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Abstract
Molecular identification and genetic analysis of cherry are necessary for solving the problem of synonyms and homonyms 
that occur in cherry production. In this study, capillary electrophoresis with fluorescent-labeled simple sequence repeat (SSR) 
primers was used to identify 63 cherry cultivars (varieties and rootstocks) planted in Shaanxi province, China. A total of 146 
alleles were amplified by 10 SSR primer pairs, ranging from 10 to 20 per locus (mean: 14); among the SSR primer pairs, 
genotype number ranged from 12 to 26 (mean: 18). The mean values of gene diversity, heterozygosity, and polymorphism 
information content were 0.7549 (range 0.4011–0.8782), 0.5952 (range 0.3810–0.9683), and 0.7355 (range 0.3937–0.8697), 
respectively. An unweighted pair-group method with arithmetic average cluster analysis was used to separate the cherry 
cultivars. A model-based structure analysis separated the cultivars into three populations, which was consistent with the 
results of a phylogenic and principal component analysis. Based on Bayes’ rule, the cultivars were further subdivided into 
seven populations. Some of the 63 cherry cultivars that are often confused in production were distinguished, and DNA fin-
gerprinting of cherry cultivars was established. This research will significantly assist in the identification of cherry cultivars 
at the molecular level.
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Introduction

Cherries are thought to have originated around the Cas-
pian and Black Seas, and are also found across mainland 
Europe and in western Asia (Webster 1996). Sweet cherry 
(Prunus avium L.) is an important fruit in temperate 
regions of the world (Wünsch and Hormaza 2002) and its 
production has rapidly developed, because the numerous 
cultivated varieties exhibit early maturity with good qual-
ity, highly nutritious large and brightly colored fruit with 
moderate sweet and sour flavors. In contemporary tree 

fruit production, the selection of rootstocks is an impor-
tant long-term management decision that may influence 
fruit production and quality (Turkoglu et al. 2012; Ogn-
janov et al. 2015). Due to their effective stress resistance, 
early fruiting, and dwarfing, Prunus mahaleb, P. cerasus, 
and P. pseudocerasus are currently widely used in cherry 
production as rootstocks. Therefore, genetic analysis and 
identification of sweet cherry and its stock are of great 
significance for the production industry. It is difficult to 
accurately morphologically identify the clones of sweet 
cherry varieties during the seedling period (Struss et al. 
2001), and due to a lack of reliable early identification 
methods for sweet cherry varieties, both synonyms and 
homonyms are present in significant numbers (Turet-
Sayar et al. 2012) causing large losses in cherry produc-
tion. In addition, the genetic relationships among culti-
vars are unclear. In the past, genetic resources in cherries 
were evaluated according to phenotype characterization, 
but variability effects of environmental factors limited 
trial stability and predictive accuracy. Currently, the iden-
tification period is too long, and the fruits of some cherry 
varieties are very similar in appearance; therefore, rapid 
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and accurate identification of sweet cherry varieties has 
become problematic and needs to be resolved to ensure 
effective cherry production.

Many studies have shown that there are significant dif-
ferences among varieties of sweet cherry at the molecu-
lar level, and these differences can be detected by DNA 
analysis (Cipriani et al. 1999). Among the various marker 
types, simple sequence repeats (SSRs), or microsatellite 
markers, are a desirable tool used to construct DNA fin-
gerprinting and analyze genetic diversity (Cipriani et al. 
1999). SSRs, consisting of 1–6 nucleotides as repeating 
units, are widely distributed on chromosomes within the 
eukaryotic genomes (Smith 1994). SSR markers are the 
markers of choice in genetic diversity assessment, finger-
printing, and genotyping, due to their codominant Mende-
lian inheritance, high levels of polymorphism, and rapid 
and convenient detection (Turet-Sayar et al. 2012). SSR 
markers have been applied to many kinds of plants, espe-
cially fruit tree species such as sweet cherry, peach, and 
apple (Wünsch and Hormaza 2004; Ercisli et al. 2011). 
In Prunus species, most of the available SSR sequences 
have been developed from peach (Cipriani et al. 1999; 
Dirlewanger et al. 2002), sweet cherry (Dirlewanger et al. 
2002), and sour cherry (Downey and Iezzoni 2000; Lacis 
et al. 2009) species, and have been widely used over the 
last 10 years to assess the genetic diversity among gen-
otypes (Guarino et al. 2010) and rootstocks (Turkoglu 
et al. 2010). Gene polymorphism analysis of conventional 
SSR molecular markers has been conducted through poly-
acrylamide gel electrophoresis (PAGE) combined with 
manual reading; however, this method is time-consum-
ing, labor intensive, and non-automated. Moreover, there 
are still considerable difficulties in the collection and 
analysis of massive and multi-batch data that are mainly 
reflected by the difficulty in allele identification and the 
unmanageability of data obtained from different batches 
(Chandra et al. 2014). Therefore, in this study, we used 
capillary electrophoresis with fluorescent-labeled SSR 
primers because of its high efficiency and automation. 
The technique has been widely used in studies of many 
plants involving molecular markers (Hayden et al. 2008; 
Liang et al. 2010; Chandra et al. 2014).

