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Abstract
Background: Within onion, Allium cepa L., the availability of disease resistance is limited. The identification of
sources of resistance in related species, such as Allium roylei and Allium fistulosum, was a first step towards the
improvement of onion cultivars by breeding. SNP markers linked to resistance and polymorphic between these
related species and onion cultivars are a valuable tool to efficiently introgress disease resistance genes. In this paper
we describe the identification and validation of SNP markers valuable for onion breeding.
Results: Transcriptome sequencing resulted in 192 million RNA seq reads from the interspecific F1 hybrid between
A. roylei and A. fistulosum (RF) and nine onion cultivars. After assembly, reliable SNPs were discovered in about 36 %
of the contigs. For genotyping of the interspecific three-way cross population, derived from a cross between an
onion cultivar and the RF (CCxRF), 1100 SNPs that are polymorphic in RF and monomorphic in the onion cultivars
(RF SNPs) were selected for the development of KASP assays. A molecular linkage map based on 667 RF-SNP
markers was constructed for CCxRF. In addition, KASP assays were developed for 1600 onion-SNPs (SNPs
polymorphic among onion cultivars). A second linkage map was constructed for an F2 of onion x A. roylei (F2(CxR))
that consisted of 182 onion-SNPs and 119 RF-SNPs, and 76 previously mapped markers. Markers co-segregating in
both the F2(CxR) and the CCxRF population were used to assign the linkage groups of RF to onion chromosomes.
To validate usefulness of these SNP markers, QTL mapping was applied in the CCxRF population that segregates for
resistance to Botrytis squamosa and resulted in a QTL for resistance on chromosome 6 of A. roylei.
Conclusions: Our research has more than doubled the publicly available marker sequences of expressed onion
genes and two onion-related species. It resulted in a detailed genetic map for the interspecific CCxRF population.
This is the first paper that reports the detection of a QTL for resistance to B. squamosa in A. roylei.
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Background
Onion, Allium cepa L., is an important vegetable crop
that is grown worldwide [1]. The economic importance
of the crop has led to many different cultivars for various latitudes as bulb formation and therefore yield is
highly dependent on day length. Yield is the major trait
of any onion-breeding programme. To achieve maximum yield, increased levels of resistance to pests and
diseases are needed to prevent yield losses. Through
selection within A. cepa partial resistance or field resistance was obtained to fusarium basal rot and pink root in
onion cultivars [2]. As resistance to pests and diseases is
often not present in the crop species itself, introduction
of these traits from crossable wild relatives can be a
solution [3, 4]. For onion, downy mildew resistance is an
example of a trait that was identified in A. roylei Stearn
[5] and successfully introgressed in onion cultivars [6].
In A. roylei resistance to Botrytis squamosa [7, 8], and
Colletotrichum gloeosporioides [9] was discovered as
well. Onion lines with resistance to B. squamosa from A.
roylei are currently being developed [10]. In another
relative of onion, A. fistulosum, accessions with resistance to B. squamosa [8, 11, 12], Fusarium oxysporum
[13], Phoma terrestris [14, 15] and C. gloeosporioides [9]
were identified. Resistance to F. oxysporum was also observed in accessions of A. galanthum and A. schoenoprasum [16]. These examples clearly show the potential of
onion-related species as sources for improvement of
onion cultivars.
The use of crop wild relatives as a source of interesting
genes/alleles in breeding is often complicated by
amongst others crossing barriers, which may cause low
or intermediate levels of fertility in progeny plants [17]
or low levels of recombination in certain genomic
regions. For instance, there are crossing barriers between
onion and A. fistulosum resulting in sterility of F1 plants,
even though they have the same number of chromosomes (2n = 2x = 16). The genome size of these species is
different with 2C values of 33.5 and 22.5 pg for onion
and A. fistulosum, respectively [18]. Although the genome size of A. roylei also differs from onion (2C =
28.5 pg), fertile progeny plants were obtained after crossing this species with onion [19], allowing the creation of
a genetic linkage map using an F2 population [20, 21].
Allium roylei was also used as a bridge between onion
and A. fistulosum, resulting in the production of a fertile
interspecific three-way cross A. cepa x (A. roylei x A. fistulosum) population [22]. In these plants recombination
events occurred between all chromosomes of A. fistulosum and A. roylei, as well as between the chromosomes
of the F1 and onion after back crossing the three-way
crossed plants with onion [23]. The occurrence of recombination demonstrated the potential for introgressing traits of A. fistulosum into A. cepa via A. roylei.
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The development of molecular markers greatly facilitates the introgression of traits or genes from related
species. Currently, single nucleotide polymorphisms
(SNPs) are the markers of choice and large sets of SNPs
have been developed between two inbred lines of onion
(OH1 and 5225) [24] and also for A. fistulosum [25].
This paper describes the development of SNP markers
between two species of Allium (A. roylei and A. fistulosum) using the interspecific F1 hybrid (called RF) and a
set of onion cultivars (CC). As the Allium genome is
large (16 Gbp = 18× tomato) [26] transcriptome sequencing was used to reduce complexity and to increase the
chance of tagging single copy regions with high enough
redundancy to reliably discover useful SNPs. RF-SNPs
heterozygous in RF and homozygous in onion cultivars
were used to create a molecular linkage map using the
A. cepa x (A. roylei x A. fistulosum) interspecific threeway cross population [22, 27] (further called CCxRF).
RF-SNPs that were polymorphic between A. roylei and
onion were also mapped in the F2 population resulting
from a cross between onion and A. roylei, named
F2(CxR). In addition SNPs were discovered in onion cultivars. SNPs polymorphic between onion and A. roylei
were also mapped on the CxR map to obtain a combined
map for both the onion SNPs and the RF-SNPs, which is
likely to improve the utilisation of the RF markers in
onion breeding. The application and usefulness of the
marker dataset and genetic map in breeding is exemplified by the identification of a QTL for resistance to
Botrytis leaf blight (BLB) using the CCxRF population.

