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Abstract

Background: Lilac (Syringa oblata) is an important woody plant with high ornamental value. However, very limited
genetic marker resources are currently available, and little is known about the genetic architecture of important
ornamental traits for S. oblata, which is hindering its genetic studies. Therefore, it is of great significance to develop
effective molecular markers and understand the genetic architecture of complex floral traits for the genetic research
of S. oblata.

Results: In this study, a total of 10,988 SSRs were obtained from 9864 unigene sequences with an average of one
SSR per 8.13 kb, of which di-nucleotide repeats were the dominant type (32.86%, 3611). A set of 2042 primer pairs
were validated, out of which 932 (45.7%) exhibited successful amplifications, and 248 (12.1%) were polymorphic in
eight S. oblata individuals. In addition, 30 polymorphic EST-SSR markers were further used to assess the genetic
diversity and the population structure of 192 cultivated S. oblata individuals. Two hundred thirty-four alleles were
detected, and the PIC values ranged from 0.23 to 0.88 with an average of 0.51, indicating a high level of genetic
diversity within this cultivated population. The analysis of population structure showed two major subgroups in the
association population. Finally, 20 significant associations were identified involving 17 markers with nine floral traits
using the mixed linear model. Moreover, marker SO104, SO695 and SO790 had significant relationship with more
than one trait.

Conclusion: The results showed newly developed markers were valuable resource and provided powerful tools for
genetic breeding of lilac. Beyond that, our study could serve an efficient foundation for further facilitate genetic
improvement of floral traits for lilac.
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Background
Lilac, which belongs to the genus Syringa (family Olea-
ceae), is an important woody ornamental plant. Approxi-
mately 27 wild species of Syringa have been described,
most of which are native to China [1]. China is the

world’s distribution center and center of origin for lilac
with a cultivation history of 1000 years. After almost
100 years of breeding, there are approximately 2000 lilac
cultivars, which show a wide range of forms and colors,
and are commonly cultivated throughout the world [2].
S. oblata, a perennial deciduous shrub, is cultivated most
widely as a garden plant in northern China due to its
early flowering, elegant color, unique fragrance, and
strong resistance to drought and cold [3]. As a native
and early flowering tree species in the Beijing area, S.
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oblata was identified as an important species for court-
yard greening [1].
Similar to other woody flowers, many new varieties of

lilac have been bred using traditional breeding methods
[4]. Although the traditional cross-breeding plays an im-
portant role in improving the ornamental traits of lilac,
it can not adapt to the rapid development of modern
lilac industry because of the long breeding cycle and the
large amount of resources needed to cultivate new var-
ieties [5]. Meanwhile, S. oblata is an outcrossing plant,
many important ornamental traits are quantitative which
are easily affected by the environment. In addition, little
is known about the genetic structure of important orna-
mental traits of S.oblata, such as florescence, petal color
and inflorescence etc. Therefore, it implies that there is
an urgent need to understand the genetic structure of
the important traits and shorten the lilac breeding cycle
by modern tools to enhance breeding process.
Marker-assisted selection (MAS) breeding shorten the

required time by directly selecting the targeted geno-
types, thus accelerating the process and enhancing
breeding efficiency [6]. An important basis for MAS is to
determine the molecular markers associated with target
traits. However, the genetic selection and breeding of
lilac has been hindered to some extent by the lack of
markers linked to target traits. Association mapping are
an effective way understand the complex quantitative
traits and the underlying genetic variation [7]. In recent
years, it has been applied to the research of important
quantitative trait loci mining in ornamental plants, such
as Helianthus annuus [8], Prunus mume [9], and Lager-
stroemia indica [10]. These studies showed that associ-
ation mapping could effectively find the molecular
markers closely linked to the genes controlling the target
traits, and laid the foundation for the MAS. Moreover,
association mapping relied on existing rich natural vari-
ation, resulting in high mapping accuracy [11].
With the development of molecular biology, many

types of molecular markers have been developed and
widely used for MAS breeding of ornamental plants
[12–14]. Molecular markers such as allozymes and amp-
lified fragment length polymorphism (AFLP) markers
have been used to analyze the genetic diversity of Syr-
inga and its related species [15, 16], which laid a theoret-
ical foundation for Syringa breeding. However,
compared with these DNA markers, simple sequence re-
peats (SSRs) markers are considered to be ideal molecu-
lar markers in MAS due to their advantages of co-
dominant, multi-allelic, stability, extensive genome
coverage, and ease of detection [17]. SSR markers, also
known as microsatellite markers, are short tandem re-
peats of one to six nucleotides, which are widely distrib-
uted in coding and non-coding regions of the eukaryotic
genome [18]. Over the past years, SSRs were successfully