Here, we used 10 pairs of SSR fluorescent-labeled 
primers to amplify 63 cherry cultivars planted in Shaanxi 
province, China. Genotyping was performed by capillary 
electrophoresis, enabling the DNA fingerprinting of 63 
cherry cultivars to be established, and we explored the 
relationships among them. In China, Shaanxi province 
has developed into a cherry-growing region, and it is, 
therefore, important for the cherry industry to identify 
the cherry cultivars at the molecular level.

Materials and methods

Plant materials

Tender leaves of 63 cherry cultivars consisting of 39 sweet 
cherry cultivars, 6 sour cherry cultivars, and 18 cherry root-
stocks were collected in six regions of Shaanxi province 
from April to May 2016. Young leaves collected from these 
populations were immediately placed in zip-locked plastic 
bags containing silica gel for drying. The sample informa-
tion is given in Table S1.

DNA extraction

Genomic DNA was extracted from leaves using a modified 
cetyl trimethylammonium bromide (CTAB) method (Doyle 
and Doyle 1987; Hormaza 1999). Dry leaves were ground to 
a powder by tissue grinding apparatus and then placed in a 
centrifuge tube. The tissue powders were exposed to 700 μL 
extraction buffer (3% CTAB, 5 M NaCl, 0.5 M EDTA, 1 M 
Tris–HCl pH 8.0) with 2 μL β-mercaptoethanol and incu-
bated at 65 °C for 45 min. Following incubation, equal vol-
umes of a chloroform and isoamylalcohol (24:1) solution 
were added before centrifugation at 15,000×g for 10 min. 
Genomic DNA from the aqueous phase was precipitated at 
− 20 °C for 30 min by twice adding ice-cold isopropanol and 
centrifuging at 15,000×g for 6 min. The sediment was gently 
washed with 70% ethanol and centrifuged at 15,000×g for 
30 s. This procedure was repeated twice. The precipitate 
was dried naturally. Genomic DNA was dissolved in 100 μL 
ddH2O (double distilled water). DNA was checked by 1.0% 
(w/v) agarose gel electrophoresis and its concentration was 
determined using a NanoDrop 2000 Spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA). Finally, 
the DNA was diluted to 100 ng μL−1.

SSR primers and polymerase chain reaction (PCR) 
amplification

Among the 104 specific primers for P. avium, P. persica, 
P. salicina, P. dulcis, P. cerasus, and P. pseudocerasus, 10 
microsatellite primers (Dirlewanger et al. 2002; Vaughan 
and Russell 2004; Ai et al. 2007), which can produce clear, 
simple, and repeatable bands, were selected to analyze the 
63 cultivars (Table 1).

PCR reactions were performed in 25 μL volumes con-
taining 10 × PCR Buffer (100 mM Tris–HCl pH 8.8 at 
25 °C, 500 mM KCl, 0.8% (v/v) Nonidet), 10 mM dNTP, 
25 mM MgCl2, 10 μM each primer, 100 ng genomic DNA, 
5U μL−1 Taq polymerase, and ddH2O. The PCR ampli-
fication procedure was conducted at 95 °C for 3 min, 
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followed by 10 cycles of 95 °C for 30 s, 60 °C for 30 s, 
and 72 °C for 30 s and then 20 cycles of 95 °C for 30 s, 
55 °C for 30 s, and 72 °C for 30 s, and a final extension 
step at 72 °C for 6 min. PCR products were separated by 
9% PAGE in 1 × TBE buffer at 180 V for 1.5 h. The gels 
were stained with 0.5% (w/v) silver nitrate for 10 min and 
colored with 1.5% (w/v) NaOH and 0.4% (v/v) formalde-
hyde for 5 min.