Methods
Plant materials

For SNP discovery, a vegetatively propagated interspecific hybrid plant RF (PRI 91021–8), originating from
a cross between A. roylei and A. fistulosum [22] and
nine onion cultivars (one plant per cultivar) were
used originating from different origins in the world
and differing in day length dependency (Table 1).
Two populations were used for mapping, the interspecific three-way cross population CCxRF and the F2
population F2(CxR). The three-way cross population
was obtained after crossing male-sterile onion plants
(an ‘A line’ or cultivar ‘Hygro’) with RF in successive
years. Progeny plants of these crosses were used for
resistance screening, as they were kept in tissue culture for several years. In 2011, a cross between one
plant of ‘Hygro’ and the RF plant resulted in 154 progeny plants, that were used for mapping. The F2
population was obtained by selfing one plant of
F1(CxR) (PRI 93103), a hybrid between A. cepa and
A. roylei and consisted of 67 genotypes previously
used for mapping [20, 21] and 32 newly added F2
plants.
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Table 1 Onion accessions and cultivars, types and origins, used
for SNP discovery
Genotype

Typea Originb

RF

NA

PRI 91021-8, Wageningen UR Plant Breeding,
The Netherlands

Bravo

LLD

Rijnsburger, Hazera Seeds, The Netherlands

Jumbo

LLD

Rijnsburger, Syngenta, The Netherlands

Babosa

SD

Early Grano, CGN 15746, originally from Spain,
imported in USA in 1925

California Red

SD

HRIGRU 5548, USA

Pukekohe
Longkeeper

ID

HRIGRU 5524, Australia

Rio Tinto

SD

Bayer CropScience Vegetable Seed

Rumba

ID

Bayer CropScience Vegetable Seeds

Sapporo Yellow LD
Globe

CGN 14724, Japan

South Port
White Globe

CGN 14735, USA, 1906

LD

NA not applicable, LLD Long long day, LD long day, ID intermediate day, SD
short day
CGN is the Centre for Genetic Resources, the Netherlands,
(www.cgn.wur.nl), HRIGRU is the Warwick Genetic Resources Unit, United
Kingdom (www2.warwick.ac.uk/fac/sci/lifesci/wcc/gru/)

a

b
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(non-specific matches) are not incorporated into any
contig, and; f ) a minimum contig length of 180 bp is
required. Contigs were constructed for each genotype
separately and for the onion genotypes combined.
SNP discovery

All contigs were submitted to QualitySNPng for SNP
discovery using the default settings of the programme
[28, 29]. QualitySNPng is designed for filtering out
SNPs from paralogous sequences without prior knowledge about the reference sequence. If the number of
haplotypes exceeded two per SNP locus this is most
likely the result of either paralogs assembled in one
contig or sequencing artefacts. SNP regions were selected to have 75 bp flanking the SNP position at
both sides without additional polymorphisms in these
flanking regions. SNP regions were compared with all
contigs using BlastN with Expectation value E lower
than −20 to select unique SNP regions. Only SNP regions that mapped uniquely were kept [30]. These
SNP markers were considered as usable.
SNP selection and genotyping

Transcriptome sequencing, data processing and assembly

For SNP discovery, RNA was isolated from leaves of 4–8
week old plants (one plant per cultivar, grown in the
greenhouse) using the Trizol protocol (Invitrogen, Carlsbad, Ca, USA) and purified using the RNeasy MinElute
kit (Qiagen, Hilden, Germany). cDNA synthesis and barcoding per sample, followed by paired-end Illumina
sequencing were carried out by BaseClear (www.base
clear.com). The Illumina Genome analyzer HiSeq2000
was used to sequence three cDNA samples in a first run
(RF and cultivars Bravo and Jumbo) and in the second
run two cDNA samples of eight cultivars were multiplexed per lane (Table 1). Paired end reads from fragments shorter than 2× the read length were merged to
one single elongated read using the stitch software
(github.com/audy/stitch). The resulting sequence fragments and the unjoined reads were all imported as single reads in the CLC Genomics Workbench (v 4.03).
Before assembly the reads were processed to increase
quality by removal of: a) the first 5′ base, b) sequences
with more than one ambiguous nucleotide (N), c) low
quality bases on both ends of the reads. De novo assembly with the software CLC was carried out using the following settings: a) 95 % sequence homology over
minimal 80 % of the read length; b) mismatch/insertion/
deletion costs were set to 2,3,3, respectively; c) global
alignment; d) the consensus sequence per contig for
variable positions is determined by the most abundant
nucleotide; e) reads that match more than one contig

Two types of SNP markers were selected for genotyping
and construction of molecular linkage maps: RF-SNP
markers (names start with RF_ctg ) and onion-SNP
markers (names start with al_ctg). Selection criterion
used for RF-SNP markers were that SNPs were polymorphic in the RF-hybrid and monomorphic in all
tested onion cultivars. For onion-SNP markers, the criterion was presence of the major allele in at least five
cultivars and the minor allele in at least four cultivars.
Genotyping was done with the use of KASP™ assay by
VHL Genetics (www.vhlgenetics.com) for the RF-SNPs,
and by LGC Genomics (www.lgcgroup.com) for the
onion-SNPs.
For genotyping, DNA was extracted [31] from young
leaves of the CCxRF population, the F2(CxR) population
and parental plants of these populations. For the onion
parent, plants of onion cultivars ‘Jumbo’ and ‘Bravo’ were
used. Parents of the populations were genotyped at least
in triplicate to test reproducibility of the KASP assay.
SNP data were visualised using the software programme
SNPViewer of LGC Genomics (www.lgcgroup.com/
products/genotyping-software/snpviewer).
Genetic mapping

For the CCxRF population, only the SNPs polymorphic
between the A. roylei parent and the A. fistulosum parent were used. These markers are expected to segregate
in a 1:1 ratio as the selected SNP markers were polymorphic in the RF hybrid (heterozygous) and monomorphic in onion (selected for homozygosity of the
onion allele). A genetic map based on SNP markers
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segregating in 154 progeny plants of CCxRF was constructed using JoinMap® 4.1 [32]. When markers showed
an identical segregation pattern, only one was kept for
the analysis. Linkage groups were made based on regression with a threshold LOD ≥ 8. Recombination frequencies were converted into map based distances in cM
using Haldane’s mapping function.
Both onion-SNP markers and RF-SNPs that were polymorphic between onion and A. roylei were used for the
production of a linkage map for the F2(CxR) population.
These markers were expected to segregate in a 1:2:1
ratio. The F2 population consisted of 67 genotypes previously used for the identification and mapping of AFLP,
SCAR, CAPS, and isozyme markers [20, 21] and 32
newly added F2 plants. From the original 67 genotypes,
a limited set was still available (as DNA or plants) and
used in the SNP analysis: 46 genotypes in the analysis
with the RF-SNPs and 29 with the onion-SNPs. For
mapping also marker data obtained previously were
included. MapChart 2.2 [33] was used to visualize the
genetic maps.
Phenotyping for resistance to Botrytis squamosa

