c Indian Academy of Sciences


RESEARCH ARTICLE

The ﬁrst genetic linkage map of Primulina eburnea (Gesneriaceae)
based on EST-derived SNP markers
CHEN FENG1,2 , CHAO FENG1 and MING KANG1 ∗
1

Key Laboratory of Plant Resources Conservation and Sustainable Utilization, South China Botanical Garden,
Chinese Academy of Sciences, Guangzhou 510560, People’s Republic of China
2
University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

Abstract
Primulina eburnea is a promising candidate for domestication and ﬂoriculture, since it is easy to culture and has beautiful ﬂowers. An F2 population of 189 individuals was established for the construction of ﬁrst-generation linkage maps based on
expressed sequence tags-derived single-nucleotide polymorphism markers using the massARRAY genotyping platform. Of
the 232 screened markers, 215 were assigned to 18 LG according to the haploid number of chromosomes in the species. The
linkage map spanned a total of 3774.7 cM with an average distance of 17.6 cM between adjacent markers. This linkage map
provides a framework for identiﬁcation of important genes in breeding programmes.
[Feng C., Feng C. and Kang M. 2016 The ﬁrst genetic linkage map of Primulina eburnea (Gesneriaceae) based on EST-derived SNP markers.
J. Genet. 95, 377–382]

Introduction
Gesneriaceae, the African violet family, comprises about
150 genera and more than 3000 species in the Old World
and New World tropics and subtropics. Based on the recircumscription of molecular phylogenetic analyses, the genus
Primulina is the largest genus in the Old World Gesneriaceae
and includes more than 170 species of evergreen perennials that are widely distributed in southern China and adjacent countries in Southeast Asia (Wang et al. 2011; Weber
et al. 2011). Most Primulina species exhibit speciﬁc soilbased habitat associations with the majority of species occurring in calcareous soils originated from limestone bedrock
(Hao et al. 2015). As local-scale mosaics of soil types are
a ubiquitous feature in the karst landscape of China, most
species are narrow endemics. The high species richness and
endemism of the genus, in addition to its high degree of habitat specialization, makes Primulina an emerging model system for the study of evolutionary divergence, adaptation and
speciation of karst ﬂora (Ai et al. 2015). P. eburnea is the
most widespread species of its genus and can be found in
both calcareous soil-derived limestone and red/purple soilderived from the Danxia landforms (i.e. Danxia mountain in
Guangdong province, China). Due to its showy ﬂowers and
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excellent adaptation to heterozygous habitats, P. eburnea has
been classed as one of the top genetic resource in Primulina
breeding (Wen et al. 2008).
Genetic linkage maps are important tools in genetic studies
such as quantitative trait loci (QTLs) mapping of important
traits, molecular breeding with marker-assisted selection
(MAS), physical cloning of mutants, analyses of population genetics and comparative genomics and whole genome
sequencing assembly (Tanksley 1993; Paterson et al. 2000;
Feuillet and Keller 2002; Price 2006; Collard and Mackill
2008). However, no linkage maps have been developed for
any member of the Gesneriaceae family from the Old World.
Primulina is suitable for genetic linkage mapping studies
since it is herbaceous perennial, diploid (2n = 36; Kang
et al. 2014) with strong phenotypic differentiation. In addition, interspeciﬁc and intraspeciﬁc hybrids can be easily
produced by controlled pollination (unpublished data, Prof.
Ming Kang).
In comparison to traditional markers such as AFLP and
SSRs, single-nucleotide polymorphisms (SNPs) have several advantages including their abundance across genome,
low-scoring error rates and potential for high-throughput
genotyping (Helyar et al. 2011).
A resource of 367,123 potential SNPs has been identiﬁed
from ESTs generated from the transcriptome sequencing of
Primulina. From these, a set of 795 SNPs has been validated
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on the MassARRAY platform (Sequenom, San Diego, USA)
on a set of individuals of P. eburnea and P. lutea (Ai et al.
2015). In the present study, we used these SNPs to construct
a linkage map by genotyping an F2 population derived from
a cross between two P. eburnea individuals with contrasting
ﬂower traits and habitat specialization. This initial genetic
map provides a framework for identifying and tagging of
genes controlling important horticultural traits in breeding
programmes and also allows other molecular genetic studies such as studying genetic architecture of adaptation in
Primulina species.

