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Abstract

Background: Cucumber is an important vegetable crop that is susceptible to many pathogens, but no disease
resistance (R) genes have been cloned. The availability of whole genome sequences provides an excellent
opportunity for systematic identification and characterization of the nucleotide binding and leucine-rich repeat
(NB-LRR) type R gene homolog (RGH) sequences in the genome. Cucumber has a very narrow genetic base making
it difficult to construct high-density genetic maps. Development of a consensus map by synthesizing information
from multiple segregating populations is a method of choice to increase marker density. As such, the objectives of
the present study were to identify and characterize NB-LRR type RGHs, and to develop a high-density, integrated
cucumber genetic-physical map anchored with RGH loci.

Results: From the Gy14 draft genome, 70 NB-containing RGHs were identified and characterized. Most RGHs were
in clusters with uneven distribution across seven chromosomes. In silico analysis indicated that all 70 RGHs had EST
support for gene expression. Phylogenetic analysis classified 58 RGHs into two clades: CNL and TNL. Comparative
analysis revealed high-degree sequence homology and synteny in chromosomal locations of these RGH members
between the cucumber and melon genomes.
Fifty-four molecular markers were developed to delimit 67 of the 70 RGHs, which were integrated into a genetic
map through linkage analysis. A 1,681-locus cucumber consensus map including 10 gene loci and spanning
730.0 cM in seven linkage groups was developed by integrating three component maps with a bin-mapping
strategy. Physically, 308 scaffolds with 193.2 Mbp total DNA sequences were anchored onto this consensus map
that covered 52.6% of the 367 Mbp cucumber genome.

Conclusions: Cucumber contains relatively few NB-LRR RGHs that are clustered and unevenly distributed in the
genome. All RGHs seem to be transcribed and shared significant sequence homology and synteny with the melon
genome suggesting conservation of these RGHs in the Cucumis lineage. The 1,681-locus consensus genetic-physical
map developed and the RGHs identified and characterized herein are valuable genomics resources that may have
many applications such as quantitative trait loci identification, map-based gene cloning, association mapping,
marker-assisted selection, as well as assembly of a more complete cucumber genome.
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Background
Over the last decade, many plant pathogen resistance
(R) genes or quantitative trait loci (QTL) have been
cloned. The largest class of known R genes encodes pro-
teins with a central nucleotide binding (NB) domain and
a C-terminal leucine-rich repeat (LRR) domain [1]. Based
on the amino-terminal domain feature, the NB-LRR pro-
teins can be divided into two classes: TNL (TIR-NB-LRR)
and CNL (CC-NB-LRR) in which the R proteins possess,
respectively, either the Toll/Interleukin-1 Receptor (TIR)
domain or a coiled-coil (CC) domain [2]. The NB domain
seems to have NTP-hydrolyzing activity for regulating
signal transduction through conformational changes [2].
The LRR domain contains tandemly arrayed repeats
that is involved in the specific recognition of pathogen ef-
fectors [3]. Both TIR and CC domains are assumed to be
involved in protein-protein interactions and signal trans-
duction [4,5].
Due to the availability of whole genome sequences,

NB-encoding resistance gene homolog (RGH) sequences
have been annotated and mapped in a number of plant
species such as Arabidopsis thaliana [6], poplar (Populus
trichocarpa) [7], potato (Solanum tuberosum) [8,9], rice
(Oryza sativa) [10], sorghum (Sorghum bicolor) [11], grape-
vine (Vitis vinifera) [12], coffee tree (Coffea arabica) [13],
Medicago truncatula [14], and papaya (Carica papaya)
[15]. While NB-LRR genes are widely distributed among
plant genomes, their numbers vary greatly in different
species. For example, the papaya and grapevine genome
contains 55 and 535 NB-LRR RGHs representing 0.2% and
1.8% of their total genes, respectively [12,15]. A lack of
recent genome duplication was believed to be the reason
of the overall low NB-LRR gene numbers in papaya [16].
NB-encoding genes are unevenly distributed in the plant
genome and are mainly organized in multi-gene clusters.
The clustered distribution of R-genes is assumed to pro-
vide a reservoir of genetic variations from which new
pathogen specificity can evolve via gene duplication, un-
equal crossing-over, ectopic recombination or diversifying
selection [17,18]. In addition, nucleotide polymorphism
analyses demonstrated extremely high level of inter- and
intra-specific variations of NB-LRR genes, which presum-
ably evolve rapidly in response to changes in pathogen pop-
ulations [12,19]. Nevertheless, conservation of synteny for
NB–LRR disease resistance genes among phylogenetically
related species was also observed [20,21]. However, the ex-
tent of genome-wide conservation and synteny of NB-LRR
RGHs between different species is not well documented.
Cucumber, Cucumis sativus L. (2n = 2x =14) is an eco-

nomically important vegetable crop and a system of choice
for studying several important biological processes [22]. In
recent years, application of next generation sequencing
technologies enabled release of draft genomes of three cu-
cumber lines (‘9930’, ‘Gy14’ and ‘B10’) [23-25] providing
powerful tools for understanding the structure and orga-
nization of R genes in the cucumber genome. In the 9930
draft genome, 61 NB-containing RGHs were identified
[23], but no details were given for these RGHs, and the
RGH numbers seem to be underestimated as compared
with an improved annotation of the 9930 genome (Version
2.0) [26]. Thus, one objective of the present study was to
conduct genome wide identification and characterization
of NB-LRR type RGHs in the Gy14 draft genome assembly
(Version 1.0) [27]. Since the ratio of genetic to physical
distances varies along the chromosomes (for example,
[28]), the information of genetic map locations of RGHs,
especially on a high-density reference genetic map, is very
useful for map-based cloning of R genes or association
mapping through the candidate gene approach. The asso-
ciation of RGHs with candidate disease resistance genes
has been well established in a number of crops such as
melon (Cucumis melo) [29,30], wheat (Triticum aestivum)
[31], cucumber [32], sunflower (Helianthus annuus) [33],
and potato [34]. The information of genetic and physical
locations of RGHs also allows for quick map-based cloning
of several R genes or QTL in rice [35-37], poplar [38] and
common bean (Phaseolus vulgaris) [39].
Cultivated cucumber has a very narrow genetic base

[28,40,41] making it difficult to develop high-density genetic
maps. From whole genome sequences, tens of thousands of
simple sequence repeat (SSR) markers have been developed
[24,42]. Among all SSR-based cucumber genetic maps
constructed thus far [27,28,42-46], the one by Ren et al.
[42] with 995 SSR loci has the highest marker density.
However, this map was developed with a limited number of
recombinant inbred lines (RILs) from an inter-subspecific
cross between Gy14 and the wild cucumber (C. sativus var.
hardwickii) accession PI 183967 (CSH-RIL map herein-
after). Strong recombination suppression was found in this
mapping population, and more than one quarter of mapped
loci were clustered across five chromosomes (3, 4, 5, 6
and 7). As a result, the total genetic distance of this map is
only 572.9 cM, which is shorter than the expected ~750 cM
map length for the cucumber genome [27]. The most re-
cent intra-varietal linkage map of cultivated cucumber was
developed with an F2 population of Gy14 × 9930 (CSS-F2
map hereinafter) containing 735 marker loci with a total
map length of 707.8 cM, which allowed for integration of
the genetic and physical maps to develop a chromosome-
level draft genome assembly of Gy14 (Version 1.0) [27].
While such maps are a significant improvement as com-
pared with those AFLP- or RAPD-based maps developed
early, marker density on this map is still far from being sat-
isfactory for many molecular marker-based applications
such as marker-assisted breeding, map-based gene cloning
or assembly of a more complete cucumber genome.
For cultivated crops like cucumber with limited gen-

etic diversity, development of a dense consensus map is



Table 1 Number of NB domain-containing RGHs with
homology to plant resistance proteins in the Gy14
cucumber genome

Predicted protein domains RGH numbers # in clusters*

CC-NB-LRR (CNL) 25 10 (3)

CC-NB (CN) 1 0

TIR-NB-LRR (TNL) 19 14 (2)

TIR-NB (TN) 5 2 (1)

NB-LRR (NL) 17 7 (3)

NB (N) 3 3 (1)

Total 70 36 (10)