Botrytis squamosa isolate MUCL 31421 (Belgian Coordinated Collection of Micro-organisms, Belgium) was
multiplied on water agar covered with onion leaves at
15 °C. For spore production, plates were placed under
near-UV (wave length 300–400 nm) or black light (wave
length 315–400 nm). Resistance tests were carried out in
June 2010 (Exp. 1), September 2010 (Exp. 2) and August
2011 (Exp. 3), comprising 49, 48 and 92 genotypes (in
each of the respective experiments) of the CCxRF population and one genotype each of A. cepa cultivar Jumbo,
A. roylei, A. fistulosum and the RF hybrid. Genotypes
were multiplied in vitro and 10 replicates per genotype
were used in each experiment. The F2(CxR) population
was not tested, as most plants were not available anymore. Four week old tissue-culture plants were transplanted into the greenhouse in trays containing a
mixture of steamed peat soil and sand (v:v = 2:1). Two
weeks later, plants were transplanted to 1.5 l pots
1

2

containing onion peat soil (1 plant per pot) and kept in
the greenhouse. In Exp. 1, plants were transferred 6
weeks after transplanting into a plastic fog chamber with
100 % humidity and a temperature of 15 °C (day and
night) and inoculated by spraying the plants with a spore
concentration of 1.105 spores ml−1. Two days after
inoculation, temperature was increased to 18 °C (day
and night) and the fog chamber was removed while the
humidity was kept at ~80 %. In Exp. 2 and Exp. 3, the
same approach was followed but with plants of 15 and
13 weeks after transplanting, respectively. Plants were
scored 3 and 4 days post inoculation (dpi) (Exp. 1), 3
and 6 dpi (Exp. 2) and 3 dpi (Exp. 3). Plants were scored
in classes from 0 to 4, where 0 = no symptoms, healthy
plant; 1 = a few spots on a single leaf; 2 = several small
spots on more than one leaf; 3 = several larger spots on
more than one leaf and 4 = more than half of the leaf
covered with spots (Fig. 1).
As disease scores were obtained on an ordinal scale,
the data could not be analysed under the assumption of
normality. The data were modelled with reference to an
underlying latent variable and threshold values associated with the ordinal scores (Proportional Odds Model)
[34]. The parameters threshold values and means were
estimated by the maximum likelihood method [35]
employing Genstat 18th Ed. (Lawes Agricultural Trust,
Rothamsted Exp. St. UK). Positions of the genotype distributions on the latent variable scale were used in subsequent QTL analyses. Broad sense heritability (H2) was
calculated as the ratio of the genetic variation and the
phenotypic variation.

QTL mapping

The analysis of quantitative trait loci (QTLs) was performed using MapQTL® 6 [36] through interval mapping. Co-dominant markers in these regions were used
as co-factors in multiple-QTL mapping (MQM). Significant LOD thresholds were determined using a genome
wide permutation test with 1000 iterations. The QTL
graphs were prepared with MapChart 2.2 [33].
3

4

Fig. 1 Classes of infection by Botrytis squamosa observed on genotypes of the CCxRF population, from left to right: Class 1 one or a few spots on
a single leaf; 2 several small spots on one or two leaves; 3 large spots on one or more leaves and 4 more than 50 % of the leaves with spots

Scholten et al. BMC Plant Biology (2016) 16:187

Page 5 of 10

Results
Transcriptome sequencing, SNP identification and
development of markers

A total of 192 million RNA seq reads were obtained. The
number of sequence reads varied from 5,7 million for RF
to 34,6 million for Sapporo Yellow Globe. After assembly,
the average contig length varied from 309 bp for ‘Bravo’ to
649 for Pukekohe Longkeeper (Table 2). The number of
contigs ranged from 10,361 to 103,178. Analysis of these
contigs with QualitySNPng showed that about 36 %
contained reliable SNPs. For the RF genotype 7990 contigs
containing a reliable SNP were identified and for the cultivars this number varied from 6709 to 38,520.
For genotyping of the CCxRF population SNPs were
selected that were polymorphic in RF and monomorphic
in the nine onion cultivars. Among the RF-SNPs only
2525 met this criterion (Additional file 1: Table S1).
From these, 1100 (one per contig) were chosen for the
development of a KASP assay (Additional file 2: Table
S2).
A random selection of RF-SNPs polymorphic between onion and A. roylei was used for genotyping
the F2(CxR) population. This set was complemented
with onion-SNPs that were selected from the 243,879
onion cultivar contigs containing reliable SNPs. In 14,591
contigs 20,229 reliable onion-SNPs were identified using
QualitySNPng (Additional file 3: Table S3). To maximize
the chance that these SNPs would also be useful with
onion cultivars, 1600 onion-SNPs were selected using the
criterion that the major allele was present in at least five
and the minor allele in at least four of the nine onion cultivars (Additional file 4: Table S4), and these were used for
the development of KASP assays.
Functional annotations of the cDNA contigs for which
KASP assays were designed were obtained using Blast2GO

(www.blast2go.com) (Additional file 2: Table S2 and Additional file 4: Table S4). Successful KASP assays were
designed for 767 RF-SNP markers and 1237 onion-SNP
markers (success rate of 70 and 77 % respectively, see
Table 3, Additional file 1: Table S1 and Additional file 3:
Table S3).

Molecular mapping

In total, 301 SNP markers (182 onion-SNPs, 119 RFSNPs) were used to construct a linkage map for
F2(CxR). These markers were complemented with 76
markers mapped previously [20, 21] allowing the assignment of chromosome numbers to the linkage groups.
The map consisted of 805 cM divided over eight chromosomes (Additional file 5: Table S5).
For the CCxRF population 627 SNP markers segregated as expected for an AA:AB type of marker. The
other 140 markers segregated in AA:AB:B0 or in A0:B0
(0 indicating a null allele) fashion when CC was A0 or
00 respectively, and were also used for mapping. The
RF-SNP markers that were mapped in both F2(CxR) and
CCxRF were used to assign the linkage groups of RF to
chromosomes. In total 667 markers were mapped on the
CCxRF map, resulting in eight linkage groups (Additional file 6: Table S6 and Additional file 7: Figure S1)
with at least 35 markers per linkage group. The length
of the maps varied from 83 to 207 cM, with a total
length of the CCxRF map of 1051 cM. For both populations, several chromosomal regions showed skewness
(with a probability < 0.001). For CCxRF, skewed regions
occurred on all chromosomes, except on Chromosomes
seven and eight (Additional file 5: Table S5) and for
F2(CxR) such regions were seen on five of the eight
chromosomes (Chromosomes 1, 3, 4, 6 and 8).