province, while the female FTS01-10 was collected from a
Danxia-landscape hill from southern Hunan province, China.
Besides associated with different habitats, the two parents
also exhibit differences in ﬂower colour, ﬂower morphology
and ﬂowering time (ﬁgure 1). The female parent has smaller,
dark purple ﬂowers and blooms earlier than the male parent. The mapping population consisted of 189 F2 individuals
and were generated from self-pollination of a single F1 . All
plants were grown in 8-cm pot ﬁlled with Klasmann substrate
(Klasmann Deilmann, Geeste, Germany).
DNA extraction

Materials and methods
Mapping population

In 2011, we collected 42 natural populations of P. eburnea
representing its whole distribution range and maintained in
a greenhouse at South China Botanical Garden (SCBG).
We observed a high level diversity of ﬂower traits among
populations in the common-garden test (ﬁgure 1). In 2012,
two wild-collected individuals (GXLP01-19 and FTS01-10)
were used to produce F1 families. The male GXLP01-19
was collected from a limestone hill from eastern Guangxi

Total genomic DNA was extracted from ∼200 mg of fresh
and young leaves of each parent, and the F1 and F2 individuals with the Plant Genomic DNA Kit (Tiangen Biotech,
China) following the manufacturer’s instructions. The DNA
concentration of each sample was adjusted to 5 ng/μL and
arrayed into 96-well PCR plates for later use.
SNPs genotyping

SNPs used in this map were developed from transcriptome
sequencing on the species of P. eburnea (Ai et al. 2015).

(a)
1 cm

(b)

1 cm

(c)

Figure 1. Flower morphology of P. eburnea: (a) morphological variation among
natural populations; (b) ﬂower of FTS01-10 ( ) and (c) ﬂower of GXLP01-19 ( ).
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Based on our SNP genotyping of 42 natural populations of
this species (Gao et al. 2015), a subset of 342 SNPs were
screened for polymorphism between the two parents and
their F1 . After the preliminary screening test, SNPs showing ﬁxed heterozygosis between parents and heterozygosis
in only one parent were chosen. We excluded the loci that
showed heterozygosis in both parents and homozygosis in
F1 . Finally, the SNPs that showed heterozygosis in F1 but not
heterozygosis in both parents were subsequently screened
on the 189 F2 offspring using the Sequenom MassARRAYiPLEX platform. Brieﬂy, multiplexed assays were designed
using the Sequenom Assay Design 4.0 software. This assay
design was used to genotype individuals following the manuR
user guide. The resultfacturer’s instruction of MassArray
ing data was analysed using the MassARRAYTyper 4.0
Analyzer software.
Genetic map construction and linkage analysis

Segregation of each marker was analysed by a chi-square
(χ 2 ) test for goodness-of-ﬁt to the expected Mendelian ratio
1 : 2 : 1 for biallelic codominant markers in an F2 population
(P < 0.01). Linkage analysis was performed using the JoinMap 4.0 program (Van Ooijen 2006). Linkage groups (LG)
for segregation types in the mapping population were established using an LOD score threshold of 3.0. The marker order
within a LG was evaluated using default JoinMap parameters. Recombination rate was converted into genetic map distance (cM) by Kosambi’s mapping function (Kosambi 1994).
Final linkage maps were drawn with the help of graphical
package MapChart (Voorrips 2002). Framework linkage map
was established with and without segregation distortion (SD)
markers for comparison.
The expected genome length (Ge ) was estimated with the
equation 4 of Chakravarti et al. (1991) by multiplying the
length of each LG a factor of (m+1)/(m−1), where m is
the number of markers on each LG. Genome coverage was
determined by G/Ge , where G is the length of the framework
map.

