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Abstract: Amplified fragment length polymorphism (AFLP) analysis was conducted on the wabisuke
camellia and its relative camellia species. Genetic polymorphism was identified among the ‘Uraku’
camellia, its offspring ‘Tosa-uraku’ and Camellia japonica, whereas the two accessions of the old ‘Uraku’
showed monomorphism in all the fragments. The results suggested that the two old ‘Uraku’ trees are
asexually-propagated clonal strains. The genetic distance between wabisuke cultivars and Chinese
camellias and between wabisuke camellias and C. sinensis was much further than that between
wabisuke cultivars and Camellia japonica. It has also been suggested that wabisuke camellias can be
classified into two subgroups, I-1 and I-2, and that Subgroup I-2 originated from C. japonica, while
Subgroup I-1, including ‘Uraku’ (synonym: ‘Tarokaja’), was developed by the repeated hybridization
of C. japonica to interspecific hybrids with the Chinese camellias, e.g., C. pitardii var. pitardii, or by the
involvement of related species not investigated in this study.

Keywords: AFLP; genetic variation; phylogeny; wabisuke camellia

1. Introduction

Wabisuke camellias are a group of ornamental horticultural cultivars developed in
Japan that have been praised for their remarkable characteristics, such as early flowering,
small single flowers and sterile pistils [1]. The plants have often been used as a decorative
flower in the Japanese tea ceremony. ‘Tarokaja’ (C. wabisuke Kitam., formerly C. uraku
Kitam.) is one of the oldest wabisuke cultivars and is considered to be the same as the
cultivar known as ‘Uraku’ (C. wabisuke) in western Japan [2]. Miyajima et al. [3] reported
that old camellia ‘Uraku’ trees, existing in the gardens of historic temples and houses in
Kyoto, Nara and Miyazaki Prefectures, are clonal strains which proliferated more than
400 years ago by vegetative propagation.

It was reported that wabisuke camellias could be classified into two groups [1]. One
group is ‘Tarokaja’ and its offspring cultivars, which have elliptical acuminate leaves.
Most of this group have pubescent ovaries, and the cultivars show seed sterility, with the
exception of the low seed fertility of ‘Tarokaja’ [1,4]. The other group is thought to be
derived from C. japonica L., and the cultivars generally have red flowers with glabrous
ovaries and degenerated anthers. However, there have been some confusion about the
categorization of wabisuke cultivars. One theory is that only those cultivars with small
flowers and degenerated anthers that are the progeny of ‘Tarokaja’ are called wabisuke
cultivars (narrow sense). Alternatively, those cultivars with small flowers and degenerated
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anthers established from C. japonica, not ‘Tarokaja’, are sometimes called wabisuke cultivars
(broad sense). There are also some cultivars called “wabisuke” that have normal anthers
with fertile pollen.

‘Tarokaja’ blooms pale purplish pink fragrant flowers from December to April, and
these characteristics, as well as the pubescent ovaries, are not observed in C. japonica. The
origin of ‘Tarokaja’ has long been debated. It has been reported that C. pitardii Cohen-Stuart
var. pitardii (2n = 2x = 30) [1,4], C. saluenensis Stapf ex Bean (2n = 2x = 30) [5,6], C. reticulata
Lindl. (2n = 6x = 90) [6] and C. sinensis (L.) O. Kuntze (2n = 2x = 30) [7] were involved in
the establishment of ‘Tarokaja’. Tanikawa et al. [8] reported that the maternal origin of
‘Tarokaja’ is the Chinese native species C. pitardii var. pitardii, from the results of a PCR-
RFLP and sequence analysis of the atpI-atpH region in chloroplast DNA. Furthermore,
Tanaka et al. [4] stated that ‘Tarokaja’ is considered to be an F1 hybrid of C. pitardii and
C. japonica from a morphological and historical survey. On the other hand, the unique
pigment urakunoside, a new tetraglycosyl kaempferol, isolated from the pale purplish pink
petals of ‘Tarokaja’ was not found in the petals of C. pitardii var. pitardii [9].

In the camellia species, there are many excellent and sophisticated classical ornamental
cultivars, whose origins are not clear, in camellia species. It is important to clarify the origins
of the classical cultivars for further progress in developing new horticultural cultivars. As it
is quite difficult to elucidate the origins of the classical cultivars from old records, molecular
biological techniques have been applied to overcome the problem. Amplified fragment
length polymorphism (AFLP) analysis has the advantage of both restriction fragment
length polymorphism (RFLP) and random amplified polymorphic DNA (RAPD), and can
easily detect genetic polymorphisms in the whole genome among accessions, as shown
in coconut palm [10], persimmon [11], Hordeum [12,13], Lens [14] and Spiraea [15]. In this
study, we conducted AFLP analysis on wabisuke camellias in the two groups and relative
Camellia species that have been implicated in the establishment of wabisuke camellias, and
investigated the genetic variation and phylogeny of wabisuke camellias.