Table 2 General statistics of the Illumina sequencing, assembly and number of reliable SNPs identified by QualitySNP in RF and the
onion cultivars. RF and cultivars Bravo and Jumbo were analyzed in a seperate run (three genotypes in one lane). In the other run
two cDNA samples of eight cultivars were multiplexed per lane
Genotype

Number of bases

Number of reads

Number of contigs

N50 a

Number of contigs
with reliable SNPs b

RF

276,285,871

5,662,574

10,361

395

7990

Bravo

572,211,306

11,727,836

46,596

309

6920

Jumbo

346,687,223

7,108,700

36,897

276

6709

Babosa

2,682,844,988

25,031,165

99,010

602

38,520

California Red

1,965,911,851

18,940,653

81,574

623

31,471

Pukekohe Longkeeper

2,274,863,215

21,244,183

99,761

649

35,203

Rio Tinto

2,017,823,470

19,525,723

81,975

588

30,996

Rumba

2,054,901,823

18,835,004

103,178

561

38,735

Sapporo Yellow Globe

3,215,089,647

34,561,122

69,206

519

27,093

South Port White Globe

2,071,923,107

29,319,916

76,187

558

28,232

a

Average contig length in base pairs
b
A SNP is called a reliable SNP when every allele is present in at least 4 reads (Tang et al. [29])
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Table 3 Numbers of SNP markers obtained with KASP assay
RF-SNPs used for development of KASP assay

1100

RF-SNP markers polymorphic in RF in KASP assay

767

polymorphic between CR

274

polymorphic between CF

441

not clear

52

RF-SNP markers mapped in CCxRF
RF-SNP markers in F2(CxR) (all are polymorphic between CR)

667
a

119

Onion-SNPs used for development of KASP assay

1600

Onion-SNPs polymorphic between onion cultivars in KASP assay

1235

Onion-SNPs mapped in F2(CxR)

182

a

Only a selection of RF-SNP markers was used for mapping in F2(CxR)

Screening for resistance to Botrytis squamosa

Three independent evaluations were carried out for B.
squamosa resistance in the CCxRF population. Leaf
spots were observed in all tests already at 2 dpi. Partial
resistance was observed in A. roylei, whereas A. fistulosum was almost as susceptible as onion. The level of infection of RF did not significantly differ from A. roylei,
clearly indicating dominant inheritance of the resistance.
Progeny plants of CCxRF showed a continuous variation
in level of infection. Compared to the first two experiments, Exp. 3 showed the largest variation among genotypes, even though the level of infection was already
high 3 dpi. In this third experiment, plants of A. roylei
also showed infection symptoms. Heritability scores for
resistance were 0.89 in Exp. 1 and Exp. 3, and in Exp. 2
0.71 (day 3) and and 0.77 (day 6).
QTL for B. squamosa resistance

The mean values of infection over the classes as well as
the mean values of infection obtained by the proportional odds model were used as input in MapQTL. For
resistance to B. squamosa, one QTL region originating
from A. roylei was identified on Chromosome 6 in each
of the three experiments (Fig. 2). The QTL region overlapped between the three experiments, but small differences for the 1 LOD QTL interval were seen. Over the
experiments, 27 to 54 % of the total variance was
explained (Table 4).

Discussion
SNP discovery and marker development

SNP markers were designed to facilitate the introgression
of traits from the onion related species A. roylei and A. fistulosum that possess, amongst others, disease resistances
that are not present in onion cultivars. Transcriptome sequencing has proven to be an efficient approach to obtain
SNP markers in diverse crops reviewed by [37, 38]. The
advantage of transcriptome sequencing is that the sequencing is limited to parts of the genome that are more likely

single copy, which is especially useful for crops with large,
highly repetitive, genomes such as onion (16 Gb) [39–41].
We used transcriptome sequencing to obtain two sets of
SNP markers that will be useful for Allium breeding: RFSNP markers, which are polymorphic in the interspecific
RF hybrid PRI 91021-8 and monomorphic among onion
cultivars, and onion-SNP markers, which are polymorphic
among onion cultivars. In total, 2525 RF-SNPs and 20,229
onion-SNPs were identified and regarded as good candidates for the development of KASP assays. Conversion of
1100 RF-SNPs and 1600 onion-SNPs in KASP genotyping
assays and validation was successful for 70 % of the RFand 77 % of the onion-SNP markers. These success rates
are comparable to those reported for onion cultivars
(74 %) [24] and for lily, another outcrossing species with a
large genome (76 %) [30]. With the validation of 1237 new
SNP markers for onion and 767 for the related species A.
roylei and A. fistulosum, the amount of SNP markers that
is currently publicly available has more than doubled: 43
SNP markers validated in 2005 [42], 93 in 2012 [41]
and 930 in 2013 [24]. SNP markers are valuable tools
for cultivar identification, determining genetic relatedness and diversity estimates among cultivars [43]. In a
next step, SNP markers of various onion research
groups could be combined to obtain a global consensus map of onion and other crossable Alliaceae [44].
Such a global consensus map is highly valuable for
the onion research and breeding community, as it will
allow the comparison of QTLs for specific traits detected in different populations. Mapped SNP markers
are also valuable for improving the quality of the de
novo genome assembly of onion, which is currently
being carried out [45].
Genetic maps and distortion of segregation