developed in different ornamental plants via data min-
ing, such as Magnolia ashei [19], Lagerstroemia indica
[20], Paeonia suffruticosa [21], and Rosa hybrida [22]. In
addition, SSRs have also been widely used in plant gen-
etics and breeding for genetic diversity analysis [23], cul-
tivar identification [24], DNA fingerprinting [25], linkage
mapping [26], and association mapping [27]. So far, only
14 pairs of polymorphic SSR markers have been devel-
oped for S. vulgaris [28] and S. josikaea [29], through
conventional methods, however, it is greatly limited due
to a prevalent lack of genomic and transcriptomic infor-
mation. Currently, no SSR markers has been reported
for S. oblata. Hence, it is still necessary to develop SSR
markers for MAS in lilac breeding.
In recent years, next-generation sequencing (NGS)

technology enabled the development of a large number
of SSR, based on abundant transcript sequences [30–32].
Our laboratory has previously investigated the transcrip-
tome of S. oblata flowers at different developmental
stages by using RNA-seq technology and identified a
total of 104,691 unigenes (accession: SRP063913) [33].
At the same time, a group of 192 unrelated individuals
of cultivated S. oblata, exhibiting abundant phenotypic
variations in floral traits, were sampled for association
mapping. The objectives of this study were to (I) develop
expressed sequence tag-SSR (EST-SSR) markers via S.
oblata transcriptome sequences; (II) evaluate the genetic
diversity and population structure of S. oblata cultivated
populations; (III) to identify SSRs markers associated
with floral traits, and (IV) to explore allelic effects on
the natural variation of floral traits. Our results offer
valuable resource for studies of population genetics in S.
oblata, and will facilitate the speed of the screening the
genotypes, which aims to provide a platform for MAS
breeding.

Results
Frequency and distribution of EST-SSRs in S. oblata
In this study, 104,691 unigenes with a total length of
89.3 Mb were scanned by the Simple Sequence Repeat
Identification Tool (SSRIT) [34], and 10,988 potential
EST-SSRs were discovered from 9864 (9.4%) unigenes,
with an average of one SSR per 8.13 kb. Among these,
977 unigenes contained more than one EST-SSR loci. Of
these potential SSRs, di-nucleotide repeats were most
abundant with a frequency of 32.86% (3611) followed by
penta-nucleotide (23.25%, 2555), tri-nucleotide (18.08%,
1986), hexa-nucleotide (15.06%, 1655) and tetra-
nucleotide repeats (10.75%, 1181) (Table 1).
The Fig. 1a showed the major types among repeat mo-

tifs. The most frequent type was AT/TA (11.21%, 1232)
motif, followed by TC/GA (8.2%, 903), AG/CT (7.3%,
798), CA/TG (3.3%, 368), AAAT/ATTT (3.1%, 340),
AC/GT (2.8%, 306), AAAAT/ATTTT (2.5%, 278), and

Yang et al. BMC Plant Biology          (2020) 20:436 Page 2 of 13



AAT/ATT (2.9%, 251) (Fig. 1a). 96.6% of SSRs had
length of 12 to 30 bp where 18 bp was the most com-
mon, while length of 3.4% of SSRs ranged from 31 to 75
bp. Figure 1b indicates that three tandem repeats (31.1%,
3418) were the most abundant followed by six (14.7%,
1610), four (1490, 13.6%), and five tandem repeats
(13.1%, 1440). However, motifs of more than 15 tandem
repeats were notably rare (2.16%) (Fig. 1b).

EST-SSR markers development and polymorphic
microsatellite loci screening
A total of 2042 EST-SSRs were selected for primer syn-
thesis after the removal of ESTs with short flanking se-
quences or that were not suitable with primer design
conditions. Among these, 932 (45.7%) primer pairs ex-
hibited clear and repeatable bands, including 324 di-,
223 tri-, 88 tetra-, 161 penta-, and 136 hexa-nucleotides.
Information about 932 EST-SSR primers is available in
Table S1. In addition, 245 primer pairs produced frag-
ments that were larger than expected. The remaining

Table 1 Summary of EST-SSR searching results in S. oblata
transcripts

Searching items Numbers

Total number of sequences examined 104,691

Total size of examined sequences (bp) 89,306,170

Total number of identified SSRs 10,988

Number of SSR containing sequences 9864 (9.4%)

Number of sequences containing more than 1 SSR 977

Frequency of SSRs 1/8.13 kb

Di-nucleotide 3611 (32.86%)

Tri-nucleotide 1986 (18.08%)

Tetra-nucleotide 1181 (10.75%)

Penta-nucleotide 2555 (23.25%)

Hexa-nucleotide 1655 (15.06%)

Fig. 1 Characterisation of SSRs in S. oblata transcriptome. a number of main motif types. b number of different repeat motifs
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865 primer pairs failed to produce any bands or pro-
duced multiple bands under different amplification con-
ditions, which was likely due to assembly errors in
sequences or primers. Thus, no further analysis was con-
sidered for them. All 932 primer pairs were selected for
polymorphisms in eight S. oblata genotypes and 248
(12.1%) generated reproducible polymorphic products by
PAGE, including 110 di-, 49 tri-, 18 tetra-, 47 penta-,
and 24 hexa-nucleotides. The polymorphic ratio was
34.0, 22.0, 20.5, 29.2, and 17.6%, respectively.