As described earlier, ‘Uraku’ is considered to be a synonym of ‘Tarokaja’. As the old
tree accession used in this study is called ‘Uraku’, we use the same name in this paper.

2. Materials and Methods
2.1. Plant Materials

Two old ‘Uraku’ camellia tree accessions, 23 wabisuke camellia cultivars, five C. japonica
natural accessions, three Chinese relative species and three Japanese tea (C. sinensis) culti-
vars were used as plant materials (Table 1). One C. sasanqua accession from Saga Prefecture
was also used in the investigation.

Table 1. Wabisuke camellias and other relative species used for the research.

Species/Cultivars Information on Accession Origin/Collection

Wabisuke camellias
Ohae-uraku ‘Uraku’ from Saito City, Miyazaki Prefecture, Japan
Momigio-uraku ‘Uraku’ from Saito City, Miyazaki Prefecture, Japan
‘Beni-wabisuke’ Synonym. Kuro-wabisuke, Kyushu University (KU) collection
‘Eiraku’ KU collection
‘Eishiji-wabisuke’ KU collection
‘Fukurin-ikkyu’ KU collection
‘Goman-Goku’ KU collection
‘Hamochi-wabisuke’ KU collection
‘Hina-wabisuke’ KU collection
‘Ichiko-wabisuke’ KU collection
‘Ikkyu’ KU collection
‘Kanzaki-aka-wabisuke’ KU collection
‘Kocho-wabisuke’ KU collection
‘Kon-wabisuke’ KU collection
‘Kurume-ikkyu’ KU collection
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Table 1. Cont.

Species/Cultivars Information on Accession Origin/Collection

‘Misho’ KU collection
‘Miyo-no-sakae’ KU collection
‘Otohime’ KU collection
‘Sado-wabisuke’ KU collection
‘Sayo-wabisuke’ KU collection
‘Seiobo’ KU collection
‘Shibenashi-wabisuke’ KU collection
‘Showa-wabisuke’ KU collection
‘Sukiya’ KU collection
‘Tosa-uraku’ KU collection

C. japonica
Aomori Natural accession collected from Aomori Prefecture, Japan
Iwate Natural accession collected from Iwate Prefecture, Japan

Goto Natural accession collected from Goto Islands, Nagasaki
Prefecture, Japan

Hirado Natural accession collected from Hirado, Nagasaki Prefecture,
Japan

Kagoshima Natural accession collected from Kagoshima Prefecture, Japan
Chinese relative species

C. pitardii var. pitardii Collected from Sichuan, China
C. reticulata Collected from Yunnan, China
C. saluenensis Collected from Yunnan, China

Japanese tea cultivars
‘Asatsuyu’ Saga Tea Research Laboratory (STRL) collection
‘Kanayamidori’ STRL collection
‘Yabukita’ STRL collection

Outgroup
C. sasanqua Natural accession collected from Saga Prefecture, Japan

2.2. AFLP Analysis

Total DNA was extracted from frozen foliar buds following the modified cetyl trimethyl
ammonium bromide (CTAB) methods by Kobayashi et al. [16] and adjusted to 100 ng/µL.
AFLP analysis was conducted using the following procedure. Approximately 250 ng of
total DNA was digested with 2.5 U of EcoRI (Toyobo Co., Ltd., Osaka, Japan) and 0.5 U
of MseI (New England Biolabs. Inc., Beverly, MA, USA), and ligated to 0.5 U of EcoRI
and MseI adaptor pairs (Applied Biosystems Inc., Foster, CA, USA) with 25 U of T4 DNA
ligase (Nippon Gene Co., Ltd., Tokyo, Japan) in a total volume of 5 µL containing 10×T4
ligase buffer with ATP (Nippon Gene Co. Ltd., Tokyo, Japan) 0.025 ng of bovine serum
albumin (BSA, Takara Bio Inc., Kusatsu, Japan) and 50 mM of NaCl (Nacalai Tesque Inc.,
Kyoto, Japan) for 12 h at 22 ◦C. Next, the reaction was stopped for 20 min at 65 ◦C and
stored at 4 ◦C until the amplification procedure. The digested-ligated DNA fragments
were diluted 1:10 with 0.1 M of Tris-EDTA (TE) buffer and used as templates for the first
amplification reaction.

The preselective PCR was performed in a 10 µL solution, containing Core Mix and
Preselective Primer pair (EcoRI+A. MseI+C) provided as an AFLP Ligation and Preselective
Amplification Module (Applied Biosystems, Inc., Foster, CA, USA) and diluted digested-
ligated DNA product following the Applied Biosystems protocol. The PCR was performed
using a GeneAmp PCR System 9700 (Applied Biosystems Inc., Foster, CA, USA) under
a temperature program of 1 cycle for 30 s at 94 ◦C + 20 cycles for 30 s at 94 ◦C, for 1 min
at 56 ◦C, and for 2 min at 72 ◦C. The pre-amplification products were supplied to the
electrophoresis in a 1.5% agarose gel and irradiated with UV light for the confirmation of
the amplified products (<500 bp). Five-microliter pre-amplification products were diluted
with 95 µL of 1/10 TBE and provided as the template in the selective PCR.