Selection of SNPs that are polymorphic in the RF hybrid
but monomorphic in onion, turned out to be very useful
for creating an inter species linkage map for A. roylei -A.
fistulosum. The SNP linkage map spanned 1050 cM,
which is longer than the AFLP maps of 661 cM and
886 cM earlier obtained [46, 47]. This increase in map
length is likely due to the increase in the number of
mapped markers at the telomeres. For the F2(CxR)
population, discrepancies were encountered when mapping the newly obtained SNP markers together with 76
from the 526 previously mapped AFLP, CAPS and isozyme markers [21]. These are likely the result of the low
number of identical genotypes in both studies (only 29).
The intention of using the F2(CxR) population was to
obtain sufficient information to assign linkage groups to
chromosomes for the CCxRF population, which was successful. Distorted segregation of SNP markers was observed on six of the eight chromosomes of RF and five
of the chromosomes of CR. In the past, the CCxRF
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Chr 6
0.0
1.0
2.0
3.0

Exp2 day 6

Exp2 day3

Exp3 day 3

Exp1 day4

Exp1 day3

8.0
11.0
13.0
14.0
15.0
21.0
28.0
33.0
35.0
41.0
42.0
46.0
47.0
48.0
54.0
56.0
59.0
62.0
65.0
66.0
68.0
69.0
73.0
74.0
75.0
77.0
78.0
79.0
80.0
81.0
82.0
105.0
106.0
111.0
113.0
116.0
117.0
118.0
120.0
121.0
122.0
123.0
124.0
126.0
127.0
135.0
136.0
149.0

RF_ctg_39785_822F RF_ctg_40891_468F
RF_ctg_38524_1180R RF_ctg_37149_384R
RF_ctg_21300_189R RF_ctg_52860_225F
RF_ctg_52698_210R
RF_ctg_13001_1742F RF_ctg_15919_117F
RF_ctg_38495_332F RF_ctg_60159_783F
RF_ctg_37936_596F RF_ctg_37957_1235F
RF_ctg_48818_438F
RF_ctg_12161_1197F RF_ctg_12828_1089F
RF_ctg_23859_246U RF_ctg_24555_246F
RF_ctg_48161_346F
RF_ctg_14098_355R
RF_ctg_42901_191U RF_ctg_40444_86R
RF_ctg_28187_360R
RF_ctg_60496_1288F RF_ctg_60255_530R
RF_ctg_15880_153F
RF_ctg_12350_1003R RF_ctg_60708_965R
RF_ctg_37782_417F
RF_ctg_12716_1864R RF_ctg_51784_187R
RF_ctg_37085_1071U RF_ctg_39277_492R
RF_ctg_37699_1220R RF_ctg_8295_64R
RF_ctg_48614_1025F RF_ctg_48477_420F
RF_ctg_2158_230F RF_ctg_42667_344R
RF_ctg_40165_463R RF_ctg_37604_921F
RF_ctg_38075_649F RF_ctg_38086_177F
RF_ctg_11854_66R RF_ctg_16808_117R
RF_ctg_60518_923R
RF_ctg_37498_774F RF_ctg_60106_771F
RF_ctg_42755_495R
RF_ctg_41183_237U RF_ctg_62847_64R
RF_ctg_40495_249R
RF_ctg_37972_226U
RF_ctg_18874_164F
RF_ctg_42595_2007R
RF_ctg_39925_460R
RF_ctg_16328_86F
RF_ctg_63003_396R
RF_ctg_6942_320R
RF_ctg_48896_546F RF_ctg_62254_194F
RF_ctg_11853_584F
RF_ctg_38068_835R
RF_ctg_60189_161F
RF_ctg_40670_307F
RF_ctg_18970_247R RF_ctg_41242_638F
RF_ctg_12143_954F RF_ctg_11867_396R
RF_ctg_60787_229F
RF_ctg_12268_249F
RF_ctg_30297_144R
RF_ctg_22251_283F
RF_ctg_14821_220R
RF_ctg_16972_514F
RF_ctg_39778_350R
RF_ctg_41344_935R
RF_ctg_48540_944F RF_ctg_42648_307F
RF_ctg_51825_123F
RF_ctg_21182_490R RF_ctg_60426_1252R
RF_ctg_51393_161R RF_ctg_40447_898R
RF_ctg_15783_136R
RF_ctg_14000_397F
RF_ctg_14475_514F
RF_ctg_40576_1042F
RF_ctg_40420_391U RF_ctg_41253_483U
RF_ctg_9709_230F
RF_ctg_48169_1204F
RF_ctg_37080_916F RF_ctg_39981_552F
RF_ctg_39020_403F
RF_ctg_23045_217R
RF_ctg_60270_742U

Fig. 2 The QTL for resistance to Botrytis squamosa in the the CCxRF population originating from A. roylei identified on chromosome 6 in three
independent disease tests. Lines with dashed ends show the LOD region and solid bars represent 1 LOD interval from the maximum LOD scores.
Map distances are in cM
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Table 4 QTL effects from A. roylei for resistance to Botrytis
squamosa in the CCxRF population identified on chromosome
6 (the highest LOD scores obtained in each test are shown)
Exp

Position

Locus

LOD

Explained
variance (%)

1 day3

13

RF_ctg_14098_355R

5.31

41.2

1 day4

11

RF_ctg_48161_346F

6.86

49.7

2 day3

42

RF_ctg_48477_420F

8.01

54.4

2 day6

42

RF_ctg_48477_420F

5.20

39.9

3 day3

15

RF_ctg_60255_530R

5.91

26.6

population was used for the construction of a genetic
linkage map based on AFLP markers [46], as well as for
physical mapping [27]. Later, the population was extended with progeny plants from additional crosses between onion plants and the original RF genotype to
identify QTLs for mycorrhizal responsiveness, plant dry
weight and number of stem-borne roots per plant [47].
For the SNP genetic map presented in this study, progeny plants obtained from a single cross between an
onion plant and the RF plant were used in order to prevent distorted segregation of markers due to unequal
contributions of alleles from different mother plants. For
CCxRF and F2(CxR) population, distorted segregation
was reported earlier [20, 46]. Also in other crops, like tomato, distortions from the expected segregation ratio
often occurs in crosses between cultivated material and
wild species [48]. Distorted segregation may be the result
of post- and pre-fertilization barriers between species.
The phenomenon of disturbed pollen tube growth was
observed in the style of interspecific F1 hybrids between
A. cepa and A. fistulosum using A. cepa pollen [49]. Distorted segregation may also be the result of preferential
genome or allele transmission, as was observed in F2
progeny plants of crosses between A. cepa and A. fistulosum as well as suppression of allelic expression and
cyto-abnormalities in mitosis and meiosis [50].
BLB resistance and mapping of the Bs1 gene

