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Fine mapping of the pleiotropic locus B for black spine and orange
mature fruit color in cucumber identifies a 50 kb region
containing a R2ZR3-MYB transcription factor

Yuhong Li - Changlong Wen - Yiqun Weng

Received: 27 January 2013/ Accepted: 8 May 2013 /Published online: 21 May 2013

© Springer-Verlag Berlin Heidelberg (outside the USA) 2013

Abstract In cucumber, Cucumis sativus L., the spine and
skin colors are two important fruit quality traits for variety
improvement. In this study, we investigated the inheritance
of spine and mature fruit skin colors in F, and F3 popula-
tions derived from a cross between two inbred lines
WI7200 (black spine and orange fruit skin colors) and
WI7201 (white spine and creamy fruit skin colors). We
confirmed that a single, dominant gene, B, controlled both
black spine color and orange mature fruit color. Initial
framework mapping with microsatellite markers located
the B locus in the distal region of the short arm of
cucumber chromosome 4. Fine mapping was conducted
with draft genome scaffold-assisted chromosome walking
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and stepwise increase of mapping population sizes, which
allowed for the assignment of the B locus to a 50 kb
genomic DNA region with two flanking markers that were
0.06 and 0.09 cM, respectively, from the B locus in a
mapping population of 2,001 F, plants. Gene annotation of
this 50 kb region identified six genes including one
encoding for a R2R3-MYB transcription factor. Sequence
alignment of the R2R3-MYB homologs between the two
parent inbreds identified a 1 bp deletion in the third intron
of this gene in WI 7201. A molecular marker based on this
indel was co-segregating with the spine and fruit colors.
Quantitative RT-PCR revealed higher level of expression
of this R2R3-MYB gene in WI7200 than in WI7201 in
both immature and mature fruits. This R2R3-MYB gene
seems to be the best candidate gene for the B locus con-
ditioning black spine and orange mature fruit colors of
cultivated cucumber.

Introduction

Cucumber, Cucumis sativus L. (2n = 2x = 14), which
belongs to the gourd family Cucurbitaceae, is an eco-
nomically important vegetable crop worldwide. Its imma-
ture fruits are consumed fresh or cooked, or processed as
pickles. Fruit-related characteristics are considered the
most important traits for cucumber varietal improvement.
As such, considerable attention has been placed on fruit
quality. A number of simply inherited genes have been
identified for skin texture, fruit color, spine characteristics,
and internal quality (reviewed in Pierce and Wehner 1990).
Several genes for fruit skin texture were found tightly
linked which include heavy netting (H), smooth (tu), dull
fruit skin (D), fruit ribbing (Fr), uniform immature fruit
color (1), numerous spines (ns), small spines (ss), and
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tender fruit (ze) (Fanourakis and Simon 1987; Vakalouna-
kis 1992; Walters et al. 2001; Yuan et al. 2008; Miao et al.
2011). Interestingly, specific allele combinations of these
genes are characteristic of different market classes. For
example, the European greenhouse cucumbers often have
uniform immature fruit color (), smooth (f«) and glossy
(d) fruits with heavy fruit netting (H) and tender skin (te).
Meanwhile, typical fresh market north China cucumbers
have ribbed (Fr) and dull (D) fruits with non-netting (%),
and American cucumbers are generally warty (7u), mottled
(U) with dull (D), thick skin (7e) but no ribs (fr).

