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Abstract
Plumbago auriculata Lam. is an ornamental plant native to South Africa and widely cultivated in China, but the cultivated 
plants are dominated by a single variety. The development of new varieties is of great commercial interest, and genetic 
diversity is the foundation of breeding programs. In this study, 85 progenies were obtained by crosses between Plumbago 
auriculata and Plumbago auriculata f. alba. The genetic diversity of these hybrids was evaluated using horticultural traits 
and ISSR and SRAP markers. Of the 25 horticultural traits evaluated, the largest variation was found in the beginning of 
the blooming period, and sepal length was the least variable trait. Correlation analysis showed that the wider the plant, the 
greater the number of inflorescences and the earlier the flowering. Seven factors explained 65.171% of the total variance; 
the first factor was leaf morphology, and the second factor was flower morphology. The genetic diversity of the 85 progenies 
was analyzed using seven pairs of SRAP primers and eight ISSR primers. The average number of effective alleles for 85 
hybrids was 1.638, and the average Shannon index value was 0.507. The Nei genetic similarity coefficient indicated that 
the similarity between WLBS and WSBL was the highest, while that between BLWS and BSWL was the lowest. Analysis of 
molecular variance (AMOVA) indicated that the main variation was within populations. Cluster analysis based on horti-
cultural traits and molecular markers divided all progenies into seven and five groups, respectively, and there were obvious 
differences between the two clusters. In this study, we created intermediate materials for future breeding, taking the first step 
in the cross-breeding of P. auriculata.
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Introduction

The development and utilization of plant germplasm 
resources are at the core of the commercial ornamental plant 
industry, especially for plants that are naturally both robust 
and beautiful (De Souza et al. 2017). Plumbago auriculata 
Lam., a perennial shrub originating from South Africa, 
belongs to the family Plumbaginaceae (Jaradat et al. 2016). 
P. auriculata is the most popular ornamental plant of the 
genus Plumbago because of its blue flowers and blooming 
period from early summer to late autumn. P. auriculata f. 
alba is a form of P. auriculata whose flowers are white. Both 
of these species are heterostylous and self-incompatible 
(Ferrero et al. 2009; Lakshmanan et al. 2016). Plumbagin is 
a secondary metabolite existing in P. auriculata with high 
biological activity, so previous research focused almost 
exclusively on the medicinal value of this species (Van de 
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Vijver and Lötter 1971; Deshpande et al. 2014). However, 
as an excellent ornamental plant, nearly no commercial cul-
tivars exist in P. auriculata, so the breeding of new varieties 
of this plant should not be neglected.

Although genetic engineering is a current hot topic in 
ornamental plant breeding, cross-breeding is a traditional 
breeding method that has long been useful for the devel-
opment of new varieties (Afkhami-Sarvestani et al. 2012; 
Kishi-Kaboshi et al. 2018). Genetic diversity is the foun-
dation of breeding programs and is essential for selecting 
parents and justifying the potential value of new varieties. 
In research, genetic diversity has generally been evaluated 
using phenotypic characteristics and molecular markers for 
efficiency. The combined analysis of morphological traits 
and molecular markers has been successfully applied to the 
study of genetic diversity in plants such as bitter gourd (Dey 
et al. 2006), pepper (Rivera et al. 2016) and chrysanthemum 
(Baliyan et al. 2014).

Morphological examination is a powerful method for the 
estimation of genetic diversity, and it is essential for select-
ing, evaluating and certifying the cultivars obtained through 
breeding programs (Govindaraj et al. 2015; Yazdanpour 
et al. 2018). Mutation and correlation analysis can reveal 
the internal relationships between characteristics, so we can 
choose those traits that have a large degree of variation and 
achieve early selection for some traits (Pluta et al. 2012; 
Rakonjac et al. 2010).

Molecular markers are considered important tools for 
providing data on genetic polymorphisms between differ-
ent individuals in a population (Barbosa et al. 2018). This 
compensates for the fact that morphological characteristics 
are vulnerable to environmental influence. Among the vari-
ous types of molecular markers, analysis of inter simple 
sequence repeats (ISSRs) and sequence-related amplified 
polymorphisms (SRAPs) does not require prior knowledge 
of the genome of a species (Li and Quiros 2001; Reddy et al. 
2002; Zietkiewicz et al. 1994). In addition, these methods 
have simple technical requirements, and only a small amount 

of DNA can be analyzed, so these methods are widely used 
in genetic analysis (Wang et al. 2009).

This study aimed to evaluate the diversity of progenies 
between P. auriculata and P. auriculata f. alba as well as to 
evaluate the potential of these hybrids in the cross-breeding 
of P. auriculata.