In the current study, the focus was on the identification of the locus for resistance to B. squamosa from
A. roylei. Previous studies indicated that resistance to
B. squamosa in A. roylei is probably conditioned by a
single dominant gene, for which Bs1 was proposed
[7]. Both A. roylei and the interspecific RF hybrid
showed comparable low levels of infection by B. squamosa and were clearly resistant, whereas onion plants
and plants of A. fistulosum were highly infected and
thus susceptible. Our results also demonstrated that
resistance to B. squamosa in A. roylei is based on a
high level of partial resistance, indicating that plants

still can be infected by the pathogen. This is in line
with other studies in which Botrytis leaf blight symptoms were also observed in onion plants homozygous
for the Bs1 gene [10]. These plants were obtained
after two generations of back-crossing to onion of an
interspecific F1 hybrid between onion and A. roylei,
followed by three to four generations of selfing.
Under heavy disease pressure, heterozygous plants
had levels of BLB symptoms between those of homozygous resistant inbred plants and susceptible controls
[10]. After crossing the interspecific RF hybrid with
onion, we found only one CCxRF plant with an infection level similar to A. roylei and RF, whereas all
other plants, that we also considered resistant, had
higher levels of infection. In case of one resistance
gene, we would have expected a more defined segregation of resistance in this population, even if resistance was partial. Therefore, we hypothesise that one
or more QTLs with minor effects originating from A.
roylei or from A. fistulosum may play a role as well.
Preliminary results obtained from a detached leaf
assay indeed point in the direction of a minor QTL
originating from A. roylei (Scholten and Burger, unpublished results).
QTL mapping for resistance to B. squamosa resulted
in the identification of a QTL region on Chr. 6 of
approximately 50 cM that explained 27 to 54 % of the
variation over the experiments. Although this is a wide
region, this is the first paper describing a locus originating from A. roylei conferring resistance to B. squamosa
the causal agent of Botrytis leaf blight in onion. Results
of earlier studies with CCxRF showed that recombination between the genomes of A. fistulosum and A. roylei
and in back-crosses with onion between onion and this
RF hybrid took place to a large extent [22, 23]. To narrow down the QTL region, repeated backcrossing with
onion needs to be carried out followed by a recombination
screening. In a recombination screening also markers that
become homozygous are useful for selection.
Another approach to zoom in on the location of the
Bs1 gene is genotyping the four available BLB-resistant
onion lines containing the same source of resistance,
CUBLB-R1, -R2, -R3 and -R4 (generation F1BC2S3 or
S4) [10]. With the use of RF-SNP markers of Chr. 6 that
segregate between onion and A. roylei we may identify
the presence of A. roylei fragments still present in these
homozygous resistant progeny plants obtained after five
or six generations of selection. Indications for applicability are favourable, as heterozygous F1 hybrids obtained
after crosses between the CUBLB-R1 to -R4 lines and
parental onion lines had similar levels of resistance to B.
squamosa in most experimental field trials as the homozygous lines, without observing any drawbacks in terms
of reduced bulb size or yield [10].

Scholten et al. BMC Plant Biology (2016) 16:187

Conclusions
The identification of SNP markers for onion-related species and the detection of a QTL region for resistance to
B. squamosa described in this paper will be helpful in
obtaining B. squamosa resistant onion cultivars for various regions in the world. Resistance to B. squamosa was
chosen as an example, and we identified SNPs markers
that will be valuable for the introgression of this and
other traits from A. roylei and A. fistulosum and possibly
other species into onion. Other traits may include resistance to Fusarium basal rot, pink root and Colletotrichum. In addition, the SNP dataset can be useful for the
development of a crop that is more adapted to low levels
of fertilization resulting for example from increased
mycorrhizal responsiveness, or a larger root system [47].
Additional files
Additional file 1: Table S1. Sequences flanking reliable single
nucleotide polymorphisms (SNPs) in RF cDNA RF_ctgs conducive for
genotyping using the KASP platform. (XLSX 244 kb)
Additional file 2: Table S2. Results of Blast2Go to obtain functional
anotation of RF contigs containing SNPs that were selected for the KASP
platform. (XLSX 57 kb)
Additional file 3: Table S3. Sequences flanking reliable single
nucleotide polymorphisms (SNPs) in onion cDNA al_contigs conducive
for genotyping using the KASP platform. (XLSX 1413 kb)
Additional file 4: Table S4. Results of Blast2Go to obtain functional
anotation of onion contigs containing SNPs that were selected for the
KASP platform. (XLSX 101 kb)
Additional file 5: Table S5. Positions and Chi-square values to expected
segregation ratios for SNPs markers segregating in the F2(CxR) population.
(XLSX 42 kb)
Additional file 6: Table S6. Positions and Chi-square values to expected
segregation ratios for SNPs markers segregating in the CCxRF_new population
based on RF-SNP markers. (XLSX 57 kb)
Additional file 7: Figure S1. Aligned genetic maps of the CCxRF (left)
and the F2(CxR) populations (right). (DOCX 201 kb)
Acknowledgements
The authors thank Thomas van Gurp for technical assistance on the
bioinformatics, and Betty Henken, Fien Meijer-Dekens and Hanneke van der
Schoot for technical assistance in multiplication of tissue culture plants and
DNA/RNA isolation.
Funding
This project was financially supported by the Technical Top Institute of Green
Genetics (TTI-GG; Onion and Leek project), Bejo Zaden B.V. (Warmenhuizen, The
Netherlands), Hazera Seeds B.V. (Rilland, The Netherlands), Syngenta Seeds B.V.
(Enkhuizen, The Netherlands), Bayer (Nunhem, The Netherlands), ENZA Zaden,
Research & Development B.V. (Enkhuizen, The Netherlands) and Takii Europe
B.V. (De Kwakel, The Netherlands).
Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article (and its Additional files). The RF genotype is available on request.
Authors’ contributions
MvK performed the CLC assembly and SNP identification by QualitySNP, KB
participated in the development of the screening test for resistance to
Botrytis squamosa, AS participated in the mapping of CCxRF and the F2(CXR),
PH participated in the mapping of CCxRF, PK performed the statistical
analysis, AWvH participted in the coordination and helped to draft the