* Numbers in parentheses were number of clusters.
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a method of choice to increase marker density, which is
usually achieved through map integration by synthesiz-
ing the information from multiple segregating popula-
tions of diverse genetic backgrounds. This allows for
mapping a larger number of loci than in most single
crosses to saturate the map, thus providing a genomic
framework for QTL identification, map-based gene clon-
ing, assessment of genetic diversity, association mapping,
as well as marker-assisted selection in molecular breed-
ing [47]. Consensus maps have been constructed in a
number of crop species such as lettuce (Lactuca sativa)
[48], grapevine [49], cowpea (Vigna unguiculata) [50],
red clover (Trifolium pratense) [51], sorghum [52], soy-
bean (Glycine max) [53,54], melon [47], and the oilseed
rape, Brassica napus [55]. In cucumber, a consensus
map with 1,369 mapped loci was also developed by inte-
grating the CSH-RIL map (Gy14 × PI 183967 RIL) and
the S94 × S06 RIL map [44]. A major drawback associ-
ated with this consensus map is that marker orders in
the recombination suppressed regions were not well re-
solved, which greatly affect the accuracy of the order of
loci and the quality of the resulting integrated cucumber
map. Thus, the second objective of the present study
was to develop a high-density consensus map for culti-
vated cucumber by integrating several individual maps
and to anchor all NB-LRR type RGHs identified herein
onto this integrated map.
We first scanned the Gy14 draft genome and bioin-

formatically identified and characterized 70 NB-containing
RGH sequences. In silico expression in cucumber tran-
scriptome and conservation in sequence homology and
colinearity between cucumber and melon genomes were
investigated. Through comparison between the Gy14 and
9930 draft genome sequences, we identified DNA poly-
morphisms in the regions harbouring the RGHs, and gen-
etically mapped these RGH loci on the Gy14 × 9930 F2
linkage map (CSS-F2 map) [27]. By integrating three com-
ponent maps, we developed a cucumber consensus map
that contained 1,681 loci and anchored 67 RGH loci and
10 cucumber genes.

Results
Characterization of NB-containing R gene sequences in
Gy14 cucumber genome
Seventy non-redundant NB-encoding RGHs were identified
in the cucumber Gy14 draft genome. It seems all RGHs
presented in the cucumber genome as single copy because
BLAST alignment against the Gy14 draft genome assembly
didn’t find any paralogs for each RGH sequence. The nu-
cleotide and peptide sequences of all 70 RGHs are provided
in Additional file 1. Based on the C- and N-terminal
domain features, the 70 RGHs could be classified into six
subgroups [6]: N (NB), CN (CC-NB), NL (NB-LRR), TN
(TIR-NB), TNL (TIR-NB-LRR), and CNL (CC-NB-LRR)
with 3, 1, 17, 5, 19, 25 members in each category, respec-
tively (Table 1). The names, protein domain features, scaf-
fold and Gy14 draft genome positions, and chromosome
locations of all 70 RGHs are presented in Additional file 2:
Table S1. The annotated NB-encoding RGHs in the Gy14
and 9930 (Version2.0) [26] were largely consistent. As
shown in Additional file 2: Table S1, only two RGHs in the
Gy14 genome, Cucsa.237070 and Cucsa.249360, were miss-
ing from the 9930 genome; whereas each of the three
RGHs, Csa5P647620, Csa5P647590, and Csa5P647550 in
the 9930 genome was corresponding to two RGHs in the
Gy14 suggesting different annotations of these sequences in
the two genomes.
We defined a RGH cluster as a genome DNA region

less than 1Mbp that contained two or more RGH mem-
bers. Clustering of RGHs in the cucumber genome was
obvious. Among the 70 RGHs, 52 (74%) were located in
nine clusters, which were consistent with the Gy14 scaf-
folds. Characteristics of these clusters are summarized
in Table 2 and more details are presented in Additional
file 2: Table S1. The two scaffolds, scaffold00894 and
scaffold02023, had the most RGH loci, which were 11
and 12, respectively, whereas scaffold00919 had the
highest RGH density: ~ 11 RGHs per 100 kb genomic
DNA sequences (Table 2). RGH members in some clus-
ters seemed to be heterogeneous in the classes to which
they belonged (Additional file 2: Table S1). That is, ex-
cept for the cluster in scaffold02229, no other clusters
contained RGHs that were annotated in the same class.
Consistent with the clustering of RGHs, their chromo-
somal distribution was clearly uneven. There were 4, 24,
11, 6, 16, 2 and 7 RGHs in cucumber Chromosomes 1
to 7, respectively (Additional file 3: Figure S1).
In silico analysis of RGH gene expression was conducted

with BLASTagainst EST contig assembly from 220 million
Illumina/GA reads from 10 tissues of cucumber inbred
line 9930 [26], as well as 2.3 million Roche/454 raw reads
of the Gy14 root and leaf tissues (Weng et al. unpublished
data; assembly is available at http://cucumber.vcru.wisc.
edu/). The BLAST alignment result is summarized in

http://cucumber.vcru.wisc.edu/
http://cucumber.vcru.wisc.edu/


Table 2 Characteristics of NB-containing RGH sequence clusters in the Gy14 genome

Cluster Chr # Location a Gy14 scaffolds # RGHs in cluster Physical span
of cluster (kb)

RGH Density
(#RGHs/100 kb)

Genetic span of
cluster (cM)

Syntenic cluster
in melon b

1 Chr2 scaffold01037 2 857.3 0.2 1.4 No

2 Chr2 scaffold00894 11 288.8 3.8 1.8 Yes (10)

3 Chr2 scaffold01227 3 413.4 0.7 2.0 Yes (2)

4 Chr2 scaffold00245 4 109.5 3.6 2.5 No

5 Chr3 scaffold02229 2 59.6 3.4 0.0 No

6 Chr3 scaffold03356 7 1143.1 0.6 5.9 Yes (3)

7 Chr4 scaffold00919 5 43.4 11.5 0.6 Yes (4)

8 Chr5 scaffold02023 12 258.3 4.6 0.5 Yes (7)

9 Chr7 scaffold01024 6 94.4 6.4 0.0 Yes (6)
a Chr = chromosome or linkage group.
b Yes/No = there is (no) corresponding NB-LRR type RGHs annotated in syntenic blocks of the melon genome. Numbers in parentheses are number of RGHs
annotated in the corresponding cluster. Melon annotation data were from Garcia-Mas et al. (2012) [56]. Cucumber and melon chromosome synteny is based on
Li et al. (2011) [57].
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Additional file 2: Table S2. As compared with the Gy14
leaf and root transcriptome, the 9930 RNA-Seq dataset
had more depth coverage of the cucumber transcriptome,
and showed more BLAST hits with better query sequence
coverage. Thus, while 65 of the 70 NB-LRR sequences had
hits in the Gy14 leaf and root transcriptome, all of them
seemed to have EST representations in the 9930 EST data
set. From the number of reads with BLAST hits of
the Gy14 leaf and root EST collection (Additional file 2:
Table S2), the expression level of different RGHs varied
significantly; tissue-specific expression of some RGH
genes was also very clear.
The amino acid sequence of the NB domain (~120

amino acids from the P-loop motif to the Kin3 motif ) of
each predicted NB resistance protein was extracted and
used to perform a phylogenetic analysis. Proteins with
incomplete NB domains were excluded. The NB domain
sequences of 58 NB RGHs (Additional file 2: Table S1)
were aligned and the resulting neighbor-joining phylo-
genetic tree is shown in Figure 1. Two clades, CC-NB-
LRR (CNL), and TIR-NB-LRR (TNL) were evident,
which contained 34 and 24 members, respectively. All
CNL and CN class RGHs were grouped into the CNL
clade, and all TNL and TN RGHs into the TNL clade.
Meanwhile, all N and NL type RGHs were dispersed in
the two groups (Figure 1).

Homology and synteny of NB-LRR RGH sequences
between the cucumber and melon genomes
The annotated melon draft genome has been released
[56]. Sequences of the 70 cucumber RGHs identified
herein were BLAST-aligned against the melon draft ge-
nome. Information on chromosome locations and draft
genome scaffold positions in cucumber and melon as
well as alignment scores of these RGHs is presented in
Additional file 2: Table S3. Of the 70 cucumber RGH se-
quences, two (Cucsa.326910 and Cucsa.017500) had no
BLAST hits in the melon draft genome, and four had
low alignment scores (Additional file 2: Table S3). For
the remaining 64 RGH sequences, each had a match se-
quence in the melon genome with a minimum 90% se-
quence identity and 90% sequence coverage of its whole
length suggesting high degree of homology of these NB-
LRR type RGHs between the two genomes.
Garcia-Mas et al. [56] identified 81 NB-LRR type