Results
Markers screening

We initially screened a total of 342 SNP loci using two
parents and F1 hybrid. Of these, 276 loci revealed clear
polymorphism between the two parents. We excluded 27
loci showing heterozygosity in both the parents. We also
removed 16 markers homozygous in the F1 individual. As a
result, altogether 233 hereditable markers became available
for screening against the F2 mapping population.

SNP marker segregation

Of the 233 markers genotyped in the mapping population,
one locus showed homozygosity in all F2 individuals and

therefore was excluded before linkage analysis. The segregation patterns of 53 of the 232 (22.8%) screened markers
deviated signiﬁcantly from the expected Mendalian ratio of
1 : 2 : 1 (P < 0.01).

Linkage map construction

The linkage map was initially constructed using only
loci without segregation distortion and distorted loci were
added subsequently. We found that the addition of distorted loci have not affected the outcome of the linkage
map. Thus, these markers were used together in grouping and ordering analyses. The ﬁnal linkage map contained 215 markers (including 48 segregation distorted markers) aligned to 18 LG (table 1; ﬁgure 2) with 17 markers unlinked (7.3%). The number of LG detected in this
mapping population corresponds exactly to the haploid number of chromosomes in P. eburnea (n =18).
The linkage map spanned a total distance of 3774.7 cM,
with 18 LG ranging from 75.0 (LG18) to 463.7 cM (LG01)
(table 1; ﬁgure 2). The number of markers on LG ranged
from 4 to 27 with an average of 11.9 markers. The markers
are evenly distributed along the LG with a marker density of
17.6 cM (table 1; ﬁgure 2). The minimum distance between
adjacent markers was 0.8 cM (LG01) and the maximum distance was 48.7 cM (LG02). Distorted markers distributed in
all but ﬁve LG (table 1).
Based on the formula of Chakravarti et al. (1991), the
expected genome size of P. eburnea was 4513.9 cM. In
this mapping population, the cumulative map distance was
3774.7 cM, covering 83.6% of the expected genome length.

Table 1. Summary information of each LG: length, number of
mapped loci, number of distorted loci and the marker density.

LG
LG01
LG02
LG03
LG04
LG05
LG06
LG07
LG08
LG09
LG10
LG11
LG12
LG13
LG14
LG15
LG16
LG17
LG18
Total

Length (cM)

Number of
mapped
locus

Number of
distorted
locus

Marker density
(cM)

463.7
445.5
382.6
258.1
254.8
236.5
219.4
197.0
172.0
156.1
148.6
146.1
141.9
130.0
129.2
116.6
101.6
75.0
3774.7

25
21
27
14
14
17
9
11
10
8
8
10
10
6
6
5
10
4
215

5
5
8
5
2
6
4
0
0
2
1
5
2
0
1
2
0
0
48

19.3
22.3
14.7
19.9
19.6
14.8
27.4
19.7
19.1
22.3
21.2
14.6
15.8
26.0
25.8
29.2
11.3
25
17.6
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Figure 2. Linkage maps of P. eburnea. Marker names are shown on the right side with map distances in cM on the left of each LG.

Discussion
SNP markers have attracted signiﬁcant attention in many
genetic analyses (e.g. genetic mapping, genomewide association, marker-assisted selection, cultivar identiﬁcation),
because SNPs are the most abundant genetic variations
that are evenly distributed in higher frequencies throughout the genome of most plant species (Yan et al. 2009;
Allen et al. 2011). Speciﬁcally, EST-derived SNP markers usually tag actual genes and provide an additional level
of utility in genomic studies (Muchero et al. 2009). The
next-generation sequencing (NGS) technology provides a
powerful tool for gathering genomic resources for nonmodel
species. De novo transcriptome sequencing (i.e. RNA-seq)
380

allows development of large numbers of DNA markers
within a short time frame. The available transcriptomic data
of Primulina species provide genomic platforms for genetic
studies (Ai et al. 2015). Of the 795 previously validated
SNPs (Ai et al. 2015), only 276 loci (34.7%) revealed polymorphism between the two parental individuals and 215 loci
can be used in linkage mapping (table 1). The low proportion of mapped loci in the F2 population could be attributed
to low level of polymorphism between the parents which
were collected from wild. Ideally, a parent used for generating mapping population should be homogenous which can be
achieved through multiple generations of controlled selﬁng.
However, it will take a long time (six generations or more)
for Primulina to reduce heterogeneity by self-pollination