Page 9 of 10

manuscript, GvL participated in the coordination and helped to draft the
manuscript, BV participated in the interpretation of the results and the
writing the manuscript, OES coordinated the study, participated in the
interpretation of the results and the writing of the manuscript, OES
participated in optimizing the mapping as well as in the QTL analysis,
and the development of the screening test for resistance and the
statistical analysis study. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Received: 17 May 2016 Accepted: 18 August 2016

References
1. FAOSTAT. © FAO. Production quantities by country. 2014. faostat3.fao.org.
2. Shigyo, Kik. Onion. In: Prohens J, Nuez F, editors. Vegetables II: Fabaceae,
Liliaceae, Umbelliferae and Solanaceae (Handbook of plant breeding).
New York: Springer; 2008. p. 121–59.
3. Broekgaarden C, Snoeren TAL, Dicke M, Vosman B. Exploiting natural
variation to identify insect-resistance genes. Plant Biotechnol J. 2011;9:819–
25. doi:10.1111/j.1467-7652.2011.00635.x.
4. Hajjar R, Hodgkin T. The use of wild relatives in crop improvement: a survey
of developments over the last 20 years. Euphytica. 2007;156:1–13. doi:10.
1007/s10681-007-9363-0.
5. Kofoet A, Kik C, Wietsma WA, de Vries JN. Inheritance of resistance to
downy mildew from Allium roylei Stearn in the backcross Allium cepa x (A.
roylei x A. cepa). Plant Breed. 1990;105:144–9.
6. Scholten OE, Van Heusden AW, Khrustaleva LI, Burger-Meijer K, Mank
RA, Antonise RGC, Harrewijn JL, Van haecke W, Oost EH, Peters RJ, Kik
C. The long and winding road leading to the succesful introgresssion
of downy mildew resistance into onion. Euphytica. 2007;156:345–53.
doi:10.1007/s10681-007-9383-9.
7. De Vries JN, Wietsma WA, de Vries T. Introgression of leaf blight resistance
from Allium roylei Stearn into onion (A. cepa L.). Euph. 1992;62:127–33.
8. Walters TW, Ellerbrock LA, Van der Heide JJ, Lorbeer JW, LoParco DP. Field
and greenhouse procedures to evaluate onions for Botrytis leaf blight
resistance. HortSci. 1996;31:436–8.
9. Galván GA, Wietsma WA, Putrasemedja S, Permadi AH, Kik C. Screening for
resistance to Colletotrichum gloeosporioides in Allium cepa and its wild
relatives. Euphytica. 1997;95:173–8.
10. Hyde PT, Leckie BM, Carpenter SCD, Lorbeer JW, Hoepting CA, Ullrich MR,
Mutschler MA. Evaluation of onion (Allium cepa L.) lines and hybrids
possessing Bs1 for resistance against multiple isolates of Botrytis squamosa.
Crop Sci. 2015;55:136–45. doi:10.2135/cropsci2014.03.0255 .
11. Bergquist RR, Lorbeer JW. Reaction of Allium spp and Allium cepa to
Botryiotinia (Botrytis) squamosa. Plant Dis Rep. 1971;55(5):394–8.
12. Currah L, Maude RB. Laboratory tests for leaf resistance to Botrytis squamosa
in onions. Ann Appl Biol. 1984;105:277–83.
13. Holz G, Knox-Davies PS. Resistance of onion selections to Fusarium
oxysporum f. sp. cepae. Phytophylactica. 1974;6:153–6.
14. Ludwig AC, Hubstenberger JF, Philips GC, Soutward GM. Screening of Allium
tester lines in vitro with Pyrenochaeta terrestris filtrates. HortSci. 1992;27:166–8.
15. Netzer D, Rabinowitch HD, Weintal C. Greenhouse technique to evaluate
onion resistance to pink root. Euphytica. 1985;34:385–91.
16. Galván GA, Koning-Boucoiran CFS, Koopman WJM, Burger-Meijer K, González
PH, Waalwijk C, Kik C, Scholten OE. Genetic variation among Fusarium isolates
from onion, and resistance to Fusarium basal rot in related Allium species. Eur J
Plant Pathol. 2008;121:499–512. doi:10.1007/s10658-008-9270-9..
17. Van Raamsdonk LWD, Ensink W, Van Heusden AW, Vrielink-van Ginkel
M, Kik C. Biodiversity assessment based on cpDNA and crossability
analysis in selected species of Allium subgenus Rhizirideum. Theor Appl
Genet. 2003;107:1048–58.
18. Labani RM, Elkington TT. Nuclear DNA variation in the genus Allium L.
(Liliaceae). Heredity. 1987;59:119–28.