RGHs in the melon draft genome, 37 (45%) of which
were in six clusters. The locations and classes of these
RGH clusters in the cucumber and melon genomes were
highly conserved. Based on their scaffold positions and
linkage map locations, five RGH clusters in the Gy14 ge-
nome, scaffold00894 + scaffold01227 (Chr2), scaffold03356
(Chr3), scaffold00919 (Chr4), scaffold02023 (Chr5), and
scaffold 01024 (Chr7) (Table 2) corresponded very well
with the five RGH clusters in melon chromosomes V, IV,
VII, IX, and I, respectively (Additional file 2: Table S3).
The number and class of RGHs in corresponding cucum-
ber and melon clusters were largely consistent (Additional
file 2: Table S3). Meanwhile, the melon ortholog sequences
of cucumber RGHs in cucumber scaffold00245 (Chr2),
scaffold01037 (Chr2), and part of scaffold03356 (Chr3)
were not annotated as RGHs in the melon genome (Table 2,
last column). Conversely, the only melon RGH cluster
without its ortholog in cucumber was Cluster #13 (with
four RGH members) located in CM3.5_scaffold00079 of
melon Chromosome IX [56].
The syntenic relationships of cucumber and melon chro-

mosomes have been largely established [56,57]. Among
the 65 RGHs in cucumber with orthologs in the melon
genome, 57 were located in syntenic blocks (Additional
file 2: Table S3). We randomly selected six NB-LRR se-
quences from the melon genome (MELO3C010346T1,
MELO3C004289T1, MELO3C004292T1, MELO3C00969
4T1, MELO3C022146T1, MELO3C023579T1) to verify
their orthologous relationships in both cucumber and



Figure 1 Phylogram of the NB-LRR proteins in the Gy14 cucumber genome. The neighbor-joining tree was constructed with 58 NB-containing
protein sequences using MEGA5 software. Sequences were trimmed to extract just the NB domain. One thousand bootstrap repetitions were used,
and support value (in percentages) for each node is indicated on the branch.
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melon genomes by BLAST alignment, and all of them
had single copy in the melon or the cucumber genome
(Additional file 2: Table S3).

Genetic mapping of RGH loci in cucumber
Using 92 F2 plants of Gy14 × 9930, Yang et al. [27] devel-
oped a high-density linkage map of cultivated cucumber
with 735 marker loci (CSS-F2 map). To anchor the 70
RGHs identified herein onto this genetic map, markers for
all RGH or RGH clusters were developed and used in link-
age mapping of the RGH loci.
DNA sequences of the 70 RGHs between Gy14 and 9930

(Version 2.0) were aligned to identify polymorphisms.
Eighteen RGHs showed no polymorphisms (Additional
file 2: Table S1). For these RGHs, flanking markers were
developed, with which 15 RGHs were successfully an-
chored. Three RGHs, Cucsa.189390, Cucsa.318890, and
Cucsa.328080 (Additional file 2: Table S1) failed to be an-
chored to the genetic map because the scaffolds in which
they resided were relatively short and no polymorphic
flanking markers were identified. For the remaining 52
RGHs, single nucleotide, insertion/deletion (indel) or SSR
polymorphisms were identified. When possible, SSR mar-
kers were preferred to SNPs to tag these RGHs. Seventeen
RGHs had SNP or indel polymorphisms within the target
RGH sequence. SNP-derived dCAPS or indel-derived STS
markers were developed as molecular tags for these 17
RGHs without development of additional flanking markers
(Additional file 2: Table S1). Since a number of SSR
markers on the Gy14 × 9930 F2 high-density map [27] were
physically very close to many of these 35 RGHs left, new
markers were developed only for those RGHs without
close flanking markers. However, for a cluster with mul-
tiple RGH members, only markers flanking the cluster
were developed. Eventually 54 markers were employed to
delimit and anchor 67 RGHs, of which 28 were newly de-
veloped from the present study (Additional file 2: Table S1)
and 26 were from Yang et al. (2012) [27]. Meanwhile,
during the polymorphism screen stage of this study, 20
additional new markers (48 in total) were developed but
not used to delimit the RGHs because these markers
were less close to target RGHs than other ones listed in
Additional file 2: Table S1.
For linkage analysis, genotypic data from the 48 new

RGH markers for the 92 F2 plants of the CSS-F2 popula-
tion were combined with the data of previously mapped
735 markers [27]. The resulting linkage map contained
783 loci in seven linkage groups. Brief statistics of this
map is presented in Table 3 and graphically presented in
Figure 2, in which 54 molecular marker loci delimiting
67 RGHs were also highlighted. The genetic map and
physical scaffold locations of all RGHs were highly con-
sistent (Additional file 2: Table S1 and Additional file 2:
Table S4) suggesting high reliability of the mapping data.
The addition of 48 new markers slightly shortened the
map length of this high-density genetic map by 1.1 cM,
and provided a road map for 67 NB-LRR RGHs. Details
of all markers, their genetic and physical locations in the
cucumber genome are presented in Additional file 2:
Table S4.
It is known that the ratios of genetic to physical dis-

tances varies significantly in different regions of the cu-
cumber chromosomes (e.g., Li et al. [28]). This was further
evidenced in the RGH cluster regions in the present study.
The genetic coverage (in cM) of each RGH cluster is
presented in Table 2, which, when compared with respec-
tive physical span, clearly indicated very different recom-
bination rate among these clusters. Thus, this genetic
mapping effort provided good approximation of genetic
recombination in each cluster, which should be helpful in
map-based cloning of R genes in cucumber.
Consensus map construction
Two steps were taken to integrate the intra-varietal CSS-
F2 (783 loci with 92 F2 plants of Gy14 × 9930) (Additional
file 2: Table S4 and Figure 2), the CSS-RIL (255 loci with
148 RILs of 9110Gt × 9930) [45] maps, as well as the
inter-subspecific CSH-RIL map (995 loci with 77 RILs
from Gy14 × PI 183967) [42]. First, common markers were
identified and their orders were compared for each linkage
group (Additional file 3: Figure S2). The CSS-F2 map
shared 72 and 185 markers with the CSS-RIL and CSH-
RIL maps, respectively (Table 3). In selection of markers
for bin mapping, chromosomal locations of three markers,
SSR02693, SSR04454 and SSR04905 were inconsistent
between the CSS-F2 and CSH-RIL maps. Map locations
of SSR01981 did not agree between the CSS-F2 and the
CSS-RIL maps. The CSH-RIL and CSS-RIL maps shared
152 markers with four (SSR01981, SSR19728, SSR21834,
and CMCT160a) inconsistencies in chromosomal loca-
tions. Based on the scaffolds with which these markers
were associated and their map locations on different
genetic maps, the chromosomal locations of SSR01981,
SSR02693, SSR04454, and SSR04905 on the CSS-F2 map,
and SSR19728, SSR21834, as we all as CMCT160a on the
CSS-RIL map were considered correct. Details (map loca-
tions, scaffold information etc.) of these and other mar-
kers (see below) with discrepancies in chromosome
locations among the component maps are summarized in
Additional file 2: Table S5.
In total, 419 and 387 markers were selected from the

CSH-RIL and CSS-F2 maps, respectively for bin map-
ping; all the 255 markers on the CSS-RIL map were
employed for map integration. To reduce the effects of
marker clustering on map integration, markers in the
four clusters in Chromosomes 5 and 7 of the CSH-RIL
map were excluded from bin mapping.



Table 3 Summary of the cucumber consensus map and its three component genetic maps used for map integration

# of mapped loci a # shared markers Map length (cM) Marker
density of

consensus map e

Gy14 9930

Chrb Map A Map B Map C Consensus A vs. B A vs. C B vs. C Map A Map B Map C Consensus # scaffolds
anchored

Physical
length (Mb)

# scaffolds
anchored

Physical
length (Mb)

Chr1 118 155 17 241 36 13 10 96.2 100.4 115.7 102.8 0.43 61 29.3 45 32.4

Chr2 126 93 33 214 18 21 9 100.2 103.6 88.0 108.9 0.51 33 25.9 35 24.8

Chr3 187 167 54 316 50 31 18 112.7 119.4 137.5 121.9 0.39 45 41.5 63 43.1

Chr4c 114 104 15 n/a 13 9 2 37.3 107.4 50.5 n/a n/a n/a n/a n/a n/a

Chr4d 41 105 37 220 15 9 13 96.0 107.4 107.9 106.3 0.49 43 22.0 36 24.0

Chr5 160 84 57 250 12 33 9 59.9 106.3 118.3 101.0 0.40 50 25.9 38 28.1

Chr6 203 113 54 295 38 33 19 106.5 102.2 111.4 110.7 0.38 43 30.4 36 30.1

Chr7 87 67 25 145 18 14 5 60.1 67.4 90.1 78.4 0.54 33 18.4 22 19.8

Total 995 783 255 1681 185 152 72 572.9 706.7 711.5 730.0 0.44 308 193.4 275 202.3
a MapA = Gy14 × PI 183967 RIL (CSH-RIL) [42]; MapB = Gy14 × 9930 F2 (CSS-F2 map) (Additional file 2: Table S4, Figure 2); MapC = 9110Gt × 9930 RIL (CSS_RIL) [45].
b Chr = Chromosome or linkage group.
c Marker loci of linkage group (Chromosome) 4 from the Gy14 × PI 183967 RIL (MapA) and 9110Gt × 9930 RIL (MapC) maps were not used in map integration. Numbers in this row were listed for comparison purpose
only. n/a = not applicable.
d The consensus map for Chromosome 4 was integrated from two intra-varietal cucumber component genetic maps: the PI 249561 × PI 308915 F2 map (CSS-PI-F2 Map - MapA) [28] and the Gy14 × 9930 F2 map
(CSS-F2 map - MapB) (Additional file 2: Table S4, Figure 2).
e Average genetic distance between adjacent markers (marker interval) in centimorgan.
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Chr.2

Cucsa.163670

Cucsa.292710

Cucsa.249360

Cucsa.326910

Chr.1

UW085385 UW0853830.0
UW0853840.4
UW0445932.7
CS_EST3303.3
SSR131093.5
CS_EST259 SSR151083.8
UW044712 UW0446134.3
SSR207054.8
SSR04644 SSR04304
UW045196 UW045071
UW044821

5.0

CS_EST3315.4
UW023772 UW0237096.1
SSR207607.6
UW0839328.1
SSR057939.3
UW02413310.5
SSR1977312.1
SSR1001815.1
SSR0016015.9
MU9389-1 TJ12317.1
SSR0653417.5
SSR1434019.0
SSR1613019.1
UW01972920.9
SSR2133621.7
SSR0281022.8
UW08373923.1
UW08539624.0
SSR1647225.8
UW08519126.9
SSR1942027.2
SSR1686927.7
SSR0499228.0
UW08519228.3
SSR1013428.7
UW08437729.8
UW08447630.4
UW06252430.6
UW08373831.0
UW02962331.3
SSR0615331.9
SSR0388632.4
SSR0181632.7
RGH-UWSNP000532.9
UW08451333.0
UW05320933.4
UW000100 SSR1575533.7
RGH-UW08511434.1
UW07386734.3
SSR1919034.6
SSR1773634.7
UW03963034.9
CS0635.0
UW039625 UW039604
UW03963135.1

UW039646 UW03964235.2
UW08454235.3
SSR04278 UW07401535.4
UW073893 MU4553-1
TJ2435.5

UW07389135.6
UW084512 UW07385635.7
UW005588 UW00562435.8
UW08435835.9
UW08414836.0
UW08375136.1
UW08397736.2
CS_EST20236.3
UW04560736.5
UW06254436.8
UW02964337.0
UW084539 UW084540
UW06251937.2

UW06253937.3
UW08399637.5
UW08449038.4
RGH-UW08542839.0
SSR1233140.7
UW08377341.0
UW05005542.2
UW08382042.6
UW08382143.0
UW08373344.8
UW08521048.0
UW085211 UW08521348.1
UW08521248.2
SSR0480549.1
UW08448149.5
UW08447749.8
UW08527450.6
SSR0581751.1
SSR1963152.0
UW083954 SSR00231
SSR2047353.9

UW08491654.3
UW03485054.9
UW03489855.1
UW03490855.7
UW08491956.1
UW08491856.2
UW083745 UW37530257.3
MU3457-159.3
SSR2175361.1
SSR1819262.0
UW08375263.6
SSR0368064.6
SSR2174764.9
SSR1991465.4
SSR0136665.6
RGH-UW08465165.8
UW00889166.5
SSR1444567.0
SSR1684167.7
SSR0173767.9
SSR2348768.5
UW08436770.5
UW08514271.8
SSR0572372.2
UW08514373.3
UW08443275.6
UW08394680.5
SSR1396782.1
SSR1792283.6
SSR1669584.4
SSR2263884.5
SSR0026287.2
UW08387588.9
UW08415489.6
UW08537790.5
UW08536692.7
UW08428494.3
SSR0598395.2
UW08536995.9
UW08536896.4
UW08428898.0
SSR03222100.4

Cucsa.091880
Cucsa.091840
Cucsa.091820
Cucsa.091780
Cucsa.091710
Cucsa.091690
Cucsa.091680
Cucsa.091460

CM160.0
SSR057480.4
UW0839351.2
SSR118351.7
RGH-UW0846293.0
SSR118203.4
F5-693.6
UW083939
SSR065763.8

RGH-UW0848124.4
UW0839934.5
SSR034885.2
RGH-UWSTS01155.6
RGH-UWSNP01146.8
UW084909
UW0837587.0

UW084398
RGH-UW0846387.4

SSR006848.1
UW0849089.3
SSR1622610.2
RGH-UW08484912.1
RGH-UWSNP004112.8
RGH-UW08479013.2
SSR1893713.5
RGH-UW08479213.8
RGH-UW08479714.0
RGH-UW084817
RGH-UW084816
SSR13532
RGH-UW084818
RGH-UW084796

14.1

RGH-UW084786
RGH-UW08478714.2

RGH-UW08479414.3
UW08479314.4
RGH-UW08463214.5
RGH-UW08478914.6
SSR0081114.9
UW08525115.1
UW084397
UW08525015.2

RGH-UW08484815.4
UW08508815.6
UW08439515.7
SSR0307015.9
SSR03299
RGH-UW08464316.5

UW05752821.0
UW08036926.7
UW08536027.2
UW08061930.9
UW08515333.8
MU16480-334.6

UW08520341.6

UW08440943.3

UW08529945.5
UW08529846.3
SSR0421947.0
SSR0253947.7
SSR1051849.1
SSR2220349.9
UW08524750.7
UW08524951.3
UW08524851.8
UW08519752.8
UW03526754.1
SSR1971155.3
SSR1694155.4
UW08274756.0
UW08280756.5
UW08288057.0

SSR1281058.7

CM46
SSR2265361.1

UW08504467.2

UW03691368.5

SSR0050771.5

UW08444673.2

MU12359-180.6
UW08396581.4
UW08418881.7
UW08391682.2
RGH-UW084625
UW08418782.7

UW08418684.7

UW08533989.1

UW08390491.3
UW08534092.4
UW08534292.5

SSR16462101.1

RGH-UW084624
UW085314103.6

Cucsa.088220

Cucsa.017450
Cucsa.017460
Cucsa.017490
Cucsa.017500

Cucsa.132370

Cucsa.133510

Cucsa.091470
Cucsa.091530

Cucsa.155730

Cucsa.089350

Cucsa.178620

Cucsa.178360
Cucsa.178450

Chr.3

Cucsa.338100
Cucsa.338190
Cucsa.338650
Cucsa.338660

Cucsa.337180
Cucsa.337190
Cucsa.337200

Cucsa.248810

Cucsa.251930
Cucsa.252030

Cucsa.041670

SSR001730.0
UW085178 UW0851771.2
SSR16301 SSR175834.6
SSR053125.7
UW0852436.3
UW0838846.8
SSR154197.6
UW0852888.3
UW08418110.0
SSR0060710.2
UW08530310.8
UW08525710.9
SSR01981 UW08418011.0
SSR1238311.4
SSR1943012.0
UW08428112.1
CS2412.4
TJ3214.0
UW08505814.6
UW08505518.8
SSR0722522.2
UW08505223.1
SSR1502925.0
SSR0157325.6
SSR1864026.0
UW08450728.1
UW084946 UW08494734.5
SSR0391835.6
SSR0277136.0
SSR16346 UW05473536.5
UW08494439.3
UW08494339.7
UW08494240.0
SSR0472440.5
RGH-UW08483440.8
RGH-UW08463440.9
SSR0492241.6
SSR0457042.9
SSR2012143.3
SSR1327443.8
SSR13998 AT1-244.1
NR8544.4
SSR1346644.7
SSR0162746.0
SSR1488847.1
UW08391448.6
UW08428049.0
SSR1300450.5
UW08416652.0
SSR0722053.2
SSR0355253.7
SSR23515 SSR1326254.4
SSR1163255.2
SSR0052555.5
UW08534756.0
CSWGATT01C56.6
SSR17751 SSR0424156.8
CSWGATT01A56.9
UW08536357.1
UW085146 SSR02068
UW08514857.4

UW083878 UW08514757.5
UW08413958.7
SSR0047258.8
UW085283 UW083972
SSR0269359.2

UW08414959.4
UW083866 UW08528559.5
SSR0071060.0
SSR1605660.2
UW08417660.4
UW08537360.7
UW08537260.8
UW08536461.3
UW084172 UW08537162.2
UW08389062.3
SSR1660062.9
SSR1464963.3
SSR2090463.7
UW08454763.9
UW08436364.9
UW08435965.9
SSR0138266.0
UW08536267.9
UW08443169.1
SSR1035771.0
TJ5372.1
SSR0463273.1
SSR1842874.4
RGH-UW08483274.9
SSR20270 UW043600
UW043643 SSR17483
UW043623

75.1

SSR13286 SSR0200875.6
SSR0444677.3
SSR2357477.6
SSR0713777.7
SSR1666779.1
SSR10697 SSR14446
SSR2004381.3

SSR2208181.5
UW08539581.9
UW08539482.0
TJ13483.8
UW08528284.1
SSR1316385.8
UW08399985.9
SSR23083 SSR0453086.3
SSR1831186.8
RGH-UW08507988.6
SSR1623889.4
UW08509789.5
TJ18489.8
UW085093 UW08509889.9
UW08483991.0
SSR0412294.7
SSR2033895.3
RGH-UWSNP001095.8
RGH-UW084842 RGH-UW084843
RGH-UW084840 SSR0601196.7

RGH-UW084841 RGH-UW07098496.8
SSR0713197.0
SSR1758197.3
SSR1343697.7
SSR1512499.3
TJ34100.1
UW084939102.1
SSR12414103.1
UW084941103.4
UW084940104.1
SSR30236106.2
SSR23866108.8
UW085232109.2
NR91110.3
SSR06637110.4
SSR17823110.9
SSR04905111.7
SSR03503112.1
SSR03066113.4
SSR10783114.2
SSR20578114.7
SSR21652115.5
UW085254116.4
CS19117.9
MU7082-2119.4

Cucsa.094560
Cucsa.094580
Cucsa.094650
Cucsa.094660
Cucsa.094670

Cucsa.123410

Chr.4

SSR18719
UW0847310.0

UW0840710.6
UW0840650.9
UW084234
UWSTS00701.3

UW0840701.7
UW019153
UW0191594.6

UW0839194.9
SSR235495.4
UW0191355.6
UW0191145.7
UW0839206.1
UW0844027.0
UW0842799.1
UW084401
UW0847389.7

SSR2106210.3
RGH-UWSNP000610.9
UW01819313.9
UW08387615.8
UW08440519.3
UW08530120.4
UW08527020.8
SSR0589923.5
UW08445425.6
UW06225226.4
UW05871427.0
UW058638
UW05868228.5

SSR1689230.2
UW05848130.8
UW08359734.1
UW08436138.3
UW07021242.3
SSR0625343.5
SSR1568243.8
SSR15731
UW03796944.6

UW00031948.7
UW08412748.9
UW08452949.4
SSR0323551.7
SSR0758153.5
UW08443853.6
UW08437954.3
SSR14617
UW08389955.6

UW08389859.5
UW08523660.2
CMTCN5661.4
UW08438162.1
UW08442162.5
SSR0512567.1
UW02941367.2
UW08495171.1
UW08495371.2
UW08386873.7
UW08397189.1
SSR19993
UW085160
SSR21563
UW085154

89.7

SSR0027690.1
UW08515590.8
SSR0382096.1
UW08389497.6
SSR0755098.9
UW04202999.5
SSR13159100.0
TJ227100.6
SSR17406102.9
UW084025103.2
UW084662
SSR01254
UW084200
UW084189
UW084199

103.8

UW084194103.9
UW084033104.6
UW062954105.0
UW062953
UW062963
UW063063

105.1

UW084853105.2
UW084686
UW084716
UW084854
UW084687

105.3

UW084866
UW084725
UW058169

105.7

UW084519
UW084884
SSR14015
CSWACC2
UW084728
UW084698
SSR13511

105.8

UW084028106.2
UW085099106.7
UW084372107.0
SSR16038107.4

Chr.5

Cucsa.237560
Cucsa.237540
Cucsa.237530
Cucsa.237520
Cucsa.237500
Cucsa.237480
Cucsa.237470
Cucsa.237450
Cucsa.237440
Cucsa.237410
Cucsa.237390
Cucsa.237070

Cucsa.275630

Cucsa.368510

Cucsa.303290

Cucsa.277260

UW085381
UW0853800.0

SSR22469
UW085184
UW085185
UW085182

1.7

UW0849642.8
UW0854153.6
SSR148764.8
SSR012436.0
RGH-UWSNP01157.2
UW085228
UW085227
UW063407

12.1

UW063354
UW063357
UW063352

12.8

UW06338212.9
SSR0039817.1
UW08445817.2
SSR1113217.3
UW038692
UW038733
UW038695
UW038653
UW038723

19.3

UW08522322.9
SSR1630523.7
SSR1363925.5
UW08512425.8
SSR1413726.0
SSR0169127.2
RGH-UW08511827.7
UW08443429.5
UW08540034.3
RGH-UWSNP000936.8

UW08449244.3
UW08434744.5
UW08542144.7
UW08513444.9
UW08513346.1
SSR1539048.3
UW08373050.5
SSR1426952.0
SSR18792
UW00248152.3

UW08434252.7
UW00245552.9
UW083711
UW00246653.3

SSR19178
UW08435156.0

SSR1342056.6
UW08534956.7
UW08535057.1
UW00517261.1
SSR1532164.9
UW08374766.2
UW08413868.6
SSR0018268.8
UW08386269.0
RGH-UWSNP004972.7
RGH-UW08485273.2
UW08532474.8

SSR1606881.6

UW01329585.3
UW08495785.7
SSR07100
SSR1701487.0

UW08453588.7
UW08506589.4

UW08495495.6
UW08533198.4
UW085322100.9
UW085239101.6
UW085238102.8
SSR02895
UW084826105.7

UW084175
RGH-UWSNP0007
RGH-UW084820
RGH-UW084821
RGH-UW084645

106.2

SSR20897106.3

Chr.6

Cucsa.102240

SSR161630.0
UW0839411.1
SSR020212.7
UW0849673.3
UW0844233.7
CS_EST3704.3
SSR187184.6
CM215.0
UW084968
CSWCT29
UW084460

5.1

SSR023845.8
UW0844747.4
SSR017848.7
SSR1134310.4
BC59214.2
SSR1967215.7
SSR1494916.4
SSR1161017.7
SSR0719818.8
SSR0230920.0
SSR1602020.9
TJ14721.8
SSR0000424.3
SSR0001926.0
SSR1406128.0
UW085004
UW08500829.1

UWSTS0225
UWSTS021529.2

SSR2085229.5
SSR0049930.6
UW08379931.1
UW08380531.5
UW08411932.6
UW08381332.8
UW084122
UW08425733.1

UW08426734.0
SSR2118634.2
UW08426534.3
UW08517138.3
SSR06500
UW08517438.9

UW08517239.0
SSR18896
CMN04-35
CSWGAAA2
CS31

39.5

SSR0724839.6
UW08434841.5
SSR2188642.2
UW08445042.5
SSR1506743.5
UW08434043.9
SSR11798
UW08412844.1

SSR1702344.2
UW08412544.5
F62-1145.8
UW08417046.0
UW08522246.6
SSR1465246.8
UW08438547.5
UW08513849.0
UW08390949.9
UW08390850.2
SSR1671050.6
UW08382752.8
UW08372653.6
UW04307454.7
UW08413154.9
CS2355.2
UW03989755.7
SSR0156656.9
UW08413257.2
SSR1595561.3
UW08530862.9
SSR0393264.0
UW01610866.9
SSR0169868.0
UW08535468.2
UW08535569.2
SSR1781869.6
SSR1916571.3
SSR1044972.6
CM0474.3
SSR1760475.4
UW02060575.7
UW02055976.2
RGH-UW084801
SSR1807978.0

SSR1325182.4
SSR0314782.6
UW02145082.7
SSR2193683.2
UW08496985.9
SSR0023389.9
SSR1668393.1
SSR0246093.7
SSR21561
SSR0110194.0

UW007281
CSWCT5B94.1

UW084383
SSR0445494.8

SSR0123495.5
SSR1688296.3
UW08388699.7
SSR02821
CS_EST276100.9

SSR18251101.2
SSR23639102.2

Cucsa.239860

Cucsa.128140
Cucsa.128130
Cucsa.128110
Cucsa.128100
Cucsa.128030
Cucsa.128020

Chr.7

SSR039170.0
UW0854080.6
NR560.7
CM331.7
SSR22777
SSR205831.8

SSR100664.2
SSR010995.5
UW0419557.0
UW08497211.3
UW08395111.9
CSWTA11A
SSR1299413.2

SSR1479714.3
SSR0001515.1
UW08448316.2
TJ23019.3
SSR0468920.5
CM0721.9
MU4104-122.1
SSR1422422.8
SSR1547723.5
SSR3339525.5
UW08384426.3
SSR1929126.6
SSR07473
UW08540226.9

UW08447827.1
UW06027227.3
UW08540127.5
UW08540627.9
UW08520228.2
UW08520028.9
UW08540729.4
UW08443730.5
UW08449731.6
SSR0068833.6
UW08524634.5
UW085277
UW08527835.7

UW08391140.4
SSR1174141.3
SSR16591
UW085287
UW084390

42.0

UW08528642.1
SSR2209743.4
SSR1244243.7
UW08451445.3
UW08382547.0
MU6481-148.2
SSR1318850.2
SSR0092652.8
CSWCT11
UW08399453.4

SSR0189853.5
UW028811
UW02877556.9

UW02873657.6
UW08507258.0
UW08436458.9
UW08451660.6
UW08436561.7
SSR0527162.6
SSR1378762.8
SSR2307365.8
SSR0367467.4

Figure 2 Graphic view of high-density genetic map of cultivated cucumber developed with the Gy14 × 9930 F2 mapping population
showing locations of 67 RGHs and molecular tags on the map. Numbers on top of the map are linkage groups (LG) (1 through 7) which also
correspond to chromosomes numbers. Cumulative map distance (cM) is shown to the left of each linkage group and marker designation is on
the right. RGH loci are in red. Markers in green are molecular tags for corresponding RGHs.
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The orders of shared markers among the three maps
in respective linkage groups were quantitatively assessed
with Spearman’s rank correlation coefficients (r), and the
result is shown in Additional file 2: Table S6. The orders
of common markers in Chromosomes 1, 2, 3 and 6 be-
tween each pair of maps were strongly positively corre-
lated (average r > 0.96). In contrast, marker orders in
Chromosomes 4, 5 and 7 showed low correlations between
the CSH-RIL and the other two maps, which was mainly
due to the clustering of markers on the CSH-RIL map.
Reliable map integration for Chromosome 4 among the

three component maps was difficult. On the CSH-RIL
map, 144 loci were mapped in LG4, but only covered
37.3 cM due to recombination suppression and marker
clustering [42]. Only 15 markers were placed in LG4 on
the CSS-RIL map [45] with a map length of 50.5 cM. LG4
of the CSS-F2 map shared 13 and 2 markers with the
above two maps, respectively. The consensus map of
Chromosome 4 integrated from the three individual maps
shrank to 83.7 cM and many markers were out of order
when compared with their orders on individual maps
and in the Gy14 draft genome assembly (data not shown).
In addition, using the Gy14 draft genome assembly
(Version 1.0) [27] as the reference, this map integration
resulted in a large inversion in the distal region of Chromo-
some 4 that could not be resolved. For these reasons, map
integration for Chromosome 4 was performed using the
CSS-F2 map (104 loci spanning 107.4 cM) and an intra-
varietal F2 genetic map developed from PI 249561 × PI
308915 (42 markers in 96.0 cM, CSS-PI-F2 map herein-
after) [28]. All markers selected for bin mapping are indi-
cated in Additional file 2: Table S7 (in the 'Bin' column).
The resulting consensus skeleton map contained 487

bins in seven linkage groups (chromosomes) (Additional
file 3: Figure S3). Next, all the remaining markers includ-
ing all molecular tags for 67 RGHs on the component
maps were assigned to the consensus bin map based on
their original bin positions. For Chromosome 4, refilled
markers included not only those residual markers from
the CSS-F2 and CSS-PI-F2 maps, but also those from the
CSH-RIL and CSS-RIL maps. There were 33 markers with
conflicting chromosome locations among the CSS-F2,
CSS-RIL and CSH-RIL maps (listed in Additional file 2:
Table S5). Based on the scaffolds with which these markers
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were associated, and the chromosome locations of other
mapped markers from the same scaffold, the chromosome
locations of these 33 markers on the CSS-F2 map con-
structed herein were considered correct and were assigned
to the consensus map (Additional file 2: Table S7).
The final cucumber consensus map contained 1,681

marker loci including markers delimiting 67 NB-LRR
type RGHs and ten gene loci, which is the densest ge-
netic map of cucumber ever constructed. Among the
markers mapped, 1,640 were developed from the cu-
cumber genome, and 41 from melon. Nearly all (1,656 of
1,671) of the mapped markers were co-dominant SSRs.
The cucumber genes on this consensus map included
bi for bitterfree, Ccu for scab resistance, cp for compact
plant growth habit, d for dull fruit skin, F for gynoecy,
fr for fruit ribbing, H for heavy netting of mature fruit,
m for bi-sexual flower, u for uniform immature fruit
colour, and v-1 for virescent leaf [28,32,45,58]. Details of
this cucumber consensus genetic map are presented in
Additional file 2: Table S7 and summarized in Table 3.
The total genetic length of this integrated map was
730 cM in seven linkage groups (Chromosomes 1 to 7)
with an average distance of 0.44 cM between adjacent
markers. On average, there were 240 markers per chromo-
some, and Chromosome 3 had the largest (316) number
of markers. Comparison of the marker orders between
three component maps and the consensus map indicated
high degree of accordance across all seven chromosomes
as evidenced from the Spearman’s rank correlation coeffi-
cient (r) of marker orders (Additional file 2: Table S6).
The Chromosome 4 consensus map was significantly im-
proved in both marker numbers and map length as com-
pared with the individual maps.
Physically, 308 and 275 scaffolds of the Gy14 and 9930

draft genome assemblies were anchored onto the inte-
grated map covering 95% (193.2 Mb) and 83% (202.4 Mb)
of the two draft genome sequences, respectively (Table 3).
Locations of all mapped loci on this consensus map in the
Gy14 draft genome assembly Version 1.0 are provided in
Additional file 2: Table S7. Of the 1,681 markers, only 102
did not have any in silico PCR product or BLAST hits in
the Gy14 and/or 9930 draft genome scaffolds. The order
of loci on the consensus linkage map was largely consis-
tent with their physical locations in the Gy14 draft ge-
nome assembly indicating that this integrated genetic map
is highly reliable (Additional file 2: Table S7).

Discussion
Number and distribution of NB-LRR type RGHs in the
cucumber genome
We identified 70 NB-LRR type RGHs in the Gy14 draft
genome (Additional file 2: Table S1). The number of
NB-LRR type disease resistance genes in the cucumber
genome was significantly lower than in species such as
Arabidopsis thaliana (212) [6], rice (535) [10], grapevine
(459) [12] and potato (435) [8], but was simiar to that in
papaya (55) [16] and melon (81) [56]. The low number in
papaya was believed to be due to lack of whole genome
duplication (WGD) during evolution of its genome [16].
In the grapevine genome which didn’t undergo WGD ei-
ther [59], the recent expansion by tandem duplications
was proposed to be the reason for the large numbers of
NBS-encoding genes [12]. Huang et al. [23] noticed that
the lipoxygenase (LOX) gene family has been notably ex-
panded in the cucumber genome and proposed that this
might be a complementary mechanism to deal with biotic
stresses. On the other hand, while the melon genome has
small set of NB-LRR type RGHs, the total number of re-
sistance genes including the RLK (receptor-like kinases),
KIN-GNK2 (receptor-like kinases-ginkbilobin-2 domain),
RLP (receptor-like proteins), Pto-like or MLO-like RGHs
was not significantly fewer than Arabidopsis or the grape-
vine [56]. Therefore, the reason why cucurbit crops have
fewer NB-LRR type resistance genes merits further inves-
tigation. Nevertheless, these genetically mapped NB-LRR
RGHs from present study should be useful in map-based
cloning or association mapping studies of disease resis-
tance genes in the cucumber genome. For example, the
single dominant scab (Cladosporium cucumerinum) re-
sistance gene, Ccu, has been fine mapped [32] which is
co-localized with the large NB-LRR cluster (in Gy14 scaf-
fold00894, Additional file 2: Table S1) in the short arm of
cucumber chromosome 2 (Figure 2).
Expression studies of cloned R genes detected low

levels of transcripts in unchallenged plants (i.e., constitu-
tive expression) [60,61]. Tan et al. [62] analyzed the ex-
pression patterns of ~170 NB-LRR and related genes in
Arabidopsis, and found that most of these genes were
expressed at low levels with a variety of tissue specific-
ities. It is known that disease resistance is the predomin-
ant function for plant NB-LRR-encoding genes [1], but
their other biological roles should not be precluded. In
this study, by examining the large collection of RNA-Seq
data, we found EST representations of all 70 RGHs in
the cucumber transcriptome; we also found that expression
of a number of these genes was tissue-specific (Additional
file 2: Table S2). These observations may suggest that all
RGHs identified herein might be expressed in the cucum-
ber genome. However, further investigations are needed to
understand the functions of these RGHs and their tissue or
organ specificities.

Conservation of NB-LRR RGHs in the cucumber and
melon genomes
Previous studies found that NB-LRR genes exhibited high
level of inter- and intra-specific variation that presumably
evolved rapidly in response to changes in pathogen popu-
lations [12,19]. Sequence conservation and synteny was



Yang et al. BMC Plant Biology 2013, 13:53 Page 10 of 14
http://www.biomedcentral.com/1471-2229/13/53
found in several NB-LRR genes among Solanaceae species
(tomato, potato, and pepper) [20,63]. Genome-wide com-
parison of NB-LRR-encoding genes between Arabidopsis
thaliana and A. lyrata found that both species have
similar numbers of NB-LRR genes [64]. In the present
study, of the 70 cucumber RGHs, 65 had homologs and
57 were located in syntenic blocks of the melon genome
(Additional file 2: Table S3). Among the nine RGH
clusters in cucumber, six were also annotated to encode
NB-LRR type RGHs in the melon genome, and all
were located in syntenic blocks (Table 2, Additional file 2:
Table S3). However, in the syntenic regions of the six cu-
cumber clusters with 44 RGH members, only 32 RGHs
were annotated in the melon genome (Table 2, Additional
file 2: Table S3). It seems that annotation of the melon
genome need to be refined in these regions to resolve
these discrepancies. Nevertheless, it is clear that these
RGHs are highly conserved in the cucumber and melon
genomes in both sequence homology and chromosome
locations suggesting a similar evolution history of these
RGH ortholog in the two species, which were diverged ap-
proximately ten million years ago [65].

The high-density consensus map of cucumber
We presented herein an SSR-based integrated genetic
map of cucumber that was constructed using the segre-
gation data from three populations. The aim of this map
was to fill the large gaps on each individual map with
markers that have been mapped in other mapping exper-
iments and resolve marker orders in the recombination
suppression regions on the CSH-RIL map. The cucum-
ber consensus map consisted of 1,681 marker loci and
the majority of these markers were anchored to the
Gy14 and/or 9930 draft genome scaffolds (Additional
file 2: Table S7). Among linkage maps constructed so far
in cucumber, this integrated map has the highest marker
density. As compared with the CSS-F2 map (Additional
file 2: Table S4, Figure 2), this consensus map signifi-
cantly increased the number of marker loci (from 783 to
1,681), marker density (0.96 cM to 0.44 cM), anchored
Gy14 draft genome sequences (233 scaffolds, 173.1 Mbp
versus 308 scaffolds, 193.4 Mbp), as well as total map
length (706.7 cM vs. 730.0 cM) (Table 3). Similarly, this
integrated map also showed several significant improve-
ments over the cucumber consensus map by Zhang
et al. [44] in number of mapped loci (1,681 vs. 1,369
loci), anchored genome sequences (193.4 Mbp vs. 172.5
Mbp of the 9930 draft genome), and map length
(730.0 cM vs. 700.4 cM). The accuracy of marker orders
on the present consensus map is also improved over the
previous one [44]. This is especially true for markers in
Chromosomes 4, 5 and 7, which could be seen from
comparisons of the marker order on the consensus
map and in the Gy14 draft genome assembly (Additional
file 2: Table S7). Considering the very narrow genetic base
of cultivated cucumber, map integration has allowed us to
place a larger number of markers than possible on any in-
dividual maps, thus obtaining a more complete coverage
of the cucumber genome. This consensus map integrated
with 67 NB-LRR RGH loci should have broad potential
uses in molecular mapping, gene cloning, quantitative
trait loci (QTL) analysis, marker-assisted selection, com-
parative genomics, as well as whole genome assembly
studies.

Conclusions
Cucumber contains relatively few NB-LRR type RGHs
that are clustered and unevenly distributed in the ge-
nome. As evidenced from their presence in the ESTs, all
RGHs seem to be transcribed. These NB-LRR type
RGHs shared significant homology in nucleotide se-
quences and high degree synteny in chromosomal loca-
tion with the melon genome suggesting these RGHs are
highly conserved in genome organization and functions
in the Cucumis lineage. The high quality, 1,681-locus
consensus map is the densest genetic map of cucumber
ever constructed. The RGHs identified and character-
ized, and the high-density consensus genetic-physical
map developed herein provide valuable genomics re-
sources for many molecular marker-based studies such
as mapping of quantitative trait loci, map-based gene
cloning, assessment of genetic diversity, association
mapping, as well as marker-assisted selection in molecu-
lar breeding in cucumber.

Methods
Identification and characterization of NB-LRR type RGHs
in the cucumber genome
The Gy14 (Version 1.0) and 9930 (Version 2.0) cucumber
draft genome assembly and annotation were employed in
the present study [26,27] (Gy14 annotation is available at
http://www.phytozome.net/cucumber.php#A).
The NB-ARC protein domain (accession ID: PF00931)

sequence downloaded from the Pfam database (http://
pfam.sanger.ac.uk) was used as the seed to extract all NB
sequence homologs in the Gy14 draft genome by HMMER
V.3 using the raw Hidden Markov Model (HMM) [66]. A
total of 80 candidate sequences was identified from which
a high quality protein set (<1e-60) was aligned with Clustal
X (V2.0) [67] and used to construct a cucumber-specific
NB HMM using the module “hmmbuild”, which was
then used to identified proteins in cucumber genome
with “hmmsearch” at a lower threshold (<1e-5) resulting
in 70 proteins.
These NB domain-containing proteins were searched

for the presence of signature domains of plant R pro-
teins: the TIR or CC domains in the N-terminal region
and LRR domain in the C-terminal region. To detect

http://www.phytozome.net/cucumber.php#A
http://pfam.sanger.ac.uk/
http://pfam.sanger.ac.uk/
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these conserved domains, NB-encoding proteins were char-
acterized using Pfam version 26.0. SMART (http://smart.
embl-heidelberg.de/) was used to confirm the identity of
the TIR and LRR domains. Prediction of the CC domain
was conducted using the COIL program (http://embnet.
vital-it.ch/software/COILS_form.html) with default settings
and a stringency of 90% threshold. RGHs with no TIR or
LRR domains were verified by manual annotation. RGH
DNA sequences including additional 2,000 bp up- and
down-stream sequences were extracted from the Gy14
draft genome scaffolds and re-annotated with Augustus
(http://bioinf.uni-greifswald.de/augustus/) using 9930 CDS
(Version 2.0) [26] as reference sequences. NB-containing
proteins were aligned using Clustal X with default pa-
rameters. Subsequently, Jalview (Version 2.0) [68] was
used to trim at both ends to eliminate regions of poor
alignment. For RGHs with complete NB domains, the
amino acid sequence of each NB domain (approximately
120 AA from P-loop motif to Kin3 motif) was extracted
and used to perform a phylogenetic analysis. Fifty-eight
NB domain sequences (Additional file 2: Table S1) were
aligned to construct a phylogenetic tree using the neighbor-
joining method in MEGA 5 with a bootstrap of 1,000 repli-
cates [69].
To describe the distribution of RGHs in the genome,

a cluster of RGH was defined loosely as a chromosome
region with a maximum 1Mbp sequences that had two
or more RGHs. In Silico expression analysis of NB-LRR
RGHs was conducted with BLAST alignment against
two cucumber EST datasets. The first was the 9930 tran-
script assembly (Version 2.0) from nearly 220 million
Illumina sequencing reads derived from 10 different tis-
sues of cucumber line 9930 [26]; the second set included
2.3 million Roche/454 reads of Gy14 leaf and root tis-
sues (available at http://cucumber.vcru.wisc.edu/) (Weng
et al. unpublished data). BLAST hits with 95% sequence
identity and 90% coverage of the query length were
regarded as evidence of EST support of RGH gene ex-
pression in the genome.

Comparative analysis of RGH sequence homology and
chromosomal location synteny in the cucumber and
melon genomes
From the draft genome sequence of melon, Cucumis
melo, 81 NB-containing RGHs were identified [56]. To
investigate sequence conservation and colinearity of
RGH loci between cucumber and melon, the 70 cucum-
ber RGH sequences were BLAST aligned with both the
cucumber and melon genome assembly. The cucumber
RGH query sequence and that of melon hits were con-
sidered orthologs when the sequence identify was >90%,
the coverage was >95%, and no paralogous sequences in
either genome. The synteny of chromosomal blocks of
these cucumber RGHs in melon and cucumber were
compared with current understanding of the melon-
cucumber chromosome synteny [56,57].

Genetic and physical mapping of NB-LRR RGHs in the
cucumber genome
Since the scaffold information to which the 70 NB-LRR
type RGHs belonged were known, it was relatively
straight forward to map these RGHs to their physical lo-
cations in the Gy14 draft genome assembly (version 1.0)
[27]. Three RGHs Cucsa.189390, Cucsa.318890, and
Cucsa.328080) (Additional file 2: Table S1) were not an-
chored onto the map because their associated scaffolds
were too small and no markers from these scaffolds were
mapped on the high-density linkage map of cucumber.
For linkage mapping of RGHs, DNA polymorphisms

(SNPs and Indels) within RGH and its surrounding
DNA sequences between the Gy14 and 9930 cucumber
lines were identified through alignment of the Gy14 [27]
and 9930 [26] draft genome sequences. Indel-derived
STS, SNP-based dCAPS or SSR markers were designed
from target regions. In case there was no polymorphism
within the RGH sequences, flanking markers of the tar-
get RGH locus were developed. Previously, a mapping
population with 92 F2 plants from Gy14 × 9930 was used
to develop a 735-locus high-density genetic map for
cultivated cucumber [27]. This population was employed
in this study to integrate RGH loci on the genetic map.
Molecular marker analysis and linkage map construction
followed Li et al. (2011) [57].

Component genetic maps for consensus map
construction
Three SSR-based cucumber linkage maps were used for
consensus map construction in the present study. Two
maps were developed with mapping populations from
intra-varietal crosses including the Gy14 × 9930 F2 map
from this study (CSS-F2 map, 783 loci) (Additional file
2: Table S4, Figure 2), and the 9110Gt × 9930 RIL map
(248 SSR markers plus seven genes constructed with 148
RILs, CSS-RIL map) [45]. The third was the inter-
subspecific Gy14 × PI 183967 RIL map (995 SSR loci
mapped with 77 RILs, CSH-RIL map) [42]. The three
maps shared a significant number of SSR markers. To
give a quantitative assessment of the colinearity of these
shared markers, Spearman’s rank correlation coefficients
were calculated for marker orders between pairs of maps
using the PROC CORR procedure in the statistical soft-
ware SAS 9.3. The comparison of shared marker orders
between individual maps was displayed graphically using
the Circos program (http://circos.ca/) [70].

Development of consensus cucumber linkage map
For all markers on three individual maps, in silico PCR
was implemented using the Gy14 and 9930 draft genome

http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://embnet.vital-it.ch/software/COILS_form.html
http://embnet.vital-it.ch/software/COILS_form.html
http://bioinf.uni-greifswald.de/augustus/
http://cucumber.vcru.wisc.edu/
http://circos.ca/
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scaffolds as templates to assign markers to scaffolds, reveal
polymorphisms between the two parental genomes, as
well as estimate copy numbers of expected PCR products.
This was performed with a custom Perl script that used
the NCBI BLASTN program as a search engine [24]. If
no in silico PCR products were available, the primer
sequences of each marker were employed in BLAST
searching against the two draft genomes to identify their
scaffold locations. If there were no or multiple in silico
PCR products or BLAST hits, the marker was labeled
‘no hit’ or ‘multi-copy’ in the genome, respectively.
The quality of raw mapping data for individual maps

was double checked. Markers showing unlikely local
double crossovers were eliminated. Prior to map integra-
tion, population-specific bin maps were generated for
each linkage group of the CSS-F2 and CSH-RIL maps
using the procedure described previously [55]. A bin was
defined as a unique location on the genetic map where
one or more markers were within 1 cM genetic distance.
In each bin, one or more markers were selected to pro-
vide a bridge to other population-specific map(s) (shared
loci), or maximize the information content. All 255
mapped loci on the CSS-RIL map were employed in
map integration. JoinMap 3.0 was used to generate pair-
wise recombination frequencies and LOD scores for the
selected sets of representative loci for each linkage
group, which were then combined into a single group
node in the navigation tree. Within JoinMap3.0, the
“Combine Groups for Map Integration” function carries
out map calculations based on mean recombination fre-
quencies and combined LOD scores.
On the CSH-RIL map, there were 247 markers in 10

clusters. Map integration for markers in the largest four
clusters in Chromosomes 5 and 7 was conducted only
between the CSS-F2 and the CSS-RIL maps. For map in-
tegration of markers in Chromosome 4, the CSS-F2 map
and another intra-varietal cucumber F2 genetic map devel-
oped from PI 249561 × PI 308915 (CSS-PI-F2 map) [28]
were employed. Bin map construction for Chromosome 4
followed the same procedure as other chromosomes.
After the consensus bin map (skeleton map) was

constructed, residual markers in each original bin of
individual maps including all molecular tags of 70 RGH
loci were re-introduced and assigned to their respective
bin positions on the integrated map. In addition, three
cucumber genes, the m gene for bi-sexual flower ex-
pression [58], cp for compact plant growth habit [28],
and Ccu [32] for scab resistance have been cloned or
fine mapped. They were placed on this consensus ge-
netic map based on their scaffold locations. Finally,
based on marker-scaffold associations, the Gy14 and
9930 draft genome scaffolds were aligned onto the con-
sensus genetic map to develop an integrated genetic-
physical map.
Additional files

Additional file 1. DNA and peptide sequences of 70 NB-containing
R gene homologs in the Gy14 genome (in fasta format).

Additional file 2. Including seven supplemental MS Excel tables
(Table S1 to Table S7). Table S1. Information of 70 NB-containing RGH
sequences in the Gy14 cucumber draft genome. Left and right markers
are the closest flanking markers for each RGH. Map location indicates
their positions on the high-density cucumber linkage map developed in
the present study (Figure 2). Gy14V1.0 is the Gy14 draft genome
assembly Version 1.0 [27]. Corresponding cucumber 9930 CDS data are
from Li et al. (2011) [26]. Table S2. Expressed sequence tag (EST)
representation of RGHs based on BLAST search of Gy14 leaf and root
transcriptome assembly (http://cucumber.vcru.wisc.edu/, Weng et al.
unpublished data) and 9930 V2.0 transcript assembly derived from 10
tissues [26]. Table S3. BLAST alignment of cucumber RGH sequences
and the melon draft genome showing sequence homology and
syntenic blocks of RGH loci in the two genomes. Melon draft genome
assembly and RGH annotation are from Garcia-Mas et al. (2012) [56].
Chr = chromosome. The melon scaffold positions of annotated RHG are
approximations. Table S4. Information of 783 cucumber and melon
markers placed on the high-resolution cultivated cucumber genetic map.
Marker loci are arranged by increasing order of map locations in each
linkage group (LG). The physical location of each marker in the new Gy14
draft genome assembly (Gy14_V1.0) [27], and the Gy14 scaffolds are also
shown. The Gy14 V1.0 or Gy14 scaffold position is the first nucleotide-
binding site of the left primer of each marker. Table S5. Markers with
discrepancies in chromosomal locations between the Gy14 × 9930 F2
(CSS-F2) (Table S4), and the Gy14 × PI 183967 RIL (CSH-RIL) [42] or the
9110Gt × 9930 RIL (CSS-RIL) [45] maps. Table S6. Spearman’s rank of
correlation (r) of marker orders among the three component maps and
the final integrated map. Table S7. Information of 1,681 cucumber and
melon markers on the consensus cucumber genetic map. Marker loci
were arranged by increasing order of map locations in each
chromosome (CHR). The physical location of each marker in the new
Gy14 whole genome assembly (Gy14_Chr_V1.0), and their positions in
the original 9930 and Gy14 scaffolds are also shown. Bins indicate marker
loci that were selected from component maps for bin map construction
prior to map integration. Chr_source, cM_source and Map_source were
LG, map position (in cM) and reference of three component maps from
which each marker was employed.

Additional file 3. Supplemental data file including three supplemental
figures (Figure S1 to Figure S3). Figure S1. Distribution of 70 NB domain-
containing RGHs across seven cucumber chromosomes in the Gy14 genome.
Figure S2. Graphic view of colinearity of common markers among three
cucumber linkages used for consensus map construction. MapA = Gy14 × PI
183967 RIL (CSH-RIL) [42]; MapB = Gy14 × 9930 F2 (CSS-F2 map) (Additional
file 2: Table S4, this study); MapC = 9110Gt × 9930 RIL (CSS-RIL) [45]. The
graphs were drawn with the Circos software package (http://circos.ca/) [70].
Figure S3. Graphic view of consensus bin map of cucumber, which was
developed from integration of three individual maps of Gy14 × 9930
F2 (CSS-F2) (Additional file 2: Table S4, this study), Gy14 × PI 183967 RIL
(CSH-RIL) [42] and 9110Gt × 9930 RIL (CSS-RIL) [45] with JoinMap 3.0.
Numbers on top of the map are linkage groups (LG) (1 through 7) which
also correspond to chromosomes numbers. Cumulative map distance (cM)
is shown to the left of each linkage group and marker designation is on
the right.
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