Genetic diversity and population structure
Thirty polymorphic EST-SSR markers in accordance
with Hardy-Weinberg equilibrium were used to evaluate
the genetic diversity and population structure of 192 S.
oblata individuals. The results showed that 234 alleles
were detected, and the mean number of alleles (NA) was
7.8, ranging from 3 to 16 (Table 2). Furthermore, the ob-
served heterozygosity (HO) and expected heterozygosity
(HE) ranged from 0.21 to 0.87 (mean 0.52) and 0.25 to
0.89 (mean 0.56), respectively. Among these, the Ho was
lower than HE, indicating that inbreeding mainly affected
the cultivated population of S. oblata. The Shannon’s in-
formation index for these loci ranged from 0.53 to 2.33
with an average of 1.15. The polymorphic index content
(PIC) ranged from 0.23 for SO711 to 0.88 for SO525
with an average of 0.51. Nearly 93% (28) EST-SSR
markers showed high or medium levels (PIC > 0.25) of
genetic information, and only two markers (SO310 and
SO711) had a low polymorphism level (PIC < 0.25). This
suggests that these loci embodied a wealth of genetic in-
formation and that could be used for genetic diversity
research on Syringa germplasms.
The existence of population structure will lead to the

increase of linkage disequilibrium (LD) level, which may
result in the correlation between the target traits and
unrelated loci. Thus, the analysis and adjustment of
population structure is the premise of carrying out asso-
ciation analysis. The population structure of 192 individ-
uals was analyzed based on 30 polymorphic markers via
STRUCTURE 2.3.4 and a clear peak was obtained at the
value K = 2 (Fig. 2a) using the statistical model of
Evanno et al. [35]. Accordingly, the 192 individuals can
be divided into two subpopulations, that is, POP1 speci-
fied in red (41 individuals) and POP2 specified in green
(151 individuals). As shown in Fig. 2b, each individual is
represented by a thin vertical line and classified accord-
ing to its estimated membership probability (Q), which
was used for the structure-based association mapping.
As an alternative strategy to using the STRUCTURE al-
gorithm, principal component analysis (PCA) is widely
used to identify population subpopulations. The PCA
separated the association population into two subpopu-
lations (Figure S1), which the clustering results were

similar to the clustering results obtained using STRUCT
URE.

Phenotypic traits analysis and single-marker associations
The variance degree of the target traits in population
was an important parameter for association mapping.
The values of variation coefficient of quantitative traits
ranged from 19.72 to 30.22% and the statistical values of
the distributions were presented in Table S2. Moreover,

Table 2 Polymorphism information of 30 EST-SSR markers in
192 individuals. Number of alleles (NA); number of effective
alleles (NE); Shannon’s information index (I); observed
heterozygosity (HO); expected heterozygosity (HE); and
polymorphism information content (PIC); untranslated region
(UTR); coding sequence (CDS). All 30 polymorphic markers were
at Hardy-Weinberg equilibrium (significance is P ≤ 0.01)