Capillary electrophoresis detection

Fluorescent primers were obtained from Sagon Biotech 
Co., Ltd (Shanghai, China) and the fluorescent dyes 
were FAM, HEX, and PAMRA. An electronic version of 
a test table was made, and the machine table was gener-
ated automatically. A mixture of 990 μL HIDI and 10 
μL ROX500 or LIZ500 was placed in a 96-well reaction 
plate with a continuous pipette, with each well having a 
volume of 10 μL. The well plate was sealed with sealing 
plate film, placed in a flat plate centrifuge, and exposed 
to a relative centrifugal force (RCF) of 500×g. In the PCR 
instrument, the denaturation process was conducted at 
98 °C for 5 min, without heating the hot cover and at the 
end of the procedure, the 96-well plate was placed imme-
diately on iced water. Once cooled, the well plate was 
placed in a flat plate centrifuge and exposed to an RCF 
of 2000×g. Finally, the samples were analyzed using an 
ABI3730XL sequence analyzer (ABI Corporation, Foster 
City, CA, USA).

Data analysis

The results of the peak patterns produced by the sequence 
analyzer were analyzed by GeneMapper v5.0 (Hayden et al. 
2008). The data were counted by peak feature and fragment 
size of the corresponding peaks.

PowerMarker ver. 3.25 (Liu and Muse 2005) software was 
used to calculate allele frequency, genotype number, allele 
number, gene diversity, heterozygosity, and the polymor-
phism information content (PIC).

The population structure of the 63 cherry cultivars was 
analyzed using 10 SSR primer pairs by the model-based 
software Structure v2.3.4 (Pritchard et al. 2010). The model 
choice criterion implemented in structure to detect the true 
K is an estimate of the posterior probability of the data for a 
given K, Pr(X|K) (Pritchard et al. 2000). This value, called 
‘LnP(D)’ in structure output, is obtained by first computing 
the log likelihood of the data at each step of the Markov 
Chain Monte Carlo (MCMC) replication. The number of 
populations, K, was set a priori from 1 to 10, and calculated 
in 20 independent simulations. For each simulation, with 
the selection of admixture and related frequency models, 
10,000 iterations were performed before a burn-in length of 
10,000 MCMC replications (Pritchard et al. 2000; Falush 
et al. 2007). The other parameters were set to default values. 
The optimal K value was determined by the posterior prob-
ability [LnP(D)] and an ad hoc statistic ⊿K based on the rate 
of change in [LnP(D)] between successive K values (Evanno 
et al. 2005). The cultivars were assigned to corresponding 
populations based on K values.

Table 1   Primers used in simple sequence repeat (SSR) analysis of cherry cultivars with fluorescent capillary electrophoresis

Locus Repeat motif Forward and reverse primer sequences (5′–3′) Size (bp) References

SC2 (AC/CA)8 ATT​CGG​GTC​GAA​CTC​CCT​
ACG​AGC​ACT​AGA​GTA​ACC​CTCTC​

136–177 Ai et al. (2007)

SC3 (AC)8TT(TA)5 ACC​CAC​AAA​TCA​AGC​ATA​TCC​
AGC​TTC​AGC​CAC​CAAGC​

140–172 Ai et al. (2007)

BPPCT013 (AG)28 ACC​CAC​AAA​TCA​AGC​ATA​TCC​
AGC​TTC​AGC​CAC​CAAGC​

140–172 Dirlewanger et al. (2002)

BPPCT026 (AG)8GG(AG)6 ATA​CCT​TTG​CCA​CTT​GCG​
TGA​GTT​GGA​AGA​AAA​CGT​AACA​

134–182 Dirlewanger et al. (2002)

EMPaS01 (GA)9(GA)11 CAA​AAT​CAA​CAA​AAT​CTA​AACC​
CAA​GAA​TCT​TCT​AGC​TCA​AACC​

215–266 Vaughan and Russell (2004)

EMPaS02 (TTG)7CTGC(TG)10(AG)8 CTA​CTT​CCA​TGA​TTG​CCT​CAC​
AAC​ATC​CAG​AAC​ATC​AAC​ACAC​

109–159 Vaughan and Russell (2004)

CPSCT038 (GA)18 CAG​GAA​CCC​TAT​TCC​CAC​AA
TCA​ATG​GCA​CCC​ATT​TTA​CA

182–209 Mnejja et al. (2004)

EPDCU5060 (CAT)8 ACC​AAA​TTG​GAC​ATG​CAA​CC
CGG​TCG​AGA​AGA​CTG​AGG​AG

98–148 GDR database

EPDCU5183 (CT)20 AGC​AGT​CTT​TGC​CAA​ATC​AA
TAC​AGG​GTC​CAC​ATG​ATC​CA

95–175 GDR database

EPPCU4092 (AAAG)6(AAG)4 AAG​AAG​AAG​ACG​ACG​ACG​AC
TCT​GTA​TCC​ACC​ACG​AGA​CC

124–262 GDR database
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Principal component analysis (PCA) was operated by 
NTsys2.10. The unweighted pair-group method with arith-
metic average (UPGMA) cluster analysis was performed 
based on Nei’s genetic distance matrix with MEGA6 
(Tamura et al. 2013). Both were used to identify the rela-
tionship among populations and species.