Journal of Genetics, Vol. 95, No. 2, June 2016

Genetic linkage map of P. eburnea
because of its perennial habit. Nevertheless, these markers
are evenly distributed along the LG, and no signiﬁcant clustering of markers was observed in the LG. Further, the proportion of markers unlinked to any group is low (7.3%).
These results together suggest that EST-SNPs are powerful
molecular tools for genetic mapping in Primulina, and this
linkage map provides a framework for creating dense genetic
linkage maps.
Sequenom MassARRAYiPLEX technology is a recently
developed high-throughput genotyping platform which has
been used for multiplexed identiﬁcation of SNPs in plants
(Buggs et al. 2010; Liu et al. 2010). The platform has
the capability of multiplexing up to 40 SNPs in one
assay if primers are designed by custom software to give
unique mass ranges for each SNP. The major cost in using
Sequenom MassARRAYiPLEX genotyping is the production of primers. Each SNP requires three primers: two for
an initial ampliﬁcation of the target region and one for the
SNP typing reaction. Once these primers have been synthesized, many samples can be SNP-typed at relatively low
cost. In this study, all samples including two parents, one
F1 hybrid and 189 F2 offspring were arranged into two
96-well plates, and 28–35 SNP loci were multiplexed in
one assay. This study demonstrated that Sequenom Mass
ARRAYiPLEX genotyping is a ﬂexible and cost-effective
platform for medium-throughput and high-throughput SNP
validation and genotyping in nonmodel organisms.
Segregation distortion has been commonly reported in
genetic linkage mapping. Of the 215 markers mapped, 48
(22.3%) showed distorted segregation patterns. The distorted segregation ratio in this population is similar to that
reported in lily (Abe et al. 2002), rhododendron (Dunemann
et al. 1999), chrysanthemum (Zhang et al. 2010), crape
myrtle (Lagerstroemia sp.; He et al. 2014). Many biological factors, such as expression of lethal allelles, chromosome loss, genetic isolation between the parents, or zygotic
embryo abortion may cause distorted segregation of alleles
(Bradshaw and Stettler 1994; Liebhard et al. 2003; Moyle
and Graham 2006). Although it is impossible to determine
which factor causes segregation distortion in P. eburnea,
population genetic analysis revealed that the two natural populations from where the parents collected, showed
strong genetic differentiation at both chloroplast and nuclear
genome (Gao et al. 2015). The two parents also showed substantial difference in genome size (i.e. DNA content), with 1
C = 1.19 and 0.85 pg for GXLP01-19 and FTS01-10 (unpublished data, Prof. Ming Kang), respectively. This observation suggests that the segregation distortion may also be contributed by genetic/genomic divergence, rather than scoring
errors or chance. Distorted segregation markers are usually
excluded from linkage analysis (Lu et al. 2012). However,
several studies demonstrated that integration of moderately
distorted markers would beneﬁt linkage map construction
(Fishman et al. 2001; La Rosa et al. 2003; Lanteri et al.
2006; Wang et al. 2011). In this study, the distorted markers were randomly distributed within and among LG, and

consequently the integration of these markers in linkage
analysis did not affect the arrangement of LG.
In summary, we have constructed the ﬁrst genetic linkage map of the P. eburnea by mapping 215 EST-derived
SNP markers resulting in 18 LG. Our linkage analysis
demonstrated that SNPs are ideal molecular markers for
genetic mapping in Primulina. A high-density genetic map
can be obtained by applying more markers and increasing
the population size. The linkage map presented here will
beneﬁt the genetic studies such as marker-assisted breeding and mapping QTLs of important horticultural traits in
P. eburnea. Further, Primulina is an emerging model for ecological and evolutionary studies (Ai et al. 2015), and de novo
whole genome sequencing is underway. The genetic linkage map would provide a reference for improvement of the
genome assembly.
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