Scholten et al. BMC Plant Biology (2016) 16:187

19. Van der Meer QP, De Vries JN. An interspeciific cross between Allium roylei
Stearn and Allium cepa L and its backcross to Allium cepa. Euphytica.
1990;47:29–31.
20. Van Heusden AW, Van Ooijen JW, Vrielink-Van Ginkel R, Verbeek W, Wietsma
WA, Kik C. A genetic map of an interspecific cross in Allium based on amplified
fragment length polymorphism (AFLP™) markers. Theor Appl Genet.
2000a;100:118–26.
21. Van Heusden AW, Shigyo M, Tashiro Y, Vrielink-van Ginkel R, Kik C. AFLP
linkage group assignment to chromosomes of Allium cepa L. via
monosomic addition lines. Theor Appl Genet. 2000b;100:480–6.
22. Khrustaleva LI, Kik C. Cytogenetical studies in the bridge cross Allium cepa x
(A. fistulosum x A. roylei). Theor Appl Genet. 1998;96:8–14.
23. Khrustaleva LI, Kik C. Introgression of Allium fistulosum into A. cepa mediated
by A. roylei. Theor Appl Genet. 2000;100:17–26.
24. Duangjit J, Bohanec B, Chan AP, Town CD, Havey MJ. Transcriptome
sequencing to produce SNP-based genetic maps of onion. Theor Appl
Genet. 2013;126:2093–101. doi:10.1007/s00122-013-2121-x.
25. Tsukazaki H, Yaguchi S, Sato S, Hirakawa H, Katayose Y, Kanamori H, Kurita K,
Itoh T, Kumagai M, Mizuno S, Hamada M, Fukuoka H, Yamashita K-I,
McCallum JA, Shigyo M, Wak T. Development of transcriptome shotgun
assembly-derived markers in bunching onion (Allium fistulosum). Mol Breed.
2015;35:55. doi: 10.1007/s11032-015-0265-x.
26. Aramuganathan K, Earle ED. Nuclear DNA content of some important plant
species. Plant Mol Bio Rep. 1991;9:208–18.
27. Khrustaleva LI, De Melo PE, Van Heusden AW, Kik C. The integration of
recombination and physical maps in a large-genome monocot using
haploir genome analysis in a trihybrid Allium population. Genetics. 2005;169:
1673–85. doi:10.1534/genetics.104.038687.
28. Nijveen H, Van Kaauwen M, Esselink DG, Hoegen B, Vosman B.
QualitySNPng: a user-friendly SNP detection and visualization tool. Nucleic
Acids Res. 2013;41:W587–90. doi:10.1093/nar/gkt333.
29. Tang J, Vosman B, Voorrips RE, Van der Linden CG, Leunissen JAM.
QualitySNP: a pipeline for detecting single nucleotide polymorphisms and
insertions/deletions in EST data from diploid and polyploid species. BMC
Bioinformatics. 2006;7:438. doi: 10.1186/1471-2105-7-438.
30. Shahin A, Van Kaauwen M, Esselink D, Bargsten JW, Van Tuyl JM, Visser RGF,
Arens P. Generation and analysis of expressed sequence tags in the
extreme large genomes Lilium and Tulipa. BMC Genomics. 2012;13:640.
http://www.biomedcentral.com/1471-2164/13/640 . doi:10.1186/1471-216413-640.
31. Fulton TM, Chunwongse J, Tanksley SD. Microprep protocol for extraction of
DNA from tomato and other herbaceous plants. Plant Mol Biol Report.
1995;13:207–9.
32. Van Ooijen JW. JoinMap ® 4, Software for the calculation of genetic linkage
maps in experimental populations. Wageningen: Kyazma BV; 2006.
33. Voorrips RE. MapChart: software for the graphical presentation of linkage
maps and QTLs. J Hered. 2002;93:77–8.
34. McCullagh R, Nelder JA. Generalized Linear Models. In: Monographs on
Statistics and Applied Probability 37. 2nd ed. London: Chapman and Hall;
1989. p. 511.
35. Cox DR, Hinkley DV. Theoretical Statistics. London: Chapman and Hall;
1979. p. 528.
36. Van Ooijen JW. Map QTL ® 6, Software for the mapping of quantitative
trait loci in experimental populations of diploid species. Wageningen:
Kyazma BV; 2009.
37. Ganal MW, Altmann T, Röder MS. SNP identification in crop plants. Curr
Opin Plant Biol. 2009;12:211–7. doi:10.1016/j.pbi.2008.12.009.
38. Varshney RK, Nayak SN, May GD, Jackson SA. Next generation sequencing
technologies and their implications for crop genetics and breeding. Trends
Biotechnol. 2009;27:522–30. doi: 10.1016/j.tibtech.2009.05.006.
39. McCallum J, Leite D, Pither-Joyce M, Havey MJ. Expressed sequence markers
for genetic analysis of bulb onion (Allium cepa). Theor Appl Genet. 2001;103:
979–91. doi:10.1007/s001220100630.
40. Baldwin S, Pither-Joyce M, Wright K, Chen L, McCallum J. Development of
robust genomic simple sequence repeat markers for estimation of genetic
diversity within and among bulb onion (Allium cepa L.) population. Mol
Breed. 2012a;30:1401–11. doi:10.1007/s11032-012-9727-6.
41. Baldwin S, Revanna R, Thomson S, Pither-Joyce M, Wright K, Crowhurst R,
Fiers M, Chen L, MacKnight R, McCallum J. A toolkit for bulk PCR-based
marker design from next-generation sequence data: application for

Page 10 of 10

42.

43.

44.

45.

46.

47.

48.

49.

50.

development of a framework linkage map in bulb onion (Allium cepa L.).
BMC Genomics. 2012b;13:637. doi:10.1186/1471-2164-13-637.
Martin WJ, McCallum J, Shigyo M, Jakse J, Kuhl JC, Yamane N, Pither-Joyce M,
Gokce AF, Sink KC, Town CD, Havey MJ. Genetic mapping of expressed
sequences in onion and in silico comparisons with rice show scant colinearity.
Mol Gen Genomics. 2005;274:197–204. doi:10.1007/s00438-005-0007-6.
Viquez-Zamora M, Vosman B, van de Geest H, Bovy A, Visser R, Finkers R,
Van Heusden A. Tomato breeding in the genomics era: insights from a SNP
array. BMC Genomics. 2013;14:354. doi:10.1186/1471-2164-14-354.
McCallum J, Baldwin S, Shigyo M, Deng Y, Van Heusden AW, Pither-Joyce M,
Kenel F. AlliumMap-A comparative genomics resource for cultivated Allium
vegetables. BMC Genomics. 2012;13:168. doi:10.1186/1471-2164-13-168.
Finkers R, Van Workum W, Van Kaauwen M, Huits H, Jungerius A, Vosman B,
Scholten OE. A de novo assembly for the 16GB Allium cepa genome, tears
of joy. San Diego: Pant & Animal Genome XXIII; 2015. https://pag.confex.
com/pag/xxiii/webprogram/Paper17794.html.
De Melo PE. The root systems of onion and Allium fistulosum in the context
of organic farming: a breeding approach. The Netherlands: PhD Thesis,
Wageningen University; 2003. p. 127.
Galván GA, Kuyper TW, Burger K, Keizer LCP, Hoekstra RF, Kik C, Scholten OE.
Genetic analysis of the interaction between Allium species and arbuscular
mycorrhizal fungi. Theor Appl Genet. 2011;122:947–60. doi:10.1007/s00122010-1501-8.
Chani E, Ashkenazi V, Hillel J, Veilleux RE. Microsatellite marker analysis of an
anther- derived potato family: skewed segregation and gene-centromere
mapping. Genome. 2002;45:236–42. doi:10.1139/G01-140.
Van der Valk P, De Vries SE, Everink JT, Verstappen F, De Vries JN. Pre- and
post-fertilization barriers to backcrossing the interspecific hybrid between
Allium fistulosum L. and A. cepa with A. cepa. Euph. 1991;53:201–9.
Ulloa-G M, Corgan JN, Dunford M. Evidence for nuclear-cytoplasmic
incompatibility between Allium fistulosum and A. cepa. Theor Appl Genet.
1995;90:746–54.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