Results

Using capillary electrophoresis with fluorescent-labeled 
SSR markers, GeneMapper could read the exact size of tar-
get fragments according to the location of the target peak 
compared with the internal standard (GeneScan™ 500 
LIZ®) in the same capillary lane. The target fragments were 
recorded based on the highest peak position, with a single 
peak representing a homozygote, while a double peak rep-
resented a heterozygote (Fig. 1). Thus, compared with the 
conventional native PAGE, capillary electrophoresis with 

fluorescent primers read the fragment size exactly, and there-
fore, the test data were more accurate.

A total of 146 polymorphic bands obtained from 10 pairs 
of SSR primers (Table 1) were used for the DNA fingerprint-
ing, where the pairs marked with A, B, C, D, E, F, G, H, I, 
and J were grouped from front to back and separated by “–”. 
The number of alleles amplified by 10 SSR primer pairs, 
ranged from 10 (EPDCU5060) to 20 (EPDCU5183) and 
the genotype number ranged from 12 (EPPCU4092) to 26 
(EPDCU5183), with an average of 18. The mean values of 
gene diversity, heterozygosity, and PIC were 0.7549, 0.5952, 
and 0.7355, respectively (Table 2).

In each primer, allele sizes from small to large were 
assigned a sequence number starting at 01 (Table 3) and 
these strings were arranged in a digital fingerprint of the 
63 tested cherry cultivars that were all uniquely identified.

LnP(D) was referred to as L(K) afterwards. The distri-
bution of L(K) did not show a clear mode for the true K, 
but an ad hoc quantity based on the second-order rate of 

Fig. 1   Capillary electrophoresis peaks detected using a sequence analyzer, with the fluorescent dyes FAM, HEX, and PAMRA. The x-axis repre-
sents fragment size of an amplified microsatellite and the y-axis represents the fluorescence intensity of amplified products
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change of the likelihood function with respect to K (⊿K) 
did show a clear peak at the true value of K (Evanno et al., 
2005). L′(K) = L(K) − L(K − 1), L″(K) = | L′(K + 1) − L′(K) 
|. Finally, ⊿K was estimated as the mean of the absolute 
values of L″(K) averaged over 20 runs divided by the stand-
ard deviation of L(K), ⊿K = m(| L″(K) |)/s[L(K)] (Pritchard 
et al., 2000). According to this formula, ⊿K reached a peak 
at K = 3 (Fig. 2b). The cultivars were classified into three 
populations, P1, P2, and P3 (Fig. 3a). From Bayes’ rule, 
when several values of K give similar estimates of LnP(D), 
the smallest is often “correct” (Pritchard et al. 2010). Based 
on this principle, that K = 7 qualified (Fig. 2a). Accordingly, 
63 cultivars were divided into seven populations, P1, P2, P3, 
P4, P5, P6, and P7 (Fig. 3d). 

PCA discriminated the 63 cultivars in two dimensions 
and grouped all the cultivars into three clusters (P1, P2, and 
P3) labeled with three ellipses (Fig. 3b), which was consist-
ent with the result obtained for the population structure, as 
shown in Fig. 3a. The UPGMA cluster analysis separated 
all the cultivars; however, there was intermixing of cultivars 
from P1, P2, and P3 in the phylogenetic tree (Fig. 3c).

Discussion

In this study, plant materials covering 63 cherry genotypes 
were characterized with 10 SSR markers, which have been 
reported to be polymorphic in a wide sample of Prunus 
species, and their cross-species transferability has been 
demonstrated in the previous studies (Dirlewanger et al. 
2002; Vaughan and Russell 2004; Ai et al. 2007). The 10 
SSR primer pairs amplified a total of 146 alleles, ranging 
from 12 to 20 alleles per primer pair, with an average of 
14 alleles per primer pair. In our study, the SC2 and SC3 
primer pairs created 14 and 18 alleles per locus, with 18 and 
22 genotypes, respectively; however, this contrasts with Ai 
et al. (2007) who found that these primers produced only 

4 and 2 alleles per locus, respectively. Dirlewanger et al. 
(2002) reported that allele number and heterozygosity of 
BPPCT026 in cherry cultivars were 6 and 0.67, respectively; 
this heterozygosity was consistent with our results (0.6508), 
but we observed almost twice the amount of alleles (13) 
for BPPCT026. It was assumed that some close bands were 
easily avoided when the PAGE method was applied, and 
capillary electrophoresis with fluorescent primers provided 
more precise genotyping. For the EMPaS01 and EMPaS02 
primer pairs, the number of alleles was 13 and 12, while 
the heterozygosity was 0.5556 and 0.5714, respectively, 
which differed from the results of Vaughan and Russell 
(2004) where the number of alleles was 4 and 5, and het-
erozygosity was 0.75 and 0.81, respectively. This conflict in 
results could be due to differences in number of genotypes 
that were used and level of polyploidy (Turet-Sayar et al. 
2012). For EPPCU4092, allele frequency as high (0.7698), 
but genotype number (12), allele number (13), gene diver-
sity (0.4011), heterozygosity (0.3810), and PIC (0.3937) 
were generally low. In contrast, allele frequency (0.2778) 
of the EPDCU5183 primer pairs was low and heterozygo-
sity (0.4286) was relatively low, while genotype number 
(26), allele number (20), gene diversity (0.8782), and PIC 
(0.8697) were all high. PIC is an important index to assess 
the fitness of SSR primers, reflecting the amount of poly-
morphism information that primers can produce (Song et al. 
2016). In our study, the average gene diversity (0.7549) in 
accordance with the average PIC value (0.7355) was high, 
which was consistent with the result of Lacis et al. (2009), 
but higher than that of Sharma et al. (2015). It has been 
suggested that the chances of scoring undesired alleles are 
minimized when capillary electrophoresis with fluorescent 
primers is used (Pan et al. 2003).

According to Evanno et al. (2005), ⊿K reaches a peak 
at K = 3; thus, the 63 cultivars were classified into three 
populations that were consistent with the PCA analysis. We 
found similarity with the UPGMA analysis, but there was 

Table 2   Results of the ten 
simple sequence repeat (SSR) 
primers

Primer Allele frequency Genotype 
number

Allele number Gene diversity Heterozygosity PIC

SC2 0.3254 18 14 0.8181 0.5238 0.7982
SC3 0.2619 22 18 0.8486 0.9048 0.8337
BPPCT013 0.3492 17 15 0.7778 0.9683 0.7507
BPPCT026 0.4444 21 13 0.7572 0.6508 0.7381
EMPaS01 0.3889 16 13 0.7458 0.5556 0.7104
EMPaS02 0.5000 18 12 0.7168 0.5714 0.6993
CPSCT038 0.2778 20 18 0.8337 0.4127 0.8150
EPDCU5060 0.3968 15 10 0.7720 0.5556 0.7464
EPDCU5183 0.2778 26 20 0.8782 0.4286 0.8697
EPPCU4092 0.7698 12 13 0.4011 0.3810 0.3937
Mean 0.3992 18 14 0.7549 0.5952 0.7355
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Table 3   DNA fingerprinting of 63 cherry accessions by simple sequence repeat (SSR) markers

Accessions DNA fingerprinting

Katalin A07A08-B05B14-C05C14-D10D10-E05E05-F06F06-G04G04-H06H08-I06I06-J08J08
Brooks A14A14-B14B14-C14C14-D10D12-E03E08-F06F09-G05G13-H06H06-I04I04-J08J08
Tieton A05A05-B14B18-C14C15-D10D10-E05E08-F05F06-G04G04-H04H06-I15I16-J08J10
Kpynhonnouhax A06A06-B05B14-C05C14-D10D13-E05E05-F06F08-G04G06-H04H10-I05I05-J08J08
HongDeng A06A06-B05B14-C05C14-D11D13-E06E10-F06F08-G05G05-H06H10-I15I16-J08J08
Qinying III A07A08-B05B14-C05C14-D10D10-E05E08-F06F06-G04G04-H06H06-I06I14-J08J08
Summit A06A06-B05B14-C05C14-D11D11-E05E05-F06F06-G04G04-H05H09-I04I04-J08J08
Lapins A08A08-B14B18-C14C15-D11D11-E05E05-F06F06-G12G12-H05H05-I04I04-J08J08
Rainier A06A06-B14B18-C14C15-D10D10-E08E08-F06F06-G04G04-H06H06-I04I04-J08J08
Chelan A06A08-B05B14-C05C14-D11D11-E05E08-F06F06-G13G13-H06H10-I04I04-J08J08
Starkrimson A06A08-B05B14-C05C14-D10D10-E05E08-F06F06-G05G13-H06H08-I14I14-J08J08
Van A05A05-B04B13-C05C14-D10D12-E08E08-F06F06-G04G04-H06H06-I04I04-J08J08
Qinying I A05A05-B05B14-C05C14-D10D10-E08E10-F05F08-G05G05-H04H06-I04I04-J08J08
Sunburst A06A08-B14B18-C14C15-D11D11-E05E05-F06F06-G12G12-H06H06-I05I05-J08J08
Hungary-A A06A08-B05B14-C05C14-D10D10-E05E08-F06F06-G04G12-H06H08-I14I14-J08J08
Kocmhqecka A06A08-B05B14-C04C13-D09D09-E05E08-F06F06-G04G12-H05H07-I14I14-J08J08
Burlat A05A05-B05B05-C05C14-D10D10-E08E10-F05F08-G05G05-H04H06-I04I16-J08J08
Russia VIII A06A08-B04B13-C04C13-D10D10-E01E03-F06F06-G05G05-H05H09-I15I16-J01J03
Sylvia-1 A05A05-B05B14-C05C14-D10D12-E08E08-F06F06-G04G04-H06H06-I07I07-J08J13
Santina-1 A06A09-B05B14-C05C14-D10D11-E05E05-F06F06-G05G13-H06H06-I04I04-J08J08
S7 A07A09-B05B10-C05C10-D03D10-E05E08-F05F06-G03G05-H04H06-I06I09-J08J08
S9 A07A09-B05B14-C05C14-D03D10-E05E08-F05F06-G05G13-H04H06-I06I09-J08J10
Maoyingtao A04A06-B02B05-C02C05-D10D10-E03E03-F09F09-G11G18-H03H06-I04I14-J08J09
Meili A07A10-B03B10-C03C14-D01D10-E05E08-F06F10-G05G07-H06H08-I04I06-J08J08
Aode A06A06-B03B10-C03C14-D02D10-E05E08-F06F07-G04G04-H06H08-I04I06-J08J08
Qinling wild cherry A12A12-B03B04-C03C04-D05D07-E04E06-F11F12-G10G15-H02H03-I03I06-J08J09
Meilei A07A13-B03B09-C05C09-D03D13-E05E05-F05F09-G07G07-H04H06-I05I05-J08J08
Aojie A07A09-B05B10-C05C14-D03D11-E05E08-F05F06-G03G05-H04H06-I04I08-J08J08
Mahaleb-Y A01A05-B08B08-C06C08-D06D06-E02E13-F04F04-G15G15-H03H03-I08I10-J03J04
Mahaleb-R A01A05-B08B11-C08C11-D06D08-E02E13-F04F04-G15G15-H03H03-I09I12-J08J11
Ouli-R A07A07-B02B06-C02C06-D10D10-E11E11-F01F02-G16G16-H01H01-I13I13-J08J12
Ouli-Y A07A07-B01B06-C01C06-D04D10-E12E12-F01F01-G16G16-H01H01-I01I01-J08J12
Carmen-1 A06A06-B05B14-C05C14-D10D13-E05E05-F06F08-G04G06-H04H10-I05I05-J08J13
Spur type Mahaleb A01A06-B08B12-C08C12-D07D10-E02E02-F04F07-G15G15-H03H03-I12I12-J02J03
Mahaleb CDR-2 A02A05-B08B11-C08C11-D07D08-E02E02-F04F11-G15G15-H03H03-I13I13-J08J11
Valerij Cskalov A07A07-B04B13-C05C14-D10D13-E05E05-F06F08-G05G07-H04H10-I04I04-J08J08
Rita A05A05-B14B18-C14C15-D10D10-E05E10-F05F06-G04G04-H06H06-I15I16-J08J08
Regina A06A09-B05B14-C05C14-D10D10-E05E08-F06F08-G05G13-H04H08-I16I19-J08J08
Skeena A06A09-B13B17-C14C15-D10D11-E05E08-F06F10-G05G13-H06H06-I20I20-J08J08
Sweetheart A06A06-B14B18-C14C15-D11D11-E05E08-F06F06-G05G13-H06H06-I04I04-J08J08
Techlovan A06A06-B05B14-C05C14-D11D13-E05E08-F06F10-G05G05-H06H06-I05I05-J08J08
Kordia A05A05-B05B14-C05C14-D10D13-E05E08-F07F10-G04G04-H06H08-I15I17-J08J13
Carmen-2 A07A07-B05B14-C05C14-D10D11-E05E05-F06F06-G05G05-H06H08-I04I04-J08J13
Sylvia-2 A06A09-B04B13-C05C14-D10D13-E05E08-F06F08-G05G13-H04H08-I15I16-J08J08
Carina A06A06-B04B14-C05C14-D10D13-E05E08-F06F10-G05G05-H06H08-I07I07-J08J08
Snelders A06A09-B05B14-C05C14-D10D13-E05E08-F06F08-G05G13-H04H08-I16I19-J08J09
13-33 A06A06-B04B13-C05C14-D10D12-E05E08-F06F08-G05G05-H04H10-I04I04-J08J08
8-129 A07A07-B04B13-C05C14-D10D12-E08E10-F06F08-G07G13-H06H06-I04I04-J08J08
Jiahong A06A06-B05B14-C05C14-D10D11-E05E08-F06F08-G05G05-H06H06-I05I05-J06J08
Shamidou A06A06-B05B14-C05C14-D11D11-E05E05-F06F06-G05G05-H06H10-I05I05-J08J08
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some within-population intermixing of cultivars and may be 
a result of anthropogenic-mediated gene exchange between 
different regions. The results of our analyses broadly com-
pare well with the species identified among the 63 cultivars 
(Table S1). Using Bayes’ rule, which states that the small-
est value of K is often correct when similar estimates of 
LnP(D) are given (Pritchard et al. 2010), the 63 cultivars 
were further subdivided into seven populations. In terms 

of the genetic structure, various colors were intertwined, 
which may be due to hybridization or transferability (Gasic 
et al. 2009).

Prunus humilis was chosen as the reference cultivar, and 
when K = 3, P. humilis plants and other rootsocks (except P. 
mahaleb) were bracketed, while when K = 7, the 63 culti-
vars were further subdivided, and the three P. humilis plants 
were grouped together from the other rootstocks, suggest-
ing that the classifications were reliable. When K = 3, the 
63 cultivars were classified into three groups, and P. avium 
was completely assigned to a large group P2, but ‘Russia 
VIII’ was not. After being further subdivided, P. avium was 
mainly classified into two groups P2 and P6, but again, ‘Rus-
sia VIII’ was not. Originating from Russia, ‘Russia VIII’ is 
a hybrid progeny of ‘Iuliia’ and ‘Valerij Cskalov’, and was 
noteworthy (as indicated by an asterisk in Fig. 3b), because 
its K value differed from other varieties, but it was always 
classified together with rootstocks. In the UPGMA cluster 
analysis, ‘Russia VIII’ and ‘Burlat’ were in the same clade. 
No studies of the molecular identification of ‘Russia VIII’ 
have been reported.

Both ‘Qinying I’, a natural mutation of ‘Burlat’, and 
‘Shamidou’, a natural mutation of ‘Summit’, could be dif-
ferentiated from their parent cultivars. However, our results 
are inconsistent with the findings of Wünsch and Hormaza 
(2002) who reported that ‘Burlat C1’ (a compact muta-
tion of ‘Burlat’) or ‘Van Spur’ and ‘Early Van Compact’ 
(both mutations of ‘Van’) could not be differentiated from 
their parent cultivars. This further demonstrates that for the 
genetic fingerprinting of cherry, the utility of capillary elec-
trophoresis with fluorescent SSR primers was more accurate 
than PAGE.

In sweet cherry varieties, both synonyms and homo-
nyms are abundant (Turet-Sayar et al. 2012) and cause 
large losses in cherry production. Some test varieties 

Table 3   (continued)

Accessions DNA fingerprinting

2-82 A07A07-B05B14-C05C14-D10D12-E05E08-F06F06-G05G05-H06H10-I07I07-J08J08
Mingzhu A06A06-B14B14-C14C14-D10D12-E06E08-F06F06-G04G04-H10H10-I18I18-J08J08
Santina-2 A06A06-B04B13-C05C14-D10D12-E08E08-F06F06-G04G04-H06H06-I05I05-J08J08
Ouli A10A10-B01B07-C01C07-D02D10-E09E09-F02F03-G08G09-H01H01-I04I19-J07J07
Daqingye-1 A04A06-B02B05-C02C05-D10D10-E03E03-F09F09-G01G17-H03H06-I04I14-J08J09
Mahaleb 2-10 A02A05-B08B16-C06C08-D04D08-E02E02-F04F07-G15G15-H03H03-I13I13-J05J08
Mahaleb 2-70 A02A05-B13B13-C11C14-D06D07-E02E02-F07F07-G02G14-H03H03-I08I13-J08J11
Mahaleb 1-162 A02A05-B08B11-C06C08-D07D08-E02E02-F04F07-G15G15-H03H03-I09I12-J08J11
Mahaleb 1-199 A02A05-B08B08-C06C08-D06D08-E02E02-F07F07-G15G15-H03H03-I09I12-J08J11
Mahaleb CDR-1 A02A05-B08B11-C08C11-D08D10-E02E02-F04F11-G15G15-H03H03-I09I12-J08J11
ZY-1 A07A13-B05B09-C05C09-D03D13-E05E05-F05F09-G07G07-H04H06-I04I04-J08J08
Gisela V A04A11-B02B05-C03C05-D01D10-E05E07-F06F09-G03G07-H03H04-I02I06-J08J08
Gisela VI A04A11-B02B03-C03C05-D01D10-E05E07-F06F09-G03G07-H03H04-I02I04-J08J08

Fig. 2   Estimation of LnP(D) and ⊿K in the 63 cherry accessions. K 
is the number of populations
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have the same names in production, but the appearance 
of their fruit is very different, such as for ‘Sylvia-1’ and 
‘Sylvia-2’, ‘Santina-1’ and ‘Santina-2’, and ‘Carmen-1’ 
and ‘Carmen-2’. From their appearance, i.e., fruit shape, 
size, and color (Yamamoto et al. 2015), ‘Sylvia-1’, ‘San-
tina-1’, and ‘Carmen-2’ could be identified based on their 
official description. Their source of introduction was also 
clear, and therefore, it was confirmed that ‘Sylvia-1’, 
‘Santina-1’, and ‘Carmen-2’ were the correct varieties. 
To further determine whether ‘Sylvia-1’ and ‘Sylvia-2’, 
‘Santina-1’ and ‘Santina-2’, and ‘Carmen-1’ and ‘Car-
men-2’ were the same varieties, we analyzed them at the 
molecular level. Since they were collected from different 
sampling sites, it suggests that they may have different ori-
gins from the other Canadian or Hungarian cultivars in our 
experiment. This may also be due to cross-regional migra-
tion or breeding and cultivation in different regions, indi-
cating the complex nature of the history of cherry domes-
tication (Yang et al. 2015). The results of the UPGMA 
cluster analysis indicated that there was a significant 
genetic difference between cultivars, and therefore, those 
possibilities above were ruled out. In this study, no other 
tested varieties had alleles that were identical to ‘Sylvia-2’, 
‘Santina-2’, or ‘Carmen-1’. There is a need to collect more 

cherry cultivar resources and detect and analyze them to 
further confirm the classification ‘Sylvia-2’, ‘Santina-2’, 
and ‘Carmen-1’.

Most rootstocks are seed propagated (sexual propaga-
tion). P. pseudocerasus and P. tomentosa have received 
much attention recently because of their high resistance and 
vigorous growth, and many studies of these species have 
selected varieties to provide superior germplasm resources 
for breeding. The seeds used for seedling stock produc-
tion are typically produced in fruit processing plants or are 
obtained from wild-grown trees (Ercisli et al. 2006; Mra-
tinic et al. 2012). In recent years, many rootstocks have 
been asexually reproduced by cutting and layering. In this 
study, the significance of SSR molecular identification for 
rootstocks was that superior rootstocks reproduced by seed 
were selected to asexually propagate, and were then widely 
promoted in production.

Prunus mahaleb, a cherry breeding resource plant, was 
introduced from Hungary to China by the Northwest Agri-
culture and Forestry University, because of its dwarfing and 
strong resistance to crown gall and salt, among many other 
excellent biological characteristics (Hrotkó 2016). As a cos-
mopolitan sweet cherry rootstock, P. mahaleb has become 
one of the main sweet cherry rootstocks in northwest China, 

Fig. 3   Characterization of genetic structure in the 63 cherry acces-
sions. a, d population structure. Colored bars represent accessions 
grouped into the corresponding inferred population. b Principal 
component analysis (PCA) plot of 63 accessions encircled by differ-

ent colors corresponding to the model-based structure. c Phylogenic 
tree of 63 accessions based on unweighted pair-group method with 
arithmetic average (UPGMA). Colored clades correspond to inferred 
populations
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and in our study, whether K = 3 or 7, the mahaleb series 
(comprising cultivars ‘Mahaleb-Y’, ‘Mahaleb-R’, ‘Spur type 
Mahaleb’, ‘Mahaleb CDR-2’, ‘Mahaleb 2-10’, ‘Mahaleb 
2-70’, ‘Mahaleb 1-162’, ‘Mahaleb 1-199’, and ‘Mahaleb 
CDR-1’) was classified as a single category. The mahaleb 
series was selected from seedlings with excellent char-
acteristics, and is widely propagated by cutting in cherry 
production.

The genetic relationship reflects the difference in the 
genetic background between cultivars; thus, it is possible 
to breed elite varieties through the selection of genetically 
distant cultivars as hybrid parents (Yang et al. 2015). The 
genetic relationship and the genetic distance were condu-
cive to grafting optimal varieties and rootstocks to become 
superior varieties.

Conclusion

With the utility of fluorescent capillary electrophoresis for 
genetic fingerprinting in cherry, SSRs revealed a high mean 
number of alleles per locus as well as high heterozygosity, 
gene diversity, and PIC values. The cultivars were divided 
into three different populations. After subdivision, they were 
grouped into seven populations. Some cherry varieties that 
are often confused in production were distinguished. The 
establishment of DNA fingerprinting for cherry cultivars 
planted in Shaanxi province, China, will be useful in cherry 
cultivar selection, planting, and production.
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