Primer name SSR position NA NE I HO HE PIC

SO060 CDS 14 4.34 1.81 0.65 0.77 0.74

SO095 UTR 8 2.41 1.13 0.56 0.59 0.52

SO139 CDS 4 2.30 0.92 0.53 0.57 0.47

SO208 UTR 10 3.54 1.66 0.63 0.72 0.69

SO212 UTR 9 2.07 1.07 0.45 0.52 0.48

SO284 UTR 9 1.63 0.85 0.41 0.39 0.36

SO296 CDS 9 3.39 1.55 0.66 0.71 0.67

SO310 UTR 7 1.34 0.59 0.21 0.26 0.24

SO328 UTR 14 4.78 1.82 0.60 0.79 0.76

SO336 UTR 8 3.92 1.57 0.80 0.75 0.71

SO364 CDS 5 1.80 0.84 0.44 0.44 0.40

SO376 UTR 8 3.96 1.54 0.69 0.75 0.71

SO381 UTR 4 2.47 0.99 0.55 0.60 0.51

SO387 UTR 3 1.39 0.53 0.27 0.28 0.26

SO413 UTR 10 2.35 1.12 0.53 0.58 0.52

SO415 CDS 5 2.12 0.92 0.54 0.53 0.45

SO469 UTR 9 3.41 1.40 0.57 0.71 0.66

SO504 UTR 4 2.13 0.90 0.54 0.53 0.45

SO508 UTR 16 7.06 2.23 0.87 0.86 0.84

SO525 CDS 16 8.78 2.33 0.69 0.89 0.88

SO528 UTR 5 1.37 0.53 0.31 0.27 0.25

SO540 CDS 5 1.52 0.60 0.42 0.34 0.30

SO557 CDS 13 4.82 1.86 0.80 0.79 0.77

SO649 CDS 6 2.49 1.05 0.54 0.60 0.52

SO696 UTR 3 1.52 0.54 0.30 0.34 0.29

SO711 CDS 6 1.33 0.53 0.28 0.25 0.23

SO783 UTR 10 3.17 1.4 0.57 0.69 0.63

SO813 CDS 5 1.86 0.91 0.40 0.46 0.42

SO833 CDS 6 1.41 0.61 0.26 0.29 0.27

SO889 UTR 3 1.94 0.69 0.45 0.48 0.37

Mean 7.8 2.89 1.15 0.52 0.56 0.51
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correlation analysis between different traits showed 14
significant correlations (P < 0.05), of which 12 showed
a highly significant correlation (P < 0.01) (Table S3).
Of these, inflorescence length, inflorescence width,
corolla lobe length, corolla lobe width and corolla
tube length all had highly significant positive correla-
tions. In addition, the highly significant positive corre-
lations were observed between corolla lobe (state) and
corolla lobe (periphery). More details of the pheno-
typic correlations among the nine traits in the associ-
ation population were presented in Table S3.
Meanwhile, Q cluster analysis for nine phenotypic
traits of 192 individuals showed that the population
divided into two subgroups, which was similar to the
results of STRUCTURE basing EST-SSR markers (Fig-
ure S2).
For association mapping, understanding the patterns

of LD is an important prerequisite. One hundred nine-
teen polymorphic markers with minor allele frequency
(MAF) > 1% were used to analyze the LD level in the 192
cultivated S. oblata individuals. The results showed that
the r2 ranged from 0.0001 to 0.5154 for all loci pairs.
The LD level was low and most of the markers were in
linkage equilibrium (r2 < 0.1; P < 0.001). Eight hundred
ninety-nine loci pairs had linkage disequilibrium (P <
0.001), and 830 had r2 > 0.005 (83.1%) (Fig. 3). Of course,
it was also found that there was a strong LD level among
some SSR loci, such as markers SO015-SO428 (r2 > 0.3;
P < 0.001).

The association analysis between 119 SSRs and nine
traits was carried out based on the mixed linear
model (MLM) model. A total of 1071 single-marker
association tests were performed, of which 20 associa-
tions were significant (P < 0.01) following multiple test
corrections using the false discovery rate (FDR)
method at a significance level of Q < 0.01, involving
nine traits with 17 SSRs. For each trait, the number
of significant associations varied ranging from zero to
four. These loci explained a phenotypic variance ran-
ging from 0.36 to 20.76%, with an average rate of
5.69% (Table 3). Of these, four SSR markers were de-
tected which were significantly associated with corolla
lobe (state) and corolla lobe width, respectively. Cor-
olla lobe (periphery) had three significant associations;
inflorescence length, corolla lobe length and petal
color had two significant associations each; one sig-
nificant association each with inflorescence width,
corolla tube and florescence were observed in the as-
sociation population (Q < 0.01; Table 3). In the
present study, three SSRs (marker SO104, SO695 and
SO790) exhibited significant associations with mul-
tiple traits, suggesting the pleiotropic effect or the
continuity of the genomic regions for certain traits.
For eight of the 20 associations, the mode of gene ac-
tion is consistent with under- or over dominance; the
remaining 12 markers were separated between modes
of gene action that were additive (7) or partially to
fully dominant (6) (Table 3).

Fig. 2 Population genetic structure of cultivated population of S. oblata (K = 2). a The relationship between the number of clusters (K) and the
corresponding ΔK statistics based on STRUCTURE analysis. b The vertical coordinate of each group indicates the membership coefficients for each
genotype. Different colors represent genetic stock
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Discussion
Deep transcriptome sequencing, which generates quan-
tities of data exponentially, provides comprehensive in-
formation and good resources for developing new SSR
markers and identifying novel genes [38–40]. Currently,
a plenty of SSR markers, based on transcriptome se-
quences, have been successfully developed and used for
functional variation detection and gene-related genetic
analysis in many organisms, accelerating progress in
MAS breedings [41–43]. In this study, we first reported
the SSR markers of S. oblata basing transcriptome se-
quences generated via NGS technologies.
A total of 10,988 EST-SSR loci was identified from

9864 transcriptome sequences, representing approxi-
mately 9.4% of the transcriptome in S. oblata, which was
consistent with previous reports that the loci frequency
ranged from 2.65 to 16.82% in dicotyledons [44]. More-
over, the distribution density was one SSR per 8.13 kb,
which was lower than previous reports for Elymus sibiri-
cus (1/6.2 kb) [45] and Mucuna pruriens (1/5.3 kb) [46],
but higher than Medicago sativa (1/12.06 kb) [47] and
Nelumbo nucifera (1/13.04 kb) [48]. The frequency of

SSR loci varied greatly among different species, probably
related to the size of the data set, the SSR search criteria,
and the utilized mining tools for SSR search. Previous
findings have shown that di-nucleotide repeats are the
most common type of SSR repeat in dicotyledons [44,
49–51], as well as this study, may due to over-expression
of untranslated regions (UTRs) [49]. Among the di-
nucleotides observed, AT/TA (34.1%) was the most
abundant, similar to Brassica [52], which may be due to
the high frequency of the amino acids Ile (AUA) and
Tyr (UAU), because their codons carried these motifs
[53]. Furthermore, in agreement with the low coverage
of GC repeats in dicotyledons, the lowest frequency
(0.2%) of GC/CG was found in S. oblata. It might be due
to the methylation of cytosine, which inhibited transcrip-
tion in a number of plants [54]. Through comparison, it
was found that different species had different types of
repetition and motif may due to different selection
criteria.
Of the 2042 designed EST-SSR primers, 932 (45.7%)

EST-SSR markers were successfully amplified. The amp-
lification rate was higher than that of Brassica

Fig. 3 Pairwise linkage disequilibrium (LD) (r2) between SSR markers. Most of the markers were in a significant linkage equilibrium (r2 < 0.1; P <
0.001), and several loci were in significant LD, such as markers SO015-SO428 (r2 > 0.3; P < 0.001)
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campestris (16.68%) [55], but lower than that of Iris
(76%) [56] and Chrysanthemum indicum (88.6%) [57].
The amplification rate is slightly lower in this study,
which may be related to intron content and strict primer
selection criteria. As far as we know, hardly any research
has been performed on the development of extensive
EST-SSR markers in Syringa. Furthermore, 12.1% (248)
EST-SSR markers were polymorphic among the eight S.
oblata, which was lower than the polymorphic ratio of
76.6% in Catharanthus roseus [58] and 52.7% in Melilo-
tus albus [59], respectively. The polymorphic ratio of
EST-SSRs was at a relatively low level in this study, may
be affected by the number of materials used and the nar-
row geographical origin.
To establish the foundation for association mapping

and MAS breeding programs, we selected 30 poly-
morphic markers in accordance with HWE equilibrium
to assess genetic diversity and population structure in S.
oblata. A total of 234 alleles were obtained across 192
individuals with a mean number of 7.8 alleles per locus,
which was higher than the level of NA (3.44) within 75
genotypes of S. vulgaris that were determined using nine
polymorphic SSR markers [28]. The mean number of al-
leles (NA) of 7.8 might be associated with the relatively

large sample capacity and polymorphic SSR markers
used. However, compared with S. josikaea (14.2), 7.8 al-
leles per locus is lower [29]. That the HE was lower than
HO at nine SSR loci indicated a significant excess of het-
erozygotes at these loci. But HO was lower than HE at
the other 20 SSR loci, indicating inbreeding in the popu-
lation. PIC value is also an important measurement of
genetic diversity, the SSR marker polymorphism between
0.23 to 0.88, with a mean of 0.51, in line with previous
research results [60]. The analysis of the position of the
30 polymorphic SSR markers within the transcriptome
sequences showed that 18 markers (60%) were present
in the UTR. The degree of polymorphism of SSR loci
used in this study is quite considerable, which may be
due to the occurrence of most of the polymorphic SSRs
in the UTR. Meanwhile, 15 out of 30 primers with the
PIC greater than 0.5 indicated good informativeness as a
marker. It indicated that the newly developed poly-
morphic EST-SSR markers were informative and effect-
ive for the further genetic analysis.
Estimating the population structure could avoid the

false-positive associations to improve the efficiency of
association mapping [61, 62]. Thus, the selection of sub-
populations is critical to the results of association. For

Table 3 Summary of significant SSR marker-trait pairs from the association test results in the S. oblata populations after correction
for multiple testing errors. P value: significance level for association (significance is P < 0.01); Q value: a correction for multiple testing
(FDR (Q) < 0.01); R2: percentage of the phenotypic variance explained; a: additive; d: dominance; Sp: standard deviation for the
phenotypic trait under consideration. The algorithm and formulas for gene action were calculated as previously reported [36, 37]

Trait Locus P value Q value R2 (%) 2a d d/a 2a/Sp

Inflorescence length SO208 2.61E-05 6.53E-05 3.42 1.264 5.016 7.934 0.046

SO112 4.60E-08 2.48E-30 7.69 − 5.468 0.889 − 0.325 −0.200

Inflorescence width SO627 6.21E-04 5.10E-29 7.29 −0.810 0.125 −0.308 −0.052

Corolla lobe length SO608 3.60E-16 5.41E-26 4.30 −0.171 0.231 −2.696 −0.110

SO695 8.95E-05 1.80E-15 4.59 −0.367 − 0.222 1.211 −0.235

Corolla lobe width SO060 1.24E-31 1.15E-09 5.36 −0.705 0.116 − 0.328 − 0.705

SO311 5.18E-04 1.53E-06 3.65 0.052 0.055 2.104 0.052

SO531 3.45E-04 1.53E-06 0.36 4.043 0.362 0.179 4.043

SO695 6.50E-03 7.16E-05 3.68 −0.161 −0.049 0.609 −0.161

Corolla tube length SO649 3.58E-05 9.40E-05 20.76 −0.059 0.008 −0.258 −0.025

Corolla lobe (state) SO790 5.35E-07 1.49E-04 0.93 1.602 0.913 1.140 2.347

SO503 4.78E-04 7.16E-05 11.78 0.277 0.146 1.057 0.406

SO415 5.17E-05 7.35E-04 2.30 0.182 0.208 2.288 0.267

SO663 2.88E-10 7.40E-04 1.89 0.034 0.045 2.634 0.050

Corolla lobe (periphery) SO104 1.60E-03 8.28E-04 4.61 0.794 0.196 0.493 0.989

SO505 8.11E-27 8.70E-04 9.58 0.085 0.706 16.610 0.106

SO331 6.96E-04 8.87E-04 7.08 0.290 0.022 0.150 0.361

Florescence SO790 5.10E-30 1.78E-03 7.92 2.935 1.389 0.947 7.919

Petal color SO104 7.54E-04 4.48E-03 2.62 0.074 −0.296 −8.008 0.056

SO805 4.60E-03 6.50E-03 4.00 0.066 0.189 5.756 0.050

Yang et al. BMC Plant Biology          (2020) 20:436 Page 7 of 13



example, it has been reported that the selection of rice
subpopulation structure determines whether the marker
is strongly associated with the trait [63]. The STRUCT
URE model explained the existence of HWE or LD by
introducing the population structure and trying to find
subgroups in equilibrium [64]. Thus, the population sub-
sets in the structure analysis conformed to HWE, and
two distinct subpopulations were obtained within 192
individuals. The pattern of individuals assigned to sub-
groups was consistent with its provenance. In the future
research, more various wild genotypes will be used to
design a LD mapping scheme, basing on the genetic di-
versity, to improve the utilization of the existing genetic
resources of S. oblata. In addition, detailed knowledge of
LD level of species in association populations is an im-
portant prerequisite in increasing the resolution of
marker-trait associations. In this study, a low level of LD
may be due to the fact that S. oblata is an outcrossing
plant and its high recombination rate. Previous studies
have shown that the LD of woody plants was very low
[65, 66]. For instance, LD was found to rapidly decrease
in the range of several kilobases in loblolly pine [67],
and similar findings of limited LD among candidate
genes were existed in other conifer species [68–71].
S. oblata is popular because of its early flowering, ele-

gant color and distinctive scent. Abundant germplasm
resources are the material basis of modern breeding, and
the diversity of germplasm resources is directly related
to their effective utilization. The analysis of phenotypic
traits is the most basic approach to touch germplasm re-
sources [72]. The coefficient of variation (CV) of five
quantitative traits measured in this study ranged from
19.72 to 30.22%, which was consistent with previous re-
ports on S. oblata [73, 74]. It is a long-term task for
breeding workers to improve the floral traits of lilac and
cultivate new varieties of lilac. Association mapping has
been extensively used to determine associations between
potential targeted loci and important traits [75–77].
Single-marker associations may be more powerful in this
low LD tree species, comparing with the haplotype-
based associations effecting from an individual signifi-
cant marker [66]. In this study, an MLM model was
employed to confirm the associated makers for floral
traits basing on the single-marker associations, with the
population structure and kinship as the covariance.
Meanwhile, in order to further enhance the accuracy of
the association results, FDR method was used to correct
the P values for all associations on many occasions,
which greatly reduce the inflation of P values. Finally, a
total of 17 SSR markers were identified, which were sig-
nificantly associated with floral traits in the association
populations. We identified the multiple significant
markers may be due to the markers were developed
from the transcriptome sequence of S. oblata flower

[33]. For many plants especially containing complex
quantitative traits in association analysis, a huge chal-
lenge is that a generous number of loci have little influ-
ence [78]. Many significant associations were identified
which partly interpretated a small part of the phenotypic
variance, suggesting that many loci for genetic control
are associated with relatively small individual effects.
Similar results were reported in genetic studies of quan-
titative characters of woody plants, reflecting a polygenic
quantitative model [79–82].
Interestingly, we found that markers SO104, SO695,

and SO790 are significantly correlated with more than
one trait, which is consistent with the significant pheno-
typic correlation between these traits. These pleiotropic
associations may help to identify important genomic re-
gions [7]. Knowing the genetic control of these flora
traits makes it possible to further infer the importance
of SSR related to characters [83]. Corolla tube length
was associated with SO649 of additive model, explaining
20.76% of the phenotypic variance, which made this
marker attractive in MAS breeding. Florescence and
petal color were the important ornamental trait, which
largely determines its ornamental value. Marker SO790
was significantly associated with florescence and re-
vealed a pattern of gene action consistent with over-
dominance. Petal color was highly significantly associ-
ated with marker SO104 and SO805, which showed a
pattern of gene action an additive model, explaining the
cumulative amount of phenotypic variance of 6.2%. The
additive models which accumulated multiple SSR genetic
effects were used to explain the obvious heritability of
traits made MAS attractive in plant breeding [11]. Eight
out of the 20 associations, the modes of gene action
were in accordance with under−/over dominance. Com-
pared with the corresponding homozygous individuals,
heterozygous individuals contribute more to the orna-
mental value of the flowers in the effect of over-
dominance allelic. Such individuals are conducive to pre-
serve the genetic variability, in the context of population
genetics, and may own a natural advantage due to con-
taining both alleles (over-dominant selection) [84].
Meanwhile, to explore the potential function of the 17
polymorphic SSR-containing sequences, a search was ex-
ecuted in GenBank using BLASTX against 17 transcrip-
tome sequences (Table S4). Ten sequences were
matched to the Olea europaea var. sylvestris protein.
The transcriptome sequence of the SO649 marker was
annotated as E3 ubiquitin-protein ligase. The transcrip-
tome sequence of the SO649 marker was a B3 domain-
containing protein, which play extremely important role
in stress responses and plant growth and development
[85]. The transcriptome sequence of SO415 was anno-
tated as transcription repressor OFP15, which was re-
lated to flower development in Arabidopsis thaliana
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[86]. In conclusion, some EST-SSR markers associated
with floral traits were identified of S. oblata using associ-
ation mapping approach, laying a basis for further ana-
lysis MAS breeding programs with the aim of
ameliorating the floral traits.

Conclusion
In summary, a total of 932 SSR markers were developed
firstly in S. oblata including 248 polymorphic primers.
These newly developed EST-SSR markers provided an
important resource for genetic diversity, comparative
genomics, gene-based association studies, and marker-
assisted selection in Syringa. This is the first report
about association mapping of S. oblata and a total of 17
SSR markers associated with floral traits were identified.
These results will play an important role in future MAS
breeding programmes.

Methods
Plant materials and DNA extraction
A collection of 1900 cultivated S. oblata individuals was
obtained from Hebei and Liaoning in North China and
cultivated in the field of Beijing anjiming Labor Co., Ltd.
(40°15′N, 116°60′E), the scientific research of Beijing
University of Agriculture, adopting standard agronomic
cultivation measures. All plants were about 9 years old,
grew well, and flowered normally, showing a stable com-
bination of flower traits. Eight S. oblata individuals were
randomly selected for SSR marker development and
polymorphism marker screening. A set of 192 S. oblata
individuals was selected from the collection as associ-
ation population, exhibiting various flower colors and
shapes. Genomic DNA was extracted from the young
leaves using the DNA secure plant kit (Tiangen Biotech,
Beijing, China). 2% agarose gels and NanoDrop ND-
1000 UV/Visible spectrophotometer (Wilmington, DE)
were used to test the DNA quality and quantity, respect-
ively. The working concentration of DNA was diluted to
25 ng/μL.

Phenotypic measurements
A total of nine traits including five quantitative traits
and four qualitative traits were scored in 192 individuals
of the association population, with at least five repeats
each genotype. The floral traits including inflorescence
length, inflorescence width, corolla lobe length, corolla
lobe width, corolla tube length, corolla lobe (state), cor-
olla lobe (periphery), florescence, and petal color, were
measured at full bloom. The five quantitative traits were
all gauged with digital caliper (YB5001B, Kraftwelle In-
dustrial Co. Ltd., China). The petal color values were
measured at five inflorescences (including 25 florets)
each genotype by using the colorimeter (CR-400, Konica
Minolta Holdings, Inc., Japan), and were divided into six

groups (Table S5) according to the L*, a*, and b* mea-
surements generating. Corolla lobe (state), corolla lobe
(periphery) and florescence were measured according to
the Guidelines for the Conduct of Tests for Distinctness,
Uniformity and Stability - Syringa. All measurements
were described in Table S5. The software SPSS statistics
20 was used for analysis of variance (ANOVA), pheno-
typic correlations and Q cluster analysis of the traits.

Identification and validation of EST-SSRs
A total of 104,691 unigenes were obtained from S.
oblata transcriptome sequences of three distinct stages
of flower development. The RNA-seq data have been
submitted to the NCBI Sequence Read Archive
(SRP063913, https://trace.ncbi.nlm.nih.gov/Traces/sra/
?study=SRP063913) [33]. The simple sequence repeat
identification tool program (SSRIT) (http://www.gra-
mene.org/db/markers/ssrtool) was used to search for
SSRs within transcriptome sequences [34]. SSR search
criteria was conducted based on perfect di-, tri-, tetra-,
penta-, and hexa-nucleotide motifs minimum number of
six, five, four, three, and three repeats, respectively. Pri-
mer Premier 5.0 software (Premier Biosoft International,
Palo Alto, CA, USA) was used to design primers in the
flanking regions of the SSRs. Primers were synthesized
by Beijing Ruibio BioTech (Beijing, China). To predict
whether the SSR was present in the coding sequence
(CDS) or untranslated region (UTR), the ORF Finder
software (http://www.ncbi.nlm.nih.gov/gorf/gorf.html)
was used to identify the initiation and termination co-
dons in the EST sequences.
Polymerase chain reactions (PCR) amplifications were

conducted in a 10 μL reaction system containing 1 μL of
25 ng/μL DNA, 0.5 μL of 10 μM of each primer, 5 μL of
2 × Power Taq PCR Master Mix (Aidlab, Beijing, China),
and 3 μL sterile distilled water. The PCR was performed
under the following conditions: 95 °C for 5 min followed
by 30 cycles of 95 °C for 30 s, the appropriate annealing
temperature (Table S1) for 30 s and 72 °C for 1 min, and
a final extension at 72 °C for 10 min. And then, the PCR
products were tested on 2% agarose gels. Successful
amplified products were separated on 6% denaturing
polyacrylamide gel electrophoresis (PAGE) and then
visualised using silver staining. To identify the repeat-
ability of the results, each primer pair was amplified
three times. Finally, a subset of polymorphic SSR
primers was identified and specified as ‘validated
markers’.
One hundred nineteen polymorphic SSR primers de-

veloped in this study were randomly selected to add
fluorescent dye for population genotyping. All fluores-
cence primers were synthesized by Beijing Ruibio Bio-
Tech (Beijing, China). The products were separated by
capillary electrophoresis using an ABI3730xl DNA
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Analyzer (Applied Biosystems, Carlsbad, CA, USA). The
polymorphic loci analysis was carried out by the soft-
ware GeneMapper version 2.2.0 with the LIZ 600 size
standard (Applied Biosystems).

Genetic diversity and population structure analysis
The genetic diversity parameters, including the number
of alleles (NA), number of effective alleles (NE), the ob-
served and expected heterozygosities (Ho and HE, re-
spectively), and the Shannon information index for each
marker, were calculated with POPGENE version 1.31
[87]. The polymorphism information content (PIC),
Hardy-Weinberg equilibrium (HWE) and minor allele
frequency (MAF) for each marker were calculated using
PowerMarker version 3.25 [88].
The genetic structure of the 192 S. oblata individuals

was assessed using STRUCTURE v2.3.4 basing the Mar-
kov chain Monte Carlo (MCMC) algorithm and the
Bayesian framework. Assuming an admixture model
sample, 20 independent runs were performed for each
value of K ranging from 1 to 20, each with a length of
burn-in period of 100,000, followed by 500,000 itera-
tions. In this way, the population membership estimates
(Q matrix) were extracted, supplying the membership
percentage for association mapping. The PCA was
assessed using the Multi-Variate Statistical Package
(MVSP) version 3.1 (Kovach Computing Services, Angle-
sey, Wales, UK).

Marker-trait associations
The linkage disequilibrium (LD) analysis was performed
with TASSEL version 2.1 software using 105 permuta-
tions to calculate the r2 value between pairs of SSR
markers (minor allele frequencies > 1%) [89]. Pairs of
loci were considered to have a significant LD when P
was < 0.001. The mixed linear model (MLM) considering
both the Q matrix and kinship matrix in TASSEL ver-
sion 2.0.1 was used to reveal the association between
floral traits and SSR markers. The Q matrix was ob-
tained from STRUCTURE. The kinship matrix (K) was
estimated using SPAGeDi software version 1.2 [90]. The
significant threshold for selecting the associations be-
tween alleles and traits was set at P < 0.01. Finally, cor-
rections for multiple comparisons were performed using
the false discovery rate (FDR) with Q value in R [91].
The ratio of dominant (d) to additive (a) was used to
measure the gene effect of the significant loci. Values of
|d/a| ≤ 0.5 were defined as additive effects, 0.50 < |d/a| <
1.25 as partial or complete dominance, and |d/a| > 1.25
as under- or over dominance [92, 93]. The specific algo-
rithm and formulas for calculating gene effect were as
previously described. To identify the putative function of
the unigene sequences containing the polymorphic
microsatellite loci, the sequences were analyzed from

NCBI (http:// www.ncbi.nlm.nih.gov) nonredundant pro-
tein database using BLASTX search.
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