The fruit spine is an important trait for cucumber fruit
quality. Cucumber varieties differ in spine size (large vs.
small), density (numerous vs. very few) and color (black or
brown vs. white). Genetic studies indicated that black or
brown spines are dominant to white and controlled by a
single gene, B (Strong 1931; Tkachenko 1935; Fanourakis
and Simon 1987; Vakalounakis 1992; Walters et al. 2001).
Shanmugasundarum et al. (1971) found different segrega-
tion ratios among the F, and BC; progeny from crosses of
cucumber line 9362 with PI 212233 and Pixie, and sug-
gested two dominant genes, B and B2 (Pierce and Wehner
1990) controlling spine color in cultivated cucumber. The
spine color in the wild cucumber C. sativus var. hardwickii
seems to be under control by a different genetic mecha-
nism. Cowen and Helsel (1983) crossed white-spined cul-
tivated cucumber lines and black-spined wild cucumber
line LJ90430, and found that the black spine color was
controlled by two genes (9 black:7 white in F,), which was
also observed in Walters et al. (2001) and our studies
(unpublished data). The two genes in C. sativus var.
hardwickii were designated B3 and B4, respectively (Pierce
and Wehner 1990). The allelic relationship of B with either
B3 or B4 is unknown. Nevertheless, in a cross between
white-spined cultivated cucumber with the wild cucumber,
Pitchaimuthu et al. (2012) found brown spine color in the
C. s. var. hardwickii line was controlled by a single dom-
inant gene. Therefore, more work is needed to clarify the
inheritance of spine color in the wild cucumber.

Like other cucurbit crops, cucumber exhibits a wide
spectrum of fruit skin colors. The immature fruit color can
vary from light green, green, dark green, yellow green to
white, and the mature fruits (30—45 days after anthesis) can
be from white, creamy, light green, green, dark green,
yellow, orange to red. Hutchins (1940) was the first to
study mature fruit color in cucumber who grouped the
colors into four classes (red, orange, yellow, and cream)
and suggested two genes, R and C, controlled these colors.
According to Hutchins (1940), dominant alleles at both loci
(R_C_) produced red fruit, dominance at the R locus (R_cc)
produced orange fruit, dominance at the C locus (rrC_)
produced yellow fruit, while homozygous recessive (rrcc)
produced cream-colored fruit. Peterson and Pike (1992)
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studied the inheritance of green mature fruit color, and
proposed two major genes (R and Gn) in which R_ _ _ for
orange, rrgngn for green, rrGnGn for cream, and rrGngn
for an intermediate color between cream and green mature
fruit colors. Both Hutchins (1940) and Peterson and Pike
(1992) noted that the spine color was pleiotropic or tightly
linked with the R locus. That is, fruits with black spines had
red or orange mature fruit color in cultivated cucumbers.
This association was also observed in several other studies
(Fanourakis and Simon 1987; Vakalounakis 1992). How-
ever, in wild cucumber the association of black spine color
and orange/red mature fruit color does not seem to be true
(Cowen and Helsel 1983).

Compared with field crops, the genetic and genomic
resources of cucumber are relatively limited, but the
availability of cucumber draft genome sequences (Huang
et al. 2009; Woycicki et al. 2011; Yang et al. 2012) makes
it possible to develop molecular markers for a number of
fruit quality-related genes like H (heavy netting), Tu (warty
fruit), D (dull fruit skin), Fr (fruit ribbing), and u (uniform
immature fruit color) (Yuan et al. 2008; Zhang et al. 2010;
Miao et al. 2011). No molecular markers are available for
spine and fruit colors, which are important for both
cucumber varietal development and understanding the
domestication of cucumber (Sebastian et al. 2010). In the
present study, the inheritance of fruit spine color and
mature fruit skin color in cucumber was analyzed using an
F, population derived from WI7200 (black-spined, orange
mature fruit) and WI7201 (white-spined, creamy mature
fruit). Molecular markers closely linked to the spine or
mature skin color gene were developed. Fine genetic
mapping allowed for identification of a candidate gene for
the B locus.

Materials and methods
Plant materials and mapping populations

Two cucumber inbred lines, WI17200 and WI7201 were
used to develop segregating populations for spine color and
mature color of fruits. WI7200 and WI7201 were selfed for
four generations from two plant introduction lines PI
249561 and PI 308915, respectively. The fruits of WI7200
had coarse, black spines and orange mature fruit color,
whereas WI7201 had fruits with large, coarse, white spines,
and light green to creamy mature fruit color (Fig. 1).
Three mapping populations with increasing sizes, F2-S
(small), F2-M (medium) and F2-L (large) from the
WI7200 x WI7201 mating were used for linkage analysis
of the black spine B locus with molecular markers, which
contained 137 F,.3 families, 543 F, and 2,001 F, plants,
respectively (successively larger population included plants
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Fig. 1 Spine and mature fruit skin colors of parental lines (a, ¢), F;
(b) and F, plants in the greenhouse (d) or field (e) from the
populations derived from WI172000 and WI7201. Insets in a and ¢ are

from the previous smaller one). These populations were
also employed in a previous study for fine mapping of the
compact plant growth habit gene cp by Li et al. (2011a),
but the F2-L population for fine mapping of the black spine
locus B was larger in this study.

Phenotypic data collection

Two parents, Fy, F,, and F5 family plants were grown both
in the Walnut Street Greenhouse of the University of
Wisconsin-Madison and the field (Hancock Agriculture
Research Station, Hancock, WI, USA) from 2009 fall
greenhouse to 2012 summer field seasons. For each Fj
family, at least 15 individuals were planted and scored for
segregation at the fruit spine color and mature fruit skin

enlarged black and white fruit spines of 7200A and 7201A,
respectively, under a dissecting microscope

color loci. For each recombinant F, plant defined in an
interval with two flanking markers, at least 30 F,-derived
F; plants in each family were scored to infer the genotype
at the B locus in the F, plant. The colors of fruit spines
(white or black) were taken in young, immature fruits
(within 20 days after pollination). Mature fruit colors were
visually scored as creamy or orange at 30-45 days after
pollination in both the greenhouse and field trials.

Molecular marker development and mapping strategy
In our earlier study (Li et al. 2011a), we developed a
cucumber linkage map using 46 plants from the same

WI7200 x WI7201 F, population. Initial linkage analysis
placed the B locus for the black spine in the distal region of
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the short arm of chromosome 4 linked to the microsatellite
(or SSR, simple sequence repeat) marker SSR14026. A
whole genome scaffold-based chromosome walking strat-
egy was taken to identify more closely linked markers with
this gene. Draft genome scaffold assemblies from both the
Gyl4 (Version 1.0) (Yang et al. 2012) and 9930 (Version
2.0) (Lietal. 2011b) cucumber lines were used. In the target
region of the scaffolds associated with SSR14026, new SSR
markers were selected from a collection of 83,689 SSRs that
were developed from the Gyl4 draft genome assembly
(Cavagnaro et al. 2010; Yang et al. 2012). If no suitable
SSRs were available, new SSRs were developed from the
target region using the SSR Locator program (available at
http://minerva.ufpel.edu.br/ ~ Imaia.faem/) (da Maia et al.
2008). The uniqueness of expected PCR products from
these newly developed SSR primer pairs was verified
through in silico PCR (Cavagnaro et al. 2010).

When SSR markers were exhausted in the target region,
DNA fragments at selected intervals from WI7200 and
WI7201 were sequenced. Single nucleotide polymorphisms
(SNPs) and indels (insertion/deletions of DNA sequences)
were identified in these sequences as new markers. Pro-
cedure for DNA sequencing and SNP or indel discovery
followed Li et al. (2011a). For SNP genotyping, SNP-based
PCR amplification of multiple specific alleles (PAMSA)
(Gaudet et al. 2007), CAPS (cleaved amplified polymor-
phic sequence) (Neff et al. 1998) or derived CAPS
(dCAPS) (Michaels and Amasino 1998) markers were
developed. For PAMSA marker, three primers, a forward
common primer and two reverse allele-specific primers
were designed. Tails of different lengths, 5 bases for one
primer and 15 for the other primer were added to each of
the two allele-specific primers to obtain a difference of
10 bp between the amplification products (Gaudet et al.
2007). Primers for CAPS and dCAPS markers were
designed with Primer Premier 5.0 (http://www.premierbio
soft.com/) and dCAPS Finder 2.0 (Neff et al. 2002),
respectively.

All newly developed markers were first mapped with the
F2-S population to identify co-segregating markers, which
were then applied to F2-M population to find recombinant
plants in a region defined by flanking markers. Finally, fine
mapping was performed in the F2-L population with clo-
sely linked or co-segregating markers.

DNA exaction, PCR amplification of molecular markers
and gel electrophoresis was conducted as described in Li
et al. (2011a).

DNA sequencing, annotation and gene prediction,
and candidate gene identification

To clone candidate gene sequences for the B locus from
WI7200 and WI7201, sequencing primers were designed
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using Primer Premier 5.0 in the predicted gene region.
Each primer pair was designed such that the expected
amplicon size was from 600 to 900 bp, and neighboring
primer pairs were designed to amplify PCR products with
at least 100 bp overlap with preceding fragment. Gene
prediction in target genomic DNA regions was performed
with the computer program FGENESH (Salamov and
Solovyev 2000) (http://sunl.softberry.com/) and checked
manually. Candidate gene sequence alignment between
two parental lines was performed using the software Clu-
stalW2 (Larkin et al. 2007).

Quantitative reverse-transcription PCR (qPCR) analysis
of candidate gene

The skins and associated spines of immature (3 days after
pollination) and mature (30 days after pollination) fruits
from both parents were peeled off with a knife and flash
frozen in liquid nitrogen. There were two biological rep-
lications (2 fruits from 2 plants) for each parent. Total
RNA was isolated with RNeasy Plant Mini Kit (Qiagen,
Germany) following manufacturer’s instructions. The first-
strand cDNA synthesis was performed using RevertAid™
First Strand cDNA Synthesis Kit (Fermentas, USA). All
experiments were performed with two biological and three
technical replicates. Primers of the R2R3-MYB candi-
date gene were designed with the Oligo 6 program
(http://www.oligo.net/). The cucumber ubiquitin extension
protein gene was used as the reference (Wan et al. 2010).
Quantitative real-time PCR was performed using the SYBR
Green PCR master mix (Applied Biosystems Inc., USA) in
iCycler iQ™ 5 Multicolor Real-Time PCR detection sys-
tem (Bio-Rad, USA) following Xia et al. (2009) with three
technical replications. Relative quantification was calcu-
lated according to Livak and Schmittgen (2001). The
threshold cycle (C;) value of ubiquitin extension protein
was subtracted from that of R2ZR3-MYB to obtain a AC;
value. The C; value of control sample WI7201 was sub-
tracted from the AC; value to obtain a AAC, value. The fold
changes in expression level relative to WI7201 were

expressed as 272AC,

Data analysis

Chi-square tests were performed for goodness-of-fit on
phenotypic data of spine color and mature fruit color to test
for deviations from the expected 1:2:1 segregation ratio in
F,.; populations (3:1 for segregation in the F, populations).
Linkage analysis of the B (black spine) and orange mature
fruit color loci with molecular markers was performed with
the Kosambi mapping function using JoinMap 3.0 with the
threshold LOD score of 6.0.
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Results
Inheritance of fruit spine color and mature fruit color

Spine colors, black in WI7200, and white in W17201, could
be scored easily on young developing fruits after pollination.
The spines gradually fell off the fruit when the fruits grew
toward maturity, which started approximately 3 weeks after
pollination. The spine color and mature fruit skin color on
the fruits of F; plants was black and orange, respectively,
indicating the dominant nature of black to white spines, and
orange to white mature fruit color (Fig. 1b).

In 2009 greenhouse season, among 137 F, plants from
WI7200 x WI7201, 30 had fruits with white spines, and
107 with black spines (P = 0.40 for 3 black to 1 white
segregation ratio). In 2010 field season, of the 126 avail-
able F,-derived F; families, 30 were homozygous white
(bb), 35 homozygous black (BB), and 61 heterozygous
black (Bb) at the spine color locus (P = 0.82 in ;{2 test
against 1:2:1 expected segregation ratio). Meanwhile,
among the 406 F, plants from the same cross growing in
the field, 115 had white-spined and 291 had black-spined
fruits (P = 0.12 in »* test against 3:1 segregation ration).
For the 1,458 F, plants for fine genetic mapping, segre-
gation at the B locus was 344 bb (white spine):1,114
B_ (black spine) (P = 0.22 in y* test against 3 black:1
white). These segregations supported earlier studies
(Tkachenko 1935; Fanourakis and Simon 1987; Vakalounakis
1992) that black fruit spine color in cultivated cucumber is
controlled by a single dominant gene B.

In both parental lines and segregating populations,
mature fruit colors could largely be classified as creamy or
orange. However, depending on developmental stage or
environmental conditions, some variations were observed.
The creamy category could be light green under greenhouse
conditions, or white with light yellow hues in the field,
especially when the fruits were exposed to direct sun for
extended time. More variations were observed in the orange
category which varied from yellow to orange, brown or red
(Fig. 1). However, all fruits with black spines were classi-
fied into the orange category, and all white-spined fruits into
the creamy category. No recombinants were observed
suggesting black spine color and orange mature fruit skin
color were controlled by the same gene (see “Discussion”).
Following Pierce and Wehner (1990), we assigned the gene
symbol R for the orange mature fruit color in WI7200, and
rr for white/creamy fruit color in WI17201.

Chromosome location and molecular markers
for the black spine locus B

In our previous study, a framework cucumber genetic map
was developed using 46 WI7200 x WI7201 F, plants

which was segregating for plant growth habit (compact
vining type by gene cp) and spine color (black spine color
controlled by gene B) loci (Li et al. 2011a). The map for
chromosome 4 with 35 mapped loci is shown in Fig. 2a.
Information of these 35 SSRs is provided in Table Sl
(online materials). Initial linkage analysis indicated that the
B locus was in the distal region of the short arm of chro-
mosome 4 co-segregating with SSR07209 (Fig. 2a), which
is physically located in the Gyl14 scaffold00919 (Cavag-
naro et al. 2010). We tested 144 additional SSR markers
located in this scaffold and identified 15 polymorphic ones.
Among the 15, four (UW084260, UW084262, UW084366,
and UWO084367, Table S2 of online materials) showed
segregation distortion (paternal inheritance) in the F2-S
mapping population; 11 were mapped with SSR07209
remaining the closest marker to the B locus on the resulting
map (Fig. 2b).

To identify flanking markers for the B locus, new SSR
markers were developed based on the cucumber genetic and
physical maps across this region (Ren et al. 2009; Weng
et al. 2010; Yang et al. 2012). Forty-eight primer pairs were
designed from five scaffolds of the Gyl4 draft genome
assembly, which included scaffold00968, scaffold01936,
scaffold04158, scaffold02511, and scaffold02901. Six
polymorphic markers were identified and placed on the
genetic map with 137 F,.; families. Among them, two
(SSR84781 and SSR84783) were 2.8 and 3.3 cM away from
the B locus, respectively; four (UW024693, UW049135,
UWO058682, and UW083447) were at the distal end of the
long arm of chromosome 4 (Fig. 2b). Now the closest
flanking markers were UW084781 and SSR07209 that were
2.8 and 0.4 cM away from the B locus, respectively. The
names, associated scaffolds and scaffold locations of all
markers on the map are listed in Table S2. The order of these
mapped loci was consistent with their physical positions in
the scaffolds.

Fine mapping of black fruit spine locus B

Because SSR07209 and UWO084781 flanking the B locus
belong to two different scaffolds in either the Gyl4 (scaf-
fold00919 and scaffold02901) or 9930 (scaffold000009_1
and scaffold000192) draft genome assembly (Table S2), the
physical distance between the two markers remains
unknown. However, since SSR07209 was only 0.4 cM
away from the B locus, it was still possible that B is in the
distal ~564 kb region of Gy14 scaffold00919. We decided
to explore STS markers across this region. To increase the
chance of finding SNPs or indels between the two parents,
we hypothesized that the regions with high level of poly-
morphisms between the 9930 and Gyl4 draft genomes
could potentially also be more polymorphic between
WI7200 and WI7201. Thus, we aligned genomic DNA
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Fig. 2 Fine genetic-physical maps of black spine B locus. a A
framework linkage map based on 46 F, plants from
WI7200 x WI7201 and 35 SSR markers. The spine color locus
(B) is placed in the distal region of the short arm of chromosome 4.
b Chromosome location of B locus and molecular markers based on
137 F,.; families. Vertical bars delimit co-segregating marker loci.

sequences in the ~564 kb region between 9930 scaf-
foldO00009_1 and Gyl4 scaffold00919, and identified
regions with a minimum of six SNPs per 1,000 bp. We also
annotated this 564 kb region. Gene predictions identified a
R2R3-MYB transcription factor, which is known to be
important in controlling fruit coloring in many fruit crops
(see “Discussion”). STS primers were designed in 25
selected DNA fragments including this R2ZR3-MYB gene
region. PCR products from WI7200 and WI7201 were
sequenced; 34 SNPs and two indels in four DNA fragments
were identified between the two parents. Four CAPS,
dCAPS, PAMSA, or indel markers (one from each frag-
ment) were designed and run in the segregating population
(F2-M). The SNP marker MYB-1dCAPS developed within
the R2R3-MYB gene region co-segregated with the black
spine color locus (B) in 543 F, plants (F2-M mapping
populations) (Fig. 2c). In addition, two markers,
UWSTS0079 and SSR07209, flanked the B locus in a
440 kb genomic DNA region (Table S2).
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(543 F plants)

(2,001 F;plants ) Predicted genes

¢ A high-resolution linkage map based on 543 F,.; families. d The
fine genetic map in the spine color gene (B) region based on 2,001 F,
plants. e Six genes annotated in a 50 kb regions defined by two
flanking markers of the B locus. The sixth R2R3-MYB is the most
possible candidate gene

A new set of 1,458 F, plants were screened with
SSR07209 and UWSTS0079, from which 93 recombinants
across this interval were identified. The marker MYB-
1dCAPS was used to genotype the 93 recombinant plants.
While MYB-1dCAPS was still co-segregating with the
B locus in this fine mapping population, there were 64 and
29 recombinants in the two intervals defined by the marker
pairs UWSTS0079-MYB-1dCAPS and MYB-1dCAPS-
SSR07209, respectively.

To further narrow down the region carrying the B locus,
additional SSR markers from the 440 kb region between
UWSTS0079 and SSR07209 were identified. Among 54
SSRs tested, 2 (UW019329 and UW019198) were mapped
in this region, which was 0.91 and 0.79 cM, respectively,
from the B locus, thus assigning B to a 237 kb interval
(Fig. 2d; Table S2). Next, we designed STS primers to
amplify and sequence 20 DNA fragments in this 237 kb
region, which allowed for identification of SNPs in four
fragments between WI7200 and WI7201. Four SNP-
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derived CAPS or dCAPS markers were developed, and
three (SP-dCAPS-1, SP-dCAPS-2 and SP-dCAPS-3) were
successfully mapped (the marker UWSTS00067 showed
paternal inheritance). Linkage analysis with 2,001 F, plants
indicated that both MYB-1dCAPS and SP-dCAPS-2 co-
segregated with the B locus, whereas SP-dCAPS-1 and SP-
dCAPS-3 flanked the B locus at 0.06 and 0.09 cM away,
respectively, which is approximately 50 kb in the Gyl4
scaffold00919 (Fig. 2d, e; Table S2).

Genes predicted in the black spine/orange mature fruit
color region

Using the FGENESH program, in the 237 kb genomic
region delimited by UW019329 and UW019198, 39 genes
were predicted, and six were in the 50 kb region defined by
SP-dCAPS-1 and SP-dCAPS-3 (Fig. 2d, e). The predicted
functions and associated information of all 39 genes are
presented in Table S3 (online materials). Among the six
genes in the 50 kb region, the gene encoding a R2ZR3-MYB
transcription factor seemed to be a good candidate for the
B gene because of co-segregation. We cloned the R2R3-
MYB gene homologs from both WI7200 and WI7201,
which were 2,612 and 2,611 bp, respectively. Gene anno-
tation suggested three exons and four introns in this gene.
Alignment of the R2R3-MYB candidate gene sequences
revealed only one base pair difference between the two
parental lines: a 1-bp (T) insertion in the third intron in
WI7200 (Fig. S1 of online materials).

Expression level of MYB candidate gene in immature
and mature fruits

Primer sequences for both reference and MYB candidate
genes used in qPCR analysis are provided in Table S4
(online materials). The expression levels of the R2R3-
MYB candidate gene in the skins of immature and matures
fruits of both parents were measured (Fig. 3), and expres-
sion of this candidate gene was 1.7 and 2.5 times as high in
WI 7200 (black spine) as compared to WI 7201 (white
spine) (significantly higher, P < 0.05 in ¢ tests).

Discussion

Inheritance of spine and mature fruit skin color
in cultivated cucumber

Results from this study support a dominant gene, B control-
ling black spine in cultivated cucumber, which is consistent
with previous studies (Strong 1931; Tkachenko 1935;
Vakalounakis 1992; Walters et al. 2001). Among the thou-
sands of plants observed in our segregating populations, all

m'WI7200 wi7201

Relative Transcript Abundance

04 T
Immature Mature

Ripening Stage

Fig. 3 Expression of R2R3-MYB candidate gene in immature and
mature fruits of WI7200 and WI7201 from qPCR analysis. Data are
the means of three replicates (£SD). Relative transcript abundance
used WI7201 as the reference

black-spined fruits had yellow, orange or red mature fruit
colors, and all white-spined fruits had light green or creamy
mature fruit colors. This association is consistent with earlier
reports (e.g., Tkachenko 1935; Fanourakis and Simon 1987;
Vakalounakis 1992). However, our results do not support the
proposal by Hutchins (1940) that two genes, R and C, control
the orange or red mature fruit color in cucumber. The dis-
crepancy in segregation ratios of mature fruit colors between
the present study and Hutchins (1940) may be due to dif-
ferent lines employed. Hutchins (1940) scored four mature
fruit skin colors as 9 red:3 orange:3 yellow:1 cream in an F,
population. In our study, all fruits were classified into two
categories: orange which may include red, brown, orange,
yellow, and light yellow, and creamy which may include
green, light green, cream, and white (Fig. 1). Noticeably, the
fruits on the same plant may exhibit different colors within
the same category depending on the development stage, or
node positions of the fruit. The variations in color devel-
opment may also be due to environmental factors, such as
light and temperature during fruit development, which have
been observed in many other fruit crops (e.g., Piero et al.
2005; Ubi et al. 2006; Feng et al. 2010; Azuma et al. 2012).

Cucumber spines are multicellular, non-glandular tric-
homes developed from epidermal cells of the fruit skin
(Fig. 1a, c, insets), which are similar in shape and structure
to leaf trichomes (Guan 2008). This is also evidenced by
the fact that no trichomes (spines) could be seen on either
the foliage or the fruit surface in the glabrous mutant of
cucumber (Yang et al. 2011). Considering the organogen-
esis of spine and the association of black spine color with
orange mature fruit color, it is reasonable to conclude that
the mature fruit skin color and spine color in cultivated
cucumber may be controlled by the B gene.

In cucumber, four genes have been identified that are
related with fruit spines: B for black spine, ns for numerous
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spines, ss for small spines, and gl (glabrous) for trichomes
formation (Pierce and Wehner 1990). Gene gl-2 controlling
presence or absence of trichomes on the foliage or fruit was
mapped in chromosome 2 (Yang et al. 2011). The two
genes ss and ns were located in a cluster of genes (u, D, Fr,
te, Tu) in chromosome 5 controlling fruit epidermal fea-
tures (Fanourakis and Simon 1987; Vakalounakis 1992;
Walters et al. 2001; Yuan et al. 2008; Zhang et al. 2010;
Miao et al. 2011). In this study, we placed the black spine
locus B on the short arm of chromosome 4 (Fig. 1).
Therefore, genes controlling spine characteristics in
cucumber are clearly located in different chromosomes.

Genetics mapping of the B locus

By stepwise increase of the mapping population sizes and
taking advantage of the Gyl4 and 9930 draft genome
assemblies, we were able to identify a candidate gene for
the B/R locus. Nevertheless, map-based cloning in the
cucumber genome remains non-trivial. In the 564 kb
region of Gyl4 scaffold00919 between SSR07209 and the
distal end (Fig. 1), among 160 SSR and 45 STS (~30 kb
DNA sequences) markers screened, only two SSR markers
(UWO019198 and UWO019329) and five SNPs-derived
markers were successfully mapped. While cultivated
cucumber has in general low genetic diversity (Weng et al.
2010; Li et al. 2011a), one important reason for the low
success rate in the present study was the ~440 kb region
between SSR07209 and UWSTS0079 in which a number
of markers showed paternal inheritance in the mapping
population (Table S2). Segregation distortion is often
encountered in genetic mapping studies in cucumber (e.g.,
Yuan et al. 2008; Weng et al. 2010; Miao et al. 2011), but
complete paternal inheritance of markers as found in the
present study is not common. In Cucumis species, the
mitochondrial genome exhibits paternal inheritance (Havey
et al. 1998). There are intracellular transfers of DNA
sequences between the nuclear and mitochondrial genomes
(Alverson et al. 2011). However, when the 440 kb
sequences were BLASTed against the cucumber mito-
chondrial genome assembly (Alverson et al. 2011), no
significant hits were found. The paternal inheritance of
markers in this region may be genotype specific, because
molecular markers developed from this region (scaf-
fold00919) segregated normally in other populations we
have worked with (for example, Yang et al. 2012). The
reason for this phenomenon may need further investigation.

R2R3-MYB as the candidate gene for black spine
or orange mature skin color in cucumber

Anthocyanins are water-soluble flavonoids that are respon-
sible for the red, blue, and purple colors in plants (Tanaka
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et al. 2008). In almost all plant species studied so far,
structural genes of the flavonoid biosynthetic pathway are
largely regulated at the level of transcription through a
complex of MYB transcription factors, basic helix-loop-
helix (bHLH) TFs and WD repeat proteins (reviewed by
Hichri et al. 2011). Most MYB transcription factors regu-
lating the flavonoid biosynthetic pathway belong to the
R2R3-MYB type which comprises one of the largest fami-
lies of transcription factors in plants (Feller et al. 2011). In
the cucumber genome, there are approximately 55 members
in the R2R3-MYB family (Li et al. 2012). Most genes cloned
so far that are responsible for fruit color changes belong to
the R2R3-MYB family (Hichri et al. 2011). For example in
grapevine (Vitis vinifera), a deletion in the coding region of
the VvmybAl gene was responsible for the change of fruit
color from black to white (Yhaushiji et al. 2006); moreover,
a retrotransposon insertion in the promoter region of the
same gene changed skin color from red to white (Kobayashi
et al. 2004). In apple (Malus domestica), a 23-bp repeat
motif in the promoter of the MdMYB10 gene is found only in
red-fleshed apples (Espley et al. 2009); meanwhile, meth-
ylation levels of the MYB10 gene promoter region correlates
with the peel phenotypes (Telias et al. 2011).

In the present study, fine genetic mapping identified a
R2R3-MYB transcription factor that seems to be the best
candidate gene for both the black spine color and orange
mature fruit color. The expression of black spine color
occurs very early in fruit development, while skin color
develops progressively from green or light green to light
yellow, yellow, orange or red. The development of mature
fruit color in WI7200 is likely due to biosynthesis of
anthocyanin (Weng et al., unpublished data). How the same
R2R3-MYB gene regulates the biosynthesis of anthocyanin
for color expression in the spine and fruit skin requires
further investigation. No changes except a single nucleotide
insertion in the third intron of WI7200 were found at the
DNA sequence level within the candidate gene between the
two parental lines (Fig. S1 of online materials). However,
preliminary qPCR analysis indeed revealed significant dif-
ferences between the two parental lines in expression of this
candidate gene at both immature and mature fruit stages.
The transcription level of this R2ZR3-MYB candidate gene in
WI7200 (black spine, orange fruit color) was significantly
higher than that in WI7201 (white spine, creamy/light green
skin color) (Fig. 2). Nucleotide polymorphism or the
methylation level in the promoter region of this candidate
gene needs to be examined. Since there are six genes in the
50 kb region harboring the B locus (Fig. 2e), only functional
validation by transformation will provide the definite evi-
dence to prove the identity of this candidate gene.
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