The selective PCR was performed in a 5 µL solution containing a diluted primary
amplification product, 0.125 U Ex Taq polymerase (Takara Bio, Kusatsu, Japan), and an



Agronomy 2021, 11, 1974 4 of 8

attached 10x Ex Taq buffer, 0.16 mM dNTPs mix, with each selective primer (EcoRI + Axx,
MseI + Cxx) in an AFLP Selective Amplification Start-Up Module (Applied Biosystems
Inc., Foster, CA, USA) following the Applied Biosystems protocol. The primer pairs used
in this study were E-ACT/M-CAC, E-AAC/M-CAA, E-AAC/M-CAC, E-AAG/M-CTC,
E-AAG/M-CAC, E-ACA/M-CTC and E-AGG/M-CTC (Applied Biosystems Inc., Foster,
CA, USA). The selective PCR was carried out using a Gene Amp PCR System 9700 (Applied
Biosystems Inc., Foster, CA, USA) under a temperature program of 1 cycle for 2 min at
94 ◦C, 10 cycles for 20 s at 94 ◦C, 30 s at 65 ◦C (with the annealing temperature reduced by
1.0 ◦C at each cycle), 2 min at 72 ◦C, 23 cycles for 20 s at 94 ◦C, 20 s at 56 ◦C and 2 min at
72 ◦C, then 1 cycle for 30 min at 60 ◦C.

Deionized formamide (FUJI FILM Wako Pure Chemical Corp., Osaka, Japan) and
Gene Scan 500 ROX (Applied Biosystems Inc., Foster, CA, USA) were mixed with the
amplified solution, and electrophoreses of the mixtures were performed with an automated
sequencer ABI PRISM 310 Genetic Analyzer (Applied Biosystems Inc., Foster, CA, USA).

Digital profiles were visualized with the aid of ABI Genescan software (Applied
Biosystems Inc., Foster, CA, USA). Distinguishable AFLP markers were transformed into
a binary matrix, with “1” for the presence and “0” for the absence of a fragment. The
genetic distance between the accessions was calculated based on pairwise comparisons
according to Nei [17] using RESTDIST, and the genetic distance matrix was used to draw
a neighbor-joining (NJ) tree [18] utilizing NEIGHBOR and DRAWTREE in a package of
programs for inferring phylogenies (PHYLIP version 3.6) [19].

3. Results
3.1. Genetic Identity of Two Old ‘Uraku’ Accessions

Only the AFLP markers that could clearly distinguish the presence or absence of
peaks were only evaluated. Figure 1 shows part of the AFLP patterns of two accessions of
‘Uraku’, ‘Tosa-uraku’ and wild C. japonica from Kagoshima Prefecture with the primer E-
AGG/M-CTC. DNA polymorphism among ‘Uraku’, ‘Tosa-uraku’ and wild C. japonica was
clearly detected by AFLP analysis, as indicated by the arrows in the figure. AFLP analysis
with seven primer pairs revealed 197 markers in these four accessions, 40% of which were
polymorphic. Two accessions of ‘Uraku’ obtained 162 markers, and no polymorphism was
found between the accessions. Polymorphism among all the accessions tested in this study
was recognized with the exception of two ‘Uraku’ accessions.
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3.2. Genetic Variation in Wabisuke Camellias

The number of AFLP fragments using seven combinations of primers in all culti-
vars/species are shown in Table 2. A total of 333 fragments were obtained by seven
primer combinations, and 279 (84%) of them were detected as polymorphic markers.
The highest percentage of polymorphic markers was generated with the combination
E-AAC/M-CAA (92%) and the lowest with E-AAG/M-CAA (66%). All the accessions of
the cultivars/species could be clearly distinguished in all primer combinations.

Table 2. Number of AFLP fragments using seven combinations of primer pairs in wabisuke and
other camellias.

Primer Pairs
No. of Fragments

Total Monomorphic (%) Polymorphic (%)

E-ACT/M-CAC 63 9 (14) 54 (86)
E-AAC/M-CAA 51 4 (8) 47 (92)
E-AAC/M-CAC 41 8 (20) 33 (80)
E-AAG/M-CAA 41 14 (34) 27 (66)
E-AAG/M-CAC 57 7 (12) 50 (88)
E-ACA/M-CTC 32 7 (22) 25 (78)
E-AGG/M-CTC 48 5 (10) 43 (90)

Total 333 54 (16) 279 (84)

The genetic distance between the accessions was calculated from the presence or ab-
sence of the fragments, and the maximum (1.2735) and minimum (0.1083) genetic distances
were observed between C. pitardii var. pitardii and C. sinensis ‘Yabukita’, and between
‘Uraku’ and its progeny ‘Tosa-uraku’, respectively. Table 3 summarizes the mean values
and ranges of the genetic distance within wabisuke camellias, C. japonica, Chinese camel-
lias and C. sinensis, and between wabