e.g., Huang et al. 2018).

Considering that ft1.1 on Chr1 in both HARD and 
WI2757 is the major-effect QTL for late flowering, it is 
puzzling that the df locus was mapped on Chr6 and linked 
with the F or de loci (Fanourakis and Simon 1987; Wal-
ters et al. 2001). This raises the question if the delayed 
flowering (df) loci in HARD and WI2757 are the same 
as the flowering time QTL detected herein. One possible 
explanation is the phenotyping method of ‘delay flower-
ing’ used by Fanourakis and Simon (1987) and Walters 
et  al. (2001), which was defined as plants that had no 
flowers in the first five nodes. This definition was similar 
to the ‘first female node’ (FFN) used in QTL mapping 
studies for this trait by Yuan et al. (2008), and Miao et al. 
(2012). The mapping populations used in the four afore-
mentioned studies (Fanourakis and Simon 1987; Walters 
et al. 2001; Yuan et al. 2008; Miao et al. 2012) were from 
crosses between a gynoecious and a monoecious parental 
lines that are segregating at the F locus. The phenotyp-
ing method for FFN may be affected by the gynoecious 
sex expression controlled by the F locus. Among the nine 
FFN QTL detected by Yuan et al. (2008) and Miao et al. 
(2012), ffn1.3, ffn3.2, and ffn6.2 had the largest effects on 
FFN (PVE > 20% each), which are located in the regions 
where FT1.1, the subgynoecious QTL sg3.1, and the F 
locus were placed, respectively (Wang et al. 2020). This 
may explain the linkage of the df locus with F/de loci on 
Chr6 in WI2757 and PI 183967 (Fanourakis and Simon 
1987; Walters et al. 2001). In this context, the df locus 
first proposed by Shifriss and George (1965) to define 
the delayed flowering in the wild cucumber line Baroda 
is consistent with ft1.1 detected in the present study and 
Sheng et al. (2019). An indirect evidence to support this is 
the linkage of ‘delayed flowering’ and seed dormancy in 
Baroda because a major QTL for seed dormancy in wild 
cucumber seems to be located on Chr1 (unpublished data).
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QTL for fruit size/shape/number, and PM resistance 
in the WI2757 × TL populations

Nearly, 200 QTL for fruit size, shape, and weight have been 
identified in cucumber. Pan et al. (2020) reviewed the litera-
ture and proposed 19 consensus fruit size (FS), and 11 fruit 
shape (FSI or LD) QTL that could explain the majority of 
fruit size and shape variation observed so far in cucumber. In 
this study, we identified six FL QTL (fl1.1, fl1.2, fl3.1, fl4.1, 
fl4.2, and fl6.1), six FD QTL (fd1.1, fd1.2, fd4.1, fd5.1, fd6.1, 
and fd6.2), and five LD QTL (ld1.1, ld1.2, ld3.1, ld6.1, and 
ld6.2) (Table 4). Based on their chromosomal locations, the 
relationships of these QTL with previously detected con-
sensus QTL are listed in supplemental Table S9. All these 
QTL seem to overlap with the consensus FS or FSI QTL 
proposed by Pan et al. (2020) except for fd4.1. Since fd4.1 
was detected only in one season (WI2015), additional work 
is needed to validate this QTL.

In this study, five major-effect QTL (ft1.1, fl1.2, fd1.2, 
ld1.2, and fn1.1) and two minor-effect QTL (cn1.2, and 
pm1.1) were mapped inside the inversion that also harbors 
the M locus (Tables 3, 4; Fig. 4). Previous studies have 
shown pleiotropic effects of the andromonoecious m locus 
on fruit size and shape (Pan et al. 2020). Thus, as discussed 
early, the four QTL, fl1.2, fd1.2, ld1.2,, and fn1.1, detected 
in the WI2757 × TL populations are likely due to pleiotropy 
of the m locus, which could be evidenced from the signifi-
cant correlations observed in the segregating populations 
discussed early (Table 2). However, we cannot eliminate the 
possibility that true FL, FD, and LD QTL are located in this 
region, which are closely linked with the m locus. For exam-
ple, the CsSUN is a candidate gene for the fruit size QTL 
FS1.2, which is only 200 kb away from the m locus (Pan 
et al. 2017a, 2020). Due to the recombination suppression, 
we will not be able to prove either possibility in the popula-
tions we used in this study.

Two previous studies investigated the genetic basis of 
fruit number (FN) in cucumber. Pan et al. (2017b) detected 
four QTL (fn1.1, fn3.1, fn6.1, and fn7.1) with the F2:3 popu-
lation derived from the cross between WI7200 and WI7167. 
Sheng et al. (2019) also identified four FN QTL (fn1.1, fn2.1, 
fn4.1, and fn6.1) used Gy14 × HARD (PI 183967) segregat-
ing populations, but none of these FN QTL from the two 
early studies physically overlap. In the present study, in 
additional to the major-effect QTL fn1.1, which is likely the 
pleiotropic effect of the m locus, we detected five additional 
FN QTL with intermediate or minor effects (fn3.1, fn4.1, 
fn5.1, fn6.1, and fn7.1) (Table 4). The TL alleles of all except 
fn5.1 contributed to increase of FN, suggesting that the 
higher fruit number in TL could also be contributed by other 
genetic loci. Among the six FN QTL, only fn7.1 seems to co-
localize with fn7.1 detected by Pan et al. (2017b) (Table S9). 
While additional work is needed to confirm/validate these 

QTL, these observations revealed a complex genetic basis of 
FN variation in this population, which is likely affected by 
many factors such as plant architecture, sex expression, fruit 
size/weight, as well as environmental conditions.

The genetic basis of PM resistance (PMR) at the seed-
ling stage in WI2757 has been previously investigated in 
a WI2757 × TL F2:3 population with artificial inoculation 
under controlled environments (greenhouses) (He et al. 
2013). In the early study, six PMR QTL, pm1.1, pm1.2, 
pm3.2, pm4.2, pm5.2, and pm5.3 (pm-h, for hypocotyl resist-
ance) were identified with the WI2757 alleles of pm3.2 and 
pm4.2 contributing to susceptibility (He et al. 2013). In this 
study, QTL mapping of PMR was conducted on adult plants 
of RILs from the same cross under natural infection in open 
fields. Five of the six QTL shared between the two studies, 
suggesting that these QTL are effective on both seeding and 
adult-plant stages. Besides, more minor-effect QTL were 
detected in the RIL population, which might be due to the 
different environments or development stages of plants in 
these two studies. In both studies, pm5.3 had the strongest 
effect for PM resistance, which was co-localized with the 
well-characterized loss-of-susceptibility R gene,and the mlo 
locus for PM resistance in cucumber (Berg et al. 2015; Nie 
et al. 2015a, b).

Wang et al. (2020) reviewed the literature in cucumber 
on QTL mapping studies and summarized 19 PM resist-
ance QTL so far identified in cucumber. Among the nine PM 
QTL identified in the present study, the 1.5-LOD support 
interval of pm3.3 did not overlap with any reported QTL 
(Table S9). However, pm3.3 was only detectable in the first 
rating of WI2016RIL, and further work is needed to verify 
its existence.

Use of WI2757 in cucumber breeding: perspectives

The multiple disease-resistant WI2757 has been an 
important germplasm for cucumber breeding. In the pre-
sent study, we identified a large paracentric inversion 
of ~ 10 Mbp in size in Chr1 in WI2757 (Fig. 3). No known 
single genes or major-effect QTL for disease resistances in 
WI2757 were mapped in this inversion region (Wang et al. 
2020). Thus, if WI2757 is to be used as the donor for these 
disease resistances in cucumber breeding, this inversion 
should not constitute as a major obstacle. However, Iez-
zoni and Peterson (1980) found linkage between bacterial 
wilt (BW) resistance and andromonoecious sex expression 
(m locus) in cucumber. If the BW resistance in WI2757 is 
also located in this region, it may be difficult to use this 
resistance in WI2757. Overall, the late flowering and poor 
field performance of WI2757 remain a nuisance for its use. 
The later flowering of WI2757 is likely associated with 
the major-effect QTL ft1.1 inside the large inversion. It is 
not known if the poor field performance of WI2757 is also 
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linked with this inversion or is due to a fitness cost associ-
ated with the multiple disease resistances. To overcome 
these shortcomings, one possible solution is to replace the 
long arm of Chr1 in WI2757 (thus the inversion) through 
marker-assisted selection.

Large inversions bear extensive, long-range linkage dis-
equilibrium due to recombination suppression, which may 
influence genome-wide association analysis (e.g., Nordborg 
et al. 2002; Fang et al. 2012; Fransz et al. 2016). In the 
inversion region, there is a very high level of SNP polymor-
phisms between WI2757 and other cucumber lines (Fig. S7), 
which may influence on estimation of population structure 
and GWAS analysis if WI2757 is present in the association 
panel. Therefore, caution should be exercised in using the 
germplasms that have large chromosome inversions such as 
the wild HARD cucumbers (Yang et al. 2012) and WI2757 
in GWAS analysis of cucumber.
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