Materials and methods

Plant materials

Eighty-five seeds were produced by crosses between P. 
auriculata and P. auriculata f. alba and sown in 21-cell 
trays on February 26, 2019 (Table 1). The plants were 
transplanted into 15-cm-diameter pots when 5–6 true leaves 
had developed. The four genitors used in this work were 
seed-propagated seedlings planted in 35-cm-diameter pots 
in a plastic greenhouse on campus. The experiment was 
conducted at Sichuan Agricultural University in Chengdu, 
Sichuan Province, China (30°42′19″N, 103°51′28″E, 608 m 
elevation).

Because both of the parents are heterostylous and only 
compatible with different style types, the parents were dis-
tinguished for artificial hybridization by style type (Fig. 1).

Phenotypic evaluation

A total of 25 horticultural traits were evaluated in the 85 
hybrids. The 25 traits are defined in Table 2. The traits 
include flower, leaf blade and plant characteristics. The plant 
height and width were evaluated 3 months after seeds were 
sown on May 27, 2019. All the other traits were evaluated 
in the blooming period in July 2019 except for the time of 
the first flower bloom.

Measurements of inflorescence length, inflorescence 
diameter, flower diameter, flower length, pedicel length, 
sepal length, leaf length, leaf width, stipule width, stipule 

Table 1   Crossings and 
progenies number of 
P.auriculata and P. auriculata 
f. alba 

a BS indicates short style type of P. auriculata
b WL indicates long style type of P. auriculata f. alba
c BL indicates long style type of P. auriculata
d WS indicates short style type of P. auriculata f. alba
e S indicates short style type plants which style beneath the anther
f L indicates long style type plants which style above the anther

Crosses iden-
tification

Crossings Number of 
hybrid progenies

Code of progenies

BS
aWL

b ♀P. auriculata (Se) × ♁P. auriculata f. alba (Lf) 23 No. 1–23
BL

cWS
d ♀P. auriculata (L) × ♁P. auriculata f. alba (S) 14 No. 24–37

WLBS ♀P. auriculata f. alba (L) × ♁P. auriculata (S) 17 No. 38–54
WSBL ♀P. auriculata f. alba (S) × ♁P. auriculata (L) 31 No. 55–85
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length, stem thickness and internode length were taken using 
a Vernier caliper. Plant height and width were measured by 
a flexible rule. The other qualitative characteristics were 
measured by visualization. To reduce the error, all experi-
ments are carried out by one person. The beginning of the 
blooming period was graded in the range of 1–4 based on 
cluster analysis. Mutation analysis and Pearson correlation 
coefficients were calculated to analyze the traits with large 
variation and the relationship between pairs of the 25 horti-
cultural traits. Factor analysis was applied to extract infor-
mation from the multivariate dataset. Standard deviation 
transformation was used to standardize the morphological 

traits, and cluster analysis of 85 hybrids based on morpho-
logical traits was performed using the intergroup connectiv-
ity Euclidean distance method. All analyses were performed 
using SPSS 22.0.

DNA extraction

Total genomic DNA of 85 progenies was extracted from 
a 0.1 g mixture of young leaves for each individual fol-
lowing the CTAB procedure in May 2019 (Doyle 1991). 
DNA quality was checked on a 1% agarose gel, and DNA 

Fig. 1   Morphology of parents’ 
flowers (a short style of P. 
auriculata b long style of P. 
auriculata c: short style of P. 
auriculata f. alba d long style 
of P. auriculata f. alba). 7.75 
(W) × 10.53 (H)
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Table 2   Descriptive statistical analysis of 25 horticultural traits in the 85 hybrids

a Minimum value
b Maximum value
c Maximum value—minimum value
d Standard deviation
e Coefficient of variation expressed in percentage

No. Traits Criteria for evaluation Mina Maxb Mean Rangec SDd CVe (%)

1 Inflorescence length The vertical distance from the bottom of a single inflo-
rescence to the top (mm), three inflorescences were 
measured at the top of the plants

42.23 93.99 66.15 51.76 9.57 14.47

2 Inflorescence diameter Horizontal diameter of a single inflorescence (mm); three 
inflorescences were measured at the top of each plant

46.96 94.10 75.10 47.14 9.36 12.46

3 Inflorescence numbers The number of inflorescences in the same period during the 
blooming period

3 24 9.85 21 4.712 47.83

4 Flower numbers of inflorescence The number of flowers in a single inflorescence; three inflo-
rescences were measured at the top of each plant

8 24 15.56 16 3.22 20.69

5 Flower diameter The diameter through the center of a single flower (mm); 
nine flowers were measured at the top of each plant

19.54 32.49 26.74 12.95 2.25 8.41

6 Flower length The vertical distance from the base of the sepals to the top 
of a single flower (mm); nine flowers were measured at 
the top of each plant

