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Abstract

Japanese flowering cherry (Prunus subgenus Cerasus; Rosa-
ceae) cultivars, which are characterized by beautiful flowers, 
have been generated through hybridization among wild Pru-
nus taxa. The analysis of polymorphisms in the maternally inhe-
rited chloroplast DNA is an effective complementary approach 
for tracing the origins of these cultivars. Thus, a set of novel 
chloroplast simple sequence repeat (cpSSR) markers was deve-
loped for the Prunus taxa, and their utility in cross-species amp-
lification was evaluated. Five markers were designed from the 
partial chloroplast genome sequences of thirteen Prunus taxa. 
In all, we found 19 haplotypes among the 311 individuals tes-
ted. The number of haplotypes, haplotype richness and haplo-
type diversity in each taxon ranged from 1 to 8, from 1 to 6.613 
and from 0 to 0.758, respectively. The major proportion of the 
total diversity (HT = 0.831) was accounted for by intraspecific 
diversity (HS = 0.559), and the level of species subdivision, GST, 
was 0.327. These five cpSSR markers highly polymorphic, and 
they will be useful not only for tracing the origins of the culti-
vars but also for studying the population structure, diversity, 
and phylogeography of Prunus. 
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Introduction

Japanese flowering cherry (Prunus subgenus Cerasus; Rosa-
ceae) cultivars, which bear beautiful flowers, exhibit extensive 
variation in the morphological traits, and the taxonomy and 
genealogy are confusing because of long history of cultivation 
(Kawasaki 1993, Kuitert 1999). Molecular markers have been 
used in taxonomic studies of Japanese flowering cherry culti-
vars, efficiently overcoming the disadvantages of classification 
systems based on the morphological traits. Recently, the mole-
cular analysis by using the nuclear simple sequence repeat 
(SSR) markers resulted in improved understanding of the clo-
nal status of numerous cultivars (Kato et al. 2012), and revealed 
that many cultivars originated from hybrids between two or 
more wild Prunus species (Kato et al. 2014). However, there is 
still some uncertainty about the taxonomy and genealogy. The 
uniparentally inherited nature of chloroplast DNA in plants 
could overcome the disadvantages encountered only in analy-
ses of the biparentally inherited nuclear DNA, and the poly-
morphic chloroplast SSRs (cpSSRs), characterized by poly (A) or 
poly (T) mononucleotide repeats have been frequently used as 
ideal markers for not only cultivar origin and pedigree studies 
in crop species but also population genetics in wild species 
(Provan et al. 1999, 2001, Arroyo-Garcia et al. 2002, Wheeler et 
al. 2014). The variations at the cpSSRs have been also used to 
study the genetic relationship and the phylogeography in Chi-
nese and European Prunus species (Pervaiz et al. 2015, Xuan et 
al. 2011, Wang et al. 2017). The application of cpSSR markers 
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should provide a powerful complementary method for study-
ing genetic diversity of Japanese flowering cherry cultivars, 
and could be an effective approach for more detailed tracing 
their origins, especially the maternal parentage. Thus, a set of 
novel cpSSR markers was developed for the Prunus, and the 
genetic diversity and structure of thirteen Prunus taxa were 
also evaluated through the testing their utility in cross-species 
amplification. 

Materials and Methods

We sampled thirteen Prunus taxa (eleven Japanese taxa; P. 
maximowiczii Ruprecht, P. pendula Maxim f. ascendens (Makino) 
Ohwi, P. apetala (Sieb. et Zucc.) Franch. et Savat. var. apetala, P. 
apetala (Sieb. et Zucc.) Franch. et Savat. var. pilosa (Koidz.) Wil-
son, P. incisa Thunb. ex Murray var. incisa, P. incisa Thunb. ex 
Murray var. kinkiensis (Koidz.) Ohwi, P. nipponica Matsum, P. sar-
gentii Rehder, P. verecunda (Koidz.) Koehne, P. jamasakura Sieb. 
ex Koidz. and P. lannesiana (Carr.) Wilson var. speciosa (Koidz.) 
Makino, and two foreign taxa; P. campanulata Maxim. and P. 
pseudocerasus Lindley), which we had previously surveyed  

(Kato et al. 2014). The cpDNA polymorphisms were screened 
against a panel comprising one or two individuals randomly 
selected from each taxon (16 individuals in total). The specific 
intergenic spacers and introns of cpDNA, which were amplified 
by using 13 primer pairs listed in Kato et al (2011), were sur-
veyed. The polymerase chain reaction (PCR) amplification and 
subsequent sequencing also followed the procedure descri-
bed in Kato et al (2011). The cpDNA regions, which included 
highly polymorphic SSRs in the screening panel, were used for 
PCR primer design. 

Cross-species testing of novel cpSSR markers was perfor-
med on 311 individuals (13 to 37 individuals of each taxon) 
from thirteen Prunus taxa, whose DNA samples have been 
already prepared in Kato et al. (2014). The cpSSR analysis follo-
wed the procedure described in Kato et al. (2012). To assess the 
informativeness of the markers developed, the polymorphic 
information content (PIC) was calculated for each marker. The 
haplotypes were determined by combining information for all 
polymorphic regions. Genetic diversity indices such as the 
number of haplotypes (N), haplotype richness (R), and haploty-
pe diversity (H) were calculated for each taxon using FSTAT v. 
2.9.3.2 (Goudet 2001). The level of species subdivision (GST) was 
also calculated from the total diversity (HT) and intraspecific 
diversity (HS). 

Table 1 
Characteristics of five polymorphic cpSSR markers for Prunus

Marker Forward primer sequence Reverse primer sequence PCR fragment size (bp) PIC 
atpFintron_415† TTCCCGAACCAAACATGAAT TTGGATTAGCGATCCGTTTC 154 and 155 0.175 
atpFintron_628‡ GAAACGGATCGCTAATCCAA ACAAATCGGAAAAACGGGTA 193, 194, 195 and 196 0.366 
atpFintron_715† ACCCGTTTTTCCGATTTGTT GAAGTTCAGATGCAGCATGG 172, 173, 174, 175 and 176 0.353 
atpFintron_928‡ TTTGAACCCGCTTCCATATT CATGATTCCGCGAATTTCTT 213, 214 and 215 0.481 
rpL20-rpS12_248† TATAACCTTCCCGACCACGA AAAGAAGGGCTCCGGTGTAT 195, 196, 197, 198 and 202 0.323 
PIC: polymorphic information content.  
PCR reactions were performed using multiple pairs of primers marked by † and ‡, respectively.  
 

Table 2 
Occurrence frequencies (%) of chloroplast haplotypes and genetic diversity indices in each Prunus taxon

Chloroplast haplotype max cam pse pen ape ape.pil inc inc.kin nip sar ver jam lan.spe 
a (154/193/172/213/197)           2.8 (1)   b (154/193/173/213/196) 10.5 (2)    8.7 (2) 25.0 (3) 16.7 (2) 71.4 (10) 4.3 (1) 6.1 (2) 5.6 (2) 16.7 (6) 3.2 (1) 
c (154/193/173/214/196)  73.3 (11)   52.2 (12) 41.7 (5) 50.0 (6) 21.4 (3) 60.9 (14) 12.1 (4) 41.7 (15) 2.8 (1) 67.7 (21) 
d (154/193/173/214/197)         4.3 (1) 3.0 (1)    e (154/193/173/214/202)           5.6 (2) 5.6 (2)  f (154/193/173/215/196)         13.0 (3) 3.0 (1)    g (154/193/174/213/196) 15.8 (3)      8.3 (1)    5.6 (2) 11.1 (4) 9.7 (3) 
h (154/193/174/215/196)         8.7 (2)     i (154/193/175/213/196) 57.9 (11)  100.0 (15)  8.7 (2) 8.3 (1)   8.7 (2) 3.0 (1) 5.6 (2)   j (154/193/176/213/196) 15.8 (3)             k (154/194/173/213/196)     26.1 (6) 25.0 (3) 16.7 (2) 7.1 (1)  48.5 (16) 27.8 (10) 2.8 (1) 3.2 (1) 
l (154/194/173/213/197)          18.2 (6)    m (154/194/173/214/196)          6.1 (2) 5.6 (2)   n (154/195/173/213/195)     4.3 (1)  8.3 (1)     58.3 (21) 16.1 (5) 
o (154/195/173/214/195)            2.8 (1)  p (155/193/173/213/196)  20.0 (3)            q (155/193/173/213/197)    16.7 (5)          r (155/193/173/213/198)    83.3 (25)          s (155/193/173/214/196)   6.7 (1)                       

N 4 3 1 2 5 4 5 3 6 8 8 7 5 
R 3.98 2.97 1.00 2.00 4.69 4.00 5.00 2.98 5.46 6.46 6.61 5.45 4.21 
H 0.637 0.448 0.000 0.287 0.672 0.758 0.742 0.473 0.621 0.729 0.754 0.632 0.520 

N: number of haplotypes, R: haplotype richness, and H: haplotype diversity.  
Chloroplast haplotypes were determined by combining information for all polymorphic regions. The information of fragment 
size is shown in order of atpFintron_415, atpFintron_628, atpFintron_715, atpFintron_928 and rpL20-rpS12_248.  
More than 0.2 and 0.5 of the occurrence frequencies were underlined and double-underlined, respectively.  
The abbreviated names used for P. maximowiczii, P. campanulata, P. pseudocerasus, P. pendula f. ascendens, P. apetala var. 
apetala, P. apetala var. pilosa, P. incisa var. incisa, P. incisa var. kinkiensis, P. nipponica, P. sargentii, P. verecunda, P. 
jamasakura, P. lannesiana var. speciosa are max, cam, pse, pen, ape, ape.pil, inc, inc.kin, nip, sar, ver, jam and lan.spe, 
respectively. 
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Results and Discussion

  Four cpSSR regions in the atpF intron (Weising and Gardner 
1999) and one in rpl20-rps12 spacer (Hamilton 1999) were used 
for PCR primer design (GenBank accession numbers LC327001 
and LC327000). The number of polymorphic fragments per 
marker ranged from 2 to 5, and the polymorphic information 
content (PIC) value from 0.175 to 0.481 (Table 1). A total of 19 
haplotypes were identified by combining information for all 
five polymorphic regions (Table 2). The number of haplotypes 
(N), haplotype richness (R) and haplotype diversity (H) in each 
taxon ranged from 1 to 8, from 1 to 6.613 and from 0 to 0.758, 
respectively. The major proportion of the total diversity (HT = 
0.831) was accounted for by intraspecific diversity (HS = 0.559), 
and the level of species subdivision, GST, was 0.327. Some hap-
lotypes appeared more frequently in specific taxa. For examp-
le, in P. pendula f. ascendens, no haplotypes were shared with 
the others. If the other cpSSR regions are explored in more 
detail, then many more species-specific polymorphisms could 
be found and the cpSSR analysis would possibly permit the 
species discrimination in Prunus. 

The newly developed Prunus cpSSR markers could be 
applied to detect the interspecific and intraspecific genetic 
variation in chloroplast DNA, and they should prove to be a 
useful complementary tool for the taxonomic studies. The risk 
of homoplasy existing in cpSSR regions may limit the applica-
tion in phylogenetic studies (Weising and Gardner 1999). How-
ever, accurate origins and pedigrees of the Japanese flowering 
cherry cultivars can be deduced by combining the results of 
previous nuclear DNA markers with those of the present cpSSR 
markers. Furthermore, as stated by Provan et al. (2001) and 
Wheeler et al. (2014), these cpSSR markers will be also useful 
for studying the population structure, diversity, and phylogeo-
graphy of Prunus. 
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