26.93 38.19 32.46 11.26 2.22 6.84

7 Pedicel length Length of the pedicel that is connected the inflorescence 
and the stem (mm); three inflorescences were measured at 
the top of each plant

9.87 45.94 18.59 36.08 6.10 32.81

8 Sepal length The distance from the bottom to the top of single flower’s 
sepal (mm); nine flowers were measured at the top of 
each plant

11.87 15.83 13.95 3.96 0.83 5.95

9 The beginning of blooming period The time that the first flower bud of the plant spreads, 
5/26/2019–6/4/2019(1); 6/5/2019–6/9/2019(2); 
6/21/2019–7/1/2019(3); 7/6/2019–7/11/2019(4)

1 4 1.31 3 0.802 61.22

10 Shape of petal apex Light convex(1), flat(2), acute(3), light concave (4) 1 4 1.96 3 0.715 36.48
11 Petal edge cleft Present(1), absent(2) 1 2 1.87 1 0.34 18.18
12 The style type Long (1), short (2), homostyle(3) 1 3 1.54 2 0.52 33.77
13 Leaf length The distance from the base to the apex of the leaf(mm), 

5–10 leaves under the top leaf of each plant were meas-
ured

52.26 87.19 65.33 34.93 7.31 11.19

14 Leaf width The widest distance of the leaf (mm); 5–10 leaves under the 
top leaf of each plant were measured

21.74 50.01 30.49 28.26 4.56 14.96

15 Leaf index Leaf length/leaf width 1.70 2.75 2.16 1.05 0.20 9.26
16 Stipule length The distance from the base to the apex of the stipule 

(mm); 5–10 leaves under the top leaf of each plant were 
measured

4.37 10.39 7.35 6.03 1.17 15.92

17 Stipule width The widest distance of the stipule (mm); 5–10 leaves under 
the top leaf of each plant were measured

3.00 7.01 5.14 4.01 0.80 15.56

18 Shape of leaf apex Round(1), sharpe acute(2), blunt acute(3) 1 3 1.92 2 0.759 39.53
19 Shape of stipule Hemicycle (1), long round (2) 1 2 1.49 1 0.503 33.76
20 Plant height The natural height from the base to the top of the plant (cm) 10 30 18.05 20 5.17 28.64
21 Plant breadth The average of the widest and narrowest amplitudes of 

plants (cm)
7 27.5 15.11 20.50 4.07 26.94

22 Number of branches Number of branches at the base of the plant 2 8 3.88 6 1.40 36.08
23 Thickness of stem The diameter at 1/3 of the upper part of the plant (mm) 1.67 3.02 2.28 1.35 0.26 11.40
24 Length of internode The distance between two adjacent leaves (mm); 5–10 

leaves under the top leaf of each plant were measured
15.60 49.53 30.17 33.93 6.86 22.74

25 Degree of divergence of plant Compact: maximum branch angle < 45°(1), disperse: maxi-
mum branch angle 45°–90°(2), very disperse: maximum 
branch angle 90°–180°(3)

1 3 2.07 2 0.784 37.87
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quantity was measured by a Nanodrop 2000 (Thermo Sci-
entific, USA) and diluted to 50 ng/μL.

ISSR analysis

We used 10 progenies to screen the 100 ISSR primers 
(Table S1) published by the University of British Colum-
bia collection (developed by the Biotechnology Laboratory 
at the University of British Columbia, collection number 
9). The screening criteria were that the amplified bands 
were both clear and polymorphic in the 10 progenies.

The PCR mixture contained the following: DNA 
(100 ng), Taq DNA polymerase 1 U, dNTPs 0.15 mmol/L, 
primer 0.4 μmol/L, Mg2+ 0.5 mmol/L, 10 × PCR buffer 
2 μL, and ultrapure water for a final volume of 25 μL. 
DNA amplification was conducted using a T100 thermo-
cycler (BIO-RAD, Cambridge, MA, USA). PCR condi-
tions included the following: 1 cycle at 94 °C for 5 min, 
followed by 35 cycles at 94 °C for 30 s, 55 °C for 50 s, and 
72 °C for 90 s and 1 cycle at 72 °C for a final extension 
of 10 min. The amplified fragments were then separated 
using electrophoresis on a 1% (w/v) agarose gel at 150 V 
for 30 min in a horizontal tank, and subsequent imaging in 
a gel scanner (Universal HoodII, BIO-RAD, USA) under 
ultraviolet light revealed the DNA fragments for analysis.

SRAP analysis

According to the SRAP primer design standard published 
by Li and Quiros (Li and Quiros 2001), we designed 9 
forward primers and 10 reverse primers (Table S1), with 
a total of 90 pairs of SRAP primers. Similarly, 10 prog-
enies were used to screen the 90 pairs of primers for 
polymorphism.

The PCR mixture contained the following: DNA 
(50  ng), Taq  DNA polymerase 1.25 U, dNTPs 
0.25 mmol/L, forward primer 0.6 μmol/L, reverse primer 
0.6 μmol/L Mg2+ 1.0 mmol/L, 10 × PCR buffer 2 μL, and 
ultrapure water for a final volume of 25 μL. DNA ampli-
fication was conducted using a T100 thermocycler (BIO-
RAD, Cambridge, MA, USA). PCR conditions are as fol-
lows: one cycle at 94 °C for 5 min, followed by five cycles 
at 94 °C for 1 min, 35 °C for 1 min, and 72 °C for 1 min. 
This was followed by 35 cycles of 94 °C for 1 min, 50 °C 
for 1 min, and 72 °C for 1 min and one cycle at 72 °C for 
a final extension of 10 min. The amplified fragments were 
then separated using electrophoresis on a 2% (w/v) agarose 
gel at 150 V for 30 min in a horizontal tank, subsequent 
imaging in a gel scanner (Universal HoodII, BIO-RAD, 
USA) under ultraviolet light revealed the DNA fragments 
for analysis.

Molecular marker data analysis

ISSR and SRAP bands in all of the gel profiles were scored 
visually as present (1) or absent (0) at least twice for each 
individual. Only reproducible and unambiguous bands were 
used for scoring. Data were compiled in a binary data matrix 
using Excel 2016. The genetic diversity, Nei genetic similar-
ity coefficient, genetic distance and AMOVA of four popu-
lations were computed using GenALEx 6.502 (Peakall and 
Smouse 2010). According to the obtained molecular marker 
data, cluster analysis for the hybrids was performed. The 
SimQual program in the NTSYS 2.10e software was used to 
calculate the Nei-Li similarity coefficient between the off-
spring, then the UPGMA (Unweighted Pair Group Method 
Analysis) method in the SHAN program was used for cluster 
analysis, and finally, the tree plot was used to generate the 
clustering diagram.

Results

Phenotypic variation

Descriptive statistical analysis of 25 horticultural traits for 
the 85 hybrids included the minimum, maximum, mean, 
range, standard deviation and coefficient of variation for the 
traits recorded (Table 2). The specific morphological data 
of 85 hybrids are shown in Table S2. The results showed 
that the coefficient of variation of these traits ranged from 
5.95% to 61.22%. The variation range of the beginning of 
the blooming period was the largest, with the earliest and 
the latest flowering occurring 44 d apart. The sepal length 
showed the lowest variation coefficient at just 5.95%. The 
inflorescence number, pedicel length, petal apex shape, style 
type, leaf apex shape, stipule shape, branch number, and 
degree of divergence of plants also had high variation coef-
ficients of more than 30%. Most of these traits are related to 
ornamental value.

The correlation coefficient between pairs of 25 horti-
cultural traits showed that the inflorescence number was 
positively correlated with plant width but negatively cor-
related with the beginning of the blooming period (p < 0.01) 
(Table S3). The beginning of the blooming period was 
extremely significantly negatively correlated with style 
type, plant width and internode length. Flower length and 
flower diameter were positively correlated with inflores-
cence length, inflorescence diameter, and sepal length, but 
flower diameter was negatively correlated with flower num-
ber per inflorescence. The leaf traits evaluated included leaf 
length, leaf width, stipule length, and stipule width, which 
are positively correlated with each other and correlated with 
the thickness of the stem and the length of the internode. 
The degree of divergence of the plant, which influenced the 
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whole plant type, was negatively correlated with plant height 
and branch number.

In factor analysis, seven factors explained 65.171% of 
the total variance among the 85 hybrids, and each factor 
explained more than 5% of the total variance (Table 3). Fac-
tor 1 represented leaf traits such as stipule length (r = 0.926), 
stipule width (r = 0.916), internode length (r = 0.799) and 
leaf length (r = 0.546), which accounted for 15.049% of the 
total variance. Factors 2 and 3 represented the flowers, such 
as inflorescence length, inflorescence diameter, flower length 
and flower diameter, which accounted for 12.908% and 
10.279% of the total variance, respectively. Factor 4 repre-
sented the whole plant type, such as the degree of divergence 
of the plant and the number of branches, which explained 
8.158% of the total variance. Factors 5, 6 and 7 represented 
the qualitative characteristics of flowers and leaves, which 
accounted for 6.848%, 6.397% and 5.531% of the total vari-
ance, respectively.

Cluster analysis based on morphological traits divides all 
offspring into seven main groups at a Euclidean distance of 
20 (Fig. 2). Group I was the largest group, and most of the 
hybrids flowered in the first blooming period, i.e., bloomed 
between May 6 and June 4. The hybrids in group II also 
flowered in the first blooming period, but the inflorescence 
length and inflorescence diameter were generally smaller 
than those of the hybrids in group I. All the plants that flow-
ered in the fourth blooming period (i.e., bloomed between 
July 6 and July 11) were concentrated in group III. Consist-
ent with group I and group II, the hybrids in group IV also 
flowered in the first blooming period, but the plants were 
higher than those plants in group I and group II, with obvi-
ous growth. Group V had only one individual (No. 85), and 
all the horticultural traits of this plant were smaller than 
those of the other offspring. Similar to group V, group VI 
also had only one individual (No. 4), but the difference was 
that the floral and leaf organs of this plant were significantly 

Table 3   Eigenvalues and proportion of the total variance in 85 hybrids, as explained by the first seven factors for the 25 horticultural traits

a Bold values indicate correlation coefficients greater than 0.5 in absolute value

Traits Factors

1 2 3 4 5 6 7

Stipule length 0.926a 0.004 − 0.011 − 0.038 0.006 0.063 − 0.088
Stipule width 0.916 0.010 0.013 − 0.037 − 0.061 0.014 − 0.130
Length of internode 0.799 − 0.069 0.375 − 0.030 0.076 0.021 0.126
Leaf length 0.546 0.286 − 0.261 0.297 0.228 0.335 0.017
Inflorescence diameter 0.038 0.810 0.199 0.021 − 0.097 − 0.074 0.038
Flower diameter 0.147 0.781 0.054 − 0.027 − 0.375 − 0.087 − 0.068
Flower length 0.129 0.741 − 0.119 0.037 0.086 0.383 -0.153
Inflorescence length − 0.195 0.702 0.043 0.014 0.266 0.032 0.133
Sepal length − 0.026 0.638 − 0.065 − 0.387 − 0.131 − 0.269 − 0.107
Inflorescence numbers − 0.067 0.128 0.826 0.022 − 0.112 − 0.050 0.078
Plant breadth 0.118 0.060 0.801 0.028 0.005 0.056 0.009
The beginning of blooming period − 0.170 0.021 − 0.564 0.012 − 0.086 − 0.417 0.266
Degree of divergence of plant 0.029 0.192 − 0.038 − 0.688 0.082 − 0.028 0.012
Number of branches − 0.160 0.129 0.097 0.652 -0.290 − 0.129 0.141
Leaf width 0.406 0.264 − 0.305 0.605 0.278 0.071 − 0.213
Leaf index − 0.023 − 0.051 0.142 − 0.565 − 0.159 0.304 0.344
Plant height 0.103 − 0.278 0.287 0.533 0.294 0.310 0.125
Flower numbers of inflorescence − 0.011 − 0.047 − 0.074 − 0.011 0.839 − 0.001 − 0.090
Petal edge cleft − 0.281 0.185 − 0.328 − 0.073 − 0.463 0.117 0.057
The style type 0.038 0.135 − 0.296 − 0.216 0.452 − 0.009 0.439
Shape of stipule − 0.026 − 0.083 0.168 − 0.112 0.022 0.841 0.006
Shape of petal apex 0.204 0.102 − 0.252 0.072 -0.276 0.439 − 0.017
Shape of leaf apex 0.366 0.154 − 0.015 0.012 0.194 − 0.195 − 0.634
Thickness of stem 0.035 − 0.075 − 0.134 0.085 − 0.081 − 0.067 0.623
Pedicel length − 0.012 0.117 0.271 − 0.092 0.143 − 0.072 0.533
Eigenvalue of correlation matrix 3.762 3.227 2.570 2.039 1.712 1.599 1.383
Explained proportion of total variance(%) 15.049 12.908 10.279 8.158 6.848 6.397 5.531
Cumulative proportion of total variance(%) 15.049 27.957 38.237 46.394 53.242 59.639 65.171
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larger than those of other offspring, especially in inflores-
cence diameter, flower length, leaf length, leaf width and 
stipules. Group VII had two individuals (No. 7 and No. 8), 
and the leaves of these two plants were wider than those of 
the other offspring.

Polymorphism analysis of primers

According to the primers’ ability to yield clear, polymor-
phic, and reproducible patterns of amplification, eight ISSR 
primers and seven pairs of SRAP primers were selected for 
subsequent genetic diversity analysis (Table 4). The number 
of effective alleles generated by the SRAP primers ranged 
from 1.323 (ME5-EM3) to 1.741 (ME9-EM10), with an 
average of 1.615 (Table 4). The number of effective alleles 
of the ISSR primers ranged from 1.400 (UBC828) to 1.779 
(UBC808), with an average of 1.629. The Shannon informa-
tion index ranged from 0.266 (ME5-EM3) to 0.598 (ME3-
EM9), with an average of 0.487 for SRAP primers. This 
index was higher for the ISSR primers than for the SRAP 
primers, with an average of 0.503. The uHe values were 
greater than the He values, but their variance trends were 
the same.

Genetic diversity analysis

A summary of the mean genetic variation statistics of all 
four populations as well as the mean of all loci are presented 
in Table 5. Under the assumption that the population is in 
Hardy–Weinberg equilibrium, the effective number of alleles 
ranged from 1.530 to 1.711 with a mean value of 1.638. For 
the Shannon information index, the lowest value was 0.431, 
and the largest value was 0.565. The population WLBS had 
the highest genetic diversity, with 91.80% polymorphic 
loci. The mean values for the number of alleles, number 
of effective alleles, Shannon information index, expected 
heterozygosity and the percentage of polymorphic loci of 
the 85 hybrids were 1.787, 1.638, 0.507, 0.352, and 82.38%, 
respectively.

The pairwise population matrix of Nei genetic distance 
and Nei genetic identity further elucidated the gene differ-
entiation between populations (Table 6), which showed that 
the populations WSBL and WLBS had the highest Nei genetic 
identity (0.963), and the lowest values were found for BSWL 
and BLWS (0.932).

The results obtained by AMOVA illustrated that most of 
the genetic variations existed within populations (Table 7). 
It was observed that 93% of the total variation corresponded 
to intra-population variation, and 7% occurred between 
populations.

Based on molecular marker data, 85 hybrids were divided 
into five groups at a similarity coefficient of approximately 
0.66 (Fig. 3). Combined with the horticultural traits, we 

Fig. 2   Cluster diagram of 85 progenies based on morphological traits 
(The abscissa is Euclidean distance, and the ordinate is number of 
hybrids)
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found that clustering based on molecular markers was not 
significantly associated with the phenotype. Group I con-
tained the vast majority of hybrids. Group II had three 
offspring from BSWL combinations (No. 13, 18 and 20) as 
well as one offspring from WLBS (No. 54) and WSBL (No. 
66). Group III consisted mainly of offspring of BSWL and 
WLBS (No. 17, 41, 42 and 44). Group IV consisted mainly 
of offspring, with P. auriculata f. alba as the female parent 

Table 4   Polymorphism analysis 
of SRAP primers (prefix ME 
and EM) and ISSR primers 
(prefix UBC)

a Number of alleles
b Number of effective alleles
c Shannon information index
d Expected heterozygosity
e Unbiased heterozygosity

Primer Sequence (5′–3′) Naa Neb Ic Hed uHee

SRAP
 ME2-EM8 TGA​GTC​CAA​ACC​GGAGC​

GAC​TGC​GTA​CGA​ATT​AGC​
1.667 1.591 0.493 0.338 0.346

 ME3-EM9 TGA​GTC​CAA​ACC​GGAAT​
GAC​TGC​GTA​CGA​ATT​ACG​

2.000 1.713 0.598 0.410 0.421

 ME5-EM3 TGA​GTC​CAA​ACC​GGAAG​
GAC​TGC​GTA​CGA​ATT​GAC​

1.333 1.323 0.266 0.180 0.185

 ME6-EM9 TGA​GTC​CAA​ACC​GGTAG​
GAC​TGC​GTA​CGA​ATT​ACG​

1.900 1.628 0.523 0.358 0.367

 ME9-EM8 TGA​GTC​CAA​ACC​GGTCA​
GAC​TGC​GTA​CGA​ATT​AGC​

1.833 1.675 0.536 0.370 0.380

 ME9-EM9 TGA​GTC​CAA​ACC​GGTCA​
GAC​TGC​GTA​CGA​ATT​ACG​

1.667 1.633 0.453 0.325 0.333

 ME9-EM10 TGA​GTC​CAA​ACC​GGTCA​
GAC​TGC​GTA​CGA​ATT​TAG​

1.800 1.741 0.538 0.384 0.394

 Mean 1.743 1.615 0.487 0.338 0.347
ISSR
 UBC808 AGA​GAG​AGA​GAG​AGA GC 2.000 1.779 0.618 0.429 0.441
 UBC815 CTC​TCT​CTC​TCT​CTCTG​ 1.850 1.666 0.530 0.368 0.378
 UBC818 CAC​ACA​CAC​ACA​CACAG​ 1.950 1.700 0.570 0.393 0.403
 UBC823 TCT​CTC​TCT​CTC​TCTCC​ 1.750 1.602 0.471 0.329 0.337
 UBC828 TGT​GTG​TGT​GTG​TGTGA​ 1.333 1.400 0.366 0.244 0.250
 UBC830 TGT​GTG​TGT​GTG​TGTGG​ 1.750 1.656 0.493 0.349 0.359
 UBC848 CAC​ACA​CAC​ACA​CAC ARG​ 1.875 1.711 0.557 0.389 0.400
 UBC855 ACA​CAC​ACA​CAC​ACA CYT​ 1.667 1.519 0.415 0.288 0.297
 Mean 1.772 1.629 0.503 0.349 0.352

Table 5   Genetic diversity of 
four hybridization populations

a Percentage of polymorphic loci

Population Sample size Na Ne I He PPBa (%)

BSWL 23 1.672 1.530 0.431 0.297 72.13
BLWS 14 1.705 1.621 0.490 0.341 78.69
WLBS 17 1.918 1.711 0.565 0.392 91.80
WSBL 31 1.852 1.689 0.540 0.377 86.89
Average 21.25 1.787 1.638 0.507 0.352 82.38

Table 6   The pairwise population matrix of Nei genetic distance 
(lower left) and Nei genetic identity (upper right)

Population BSWL BLWS WLBS WSBL

BSWL **** 0.932 0.935 0.943
BLWS 0.070 **** 0.942 0.938
WLBS 0.068 0.060 **** 0.963
WSBL 0.058 0.064 0.037 ****
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(No. 45 and 55). Similar to group IV, the plants in group V 
almost came from the offspring with P. auriculata f. alba as 
the female parent, and only one came from BLWS (No. 25). 
No. 25 was also the only individual of BLWS not divided 
into group I.

Discussion

Phenotypic variation

Morphological traits are used in the protection of intellec-
tual property associated with new varieties based on the 
regulations of the international Union for the Protection of 
New Varieties of Plants (UPOV) (Hong et al. 2015). These 
traits are widely used to estimate phenotypic variation and 
select parental lines for crossings because of the convenience 
of this method (Lee and Park 2017). The method employs 
simple tools, such as flexible rules and Vernier calipers, to 
obtain a large amount of data in a short time. In this study, 
we estimated 25 horticultural traits in 85 hybrids. Generally, 
if the traits showed coefficient variance values of more than 
30%, we can consider the given character to have potential in 
breeding (Luo and Dai 2010). The beginning of the bloom-
ing period had the highest coefficient variance (61.22%); 
however, the data were collected from the first year and 
might be affected by the plant growth rate, so the selection 
potential of these traits should be judged after another one 
or two years of observation. In addition, among the nine 
traits whose coefficient variance was more than 30%, the 
number of inflorescences, number of branches and degree 
of divergence of plants directly influenced the ornamental 
value of plants, so we can strengthen the selection of these 
traits in the breeding program. A surprising finding was that 
although we found that the flower diameter showed high 
variance over the course of measurement, the final results 
indicated that this trait was stable, with a coefficient variance 
of only 8.41%.

Correlation analysis can reveal the potential relation-
ships between characters, so we can make early selection 
for objective traits through these relationships (Hui et al. 
2016; Litrico and Violle 2015). In this study, we found that 
those traits related to flowers had significant correlations, 
such as flower diameter, flower length, inflorescence length, 
inflorescence width and sepal length. In addition, we also 
found some useful information for breeding programs. The 
plant width is significantly positively correlated with inflo-
rescence numbers and negatively correlated with the begin-
ning of the blooming period, which means that the larger 
the plant width, the more inflorescences and the earlier 
the blooming period. Therefore, we can measure the plant 
width to predict the plants that are early flowering and will 
have higher inflorescence numbers. In addition, leaf length 
and leaf width were significantly positively correlated with 
flower length, and a longer flower usually means larger inflo-
rescences through their correlations. Therefore, we aim to 
breed large-flowered varieties and can achieve this target by 
examining leaves in the vegetative growth period to shorten 
the breeding time. Another interesting finding was that plant 
height was significantly negatively correlated with flower 
width, possibly because vegetative growth competes with 
reproductive growth for nutrition.

Factor analysis is a method of data reduction to decrease 
original multitrait variation to a limited number of uncor-
related new variables (Yanai and Ichikawa 2006). In factor 
analysis, seven factors explained approximately 65% of the 
total variance. Factor 1 and factor 2 explained 27.957% of 
the total variance; factor 1 mainly represented leaf blade 
traits, and factor 2 represented flower traits. This means that 
the leaves and flowers have an important effect on the vari-
ation of morphological traits.

Genetic diversity analysis revealed by ISSR 
and SRAP markers

In recent decades, molecular markers based on PCR tech-
niques have been demonstrated to be effective in study-
ing the relationship or diversity between different species 
(Ibarra-Torres et al. 2015). Seven pairs of SRAP primers 
and 8 ISSR primers were used in the present study. All of 
them showed high polymorphism, which indicated that those 
primers had high identification abilities. In other species, 
such as Salvia (Peng et al. 2014) and apricot (Li et al. 2014), 
it was also found that ISSR and SRAP markers were effi-
cient. The most efficient primer was UBC808, with Na, Ne, 
I, He and uHe values of 2.0, 1.779, 0.618, 0.429, and 0.441, 
respectively. In this study, we found that the number of 
alleles (1.772), number of effective alleles (1.629), Shannon 
index (0.503), expected heterozygosity (0.349), and unbi-
ased heterozygosity (0.352) generated by ISSR primers were 
higher than those generated with SRAP primers (Na = 1.743, 

Table 7   Analysis of molecular variance (AMOVA) between and 
within four hybridization populations based on ISSR and SRAP 
markers

a Degrees of freedom
b Sum of squares
c Mean squares
d Estimated variance

Source of variation dfa SSb MSc Est. Var.d Total 
variance 
(%)

Between populations 3 67.800 22.600 0.660 7
Within populations 81 730.436 9.018 9.018 93
Total 84 798.235 9.677 100
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Fig. 3   Cluster diagram of 85 progenies based on molecular markers (The abscissa is similarity coefficient, and the ordinate is number of hybrids)
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Ne = 1.615, I = 0.487, He = 0.338, uHe = 0.347). The same 
results were also found in research on Salvia miltiorrhiza 
(Song et al. 2010). The possible reason for these findings 
might be that the ISSR markers revealed the diversity of the 
whole genome, while the SRAP markers only amplified the 
target region of the open reading frame (ORF). However, the 
disparity between the two markers was small, and we think 
that both are effective.

The Shannon diversity index is an important genetic 
parameter that can estimate phenotypic or genotypic diver-
sity within a population. This parameter ranged from 0.431 
to 0.565 for the four populations, indicating high variabil-
ity within the populations. Obviously, genetic recombina-
tion was found in the four populations after crossing. The 
results of the Nei genetic identity pairwise population matrix 
showed that populations WLBS and WSBL had the highest 
genetic similarity, but when P. auriculata was the female 
parent, the offspring had the lowest Nei genetic identity. This 
might be because the long and short styles of P. auriculata 
undergo genetic differentiation over the course of evolution. 
In addition, populations WLBS and WSBL had a higher per-
centage of polymorphic loci than did BLWS and BSWL. Thus, 
genetically speaking, with P. auriculata f. alba as the female 
parent, we can obtain more plant material with genetic dif-
ferences. However, the Nei genetic identity between the 
four populations was higher than 0.9, which shows that the 
genetic relationship of the parents was very close and further 
proves the plant classification. AMOVA can divide the total 
variance into its components between and within popula-
tions. In the present work, it was shown that the highest 
proportion of variation was found within populations (93%), 
while the variation between populations was just 7%. Bar-
bosa et al. (2018) also reported that the highest proportion 
of variation was found within full-sib families (73.49%) in 
research on Jatropha curcas. Therefore, we should consider 
the internal variance to avoid genetic narrowing, which may 
impact selection and recombination in future breeding pro-
grams (Bhering et al. 2015).

Cluster analysis

Cluster analysis based on phenotypic traits divided all off-
spring into seven groups. Group I contained most of the 
hybrids, indicating that the hybrids were consistent in phe-
notype. Additionally, we found that the clusters were divided 
by floral quantitative traits and leaf quantitative traits, which 
also confirmed that flowers and leaves are the main factors 
that caused the difference in hybrids in factor analysis. Inter-
estingly, group V and group VI both have only one hybrid. 
No. 4 in group VI was significantly larger than the other 
offspring in florescence diameter, flower length and leaf size. 
Therefore, we could use No. 4 as a potential material with 
large flower breeding value.

Cluster analysis based on molecular markers divides all 
offspring into 5 groups. This clustering is quite different 
from phenotypic traits, probably because the markers we 
selected are universal markers and cannot cover the genes 
that control horticultural traits. However, from the results of 
the clustering, we also found that when P. auriculata f. alba 
was the female parent, the offspring were distributed in each 
group, confirming the results of the Shannon index, that is, 
when P. auriculata f. alba was the female parent, the genetic 
diversity of offspring was higher. As a result, the develop-
ment of specific molecular markers, such as EST-SSR, 
should be carried out in a later breeding program, which 
also shows that it is very effective and necessary to combine 
morphological traits with molecular markers to analyze the 
genetic diversity of hybrids.

In conclusion, 85 progenies with high genetic diversity 
were obtained by intraspecific crossing. The relationship 
between the traits can guide us to select plants that have a 
large amount of inflorescence through the examination of 
plant width. The genetic diversity analyzed by ISSR and 
SRAP markers showed that population WLBS presented the 
greatest genetic divergence, and we will continue to observe 
this population and judge its value in the follow-up breeding 
program. These results are valuable for the innovation of P. 
auriculata germplasm used in cross-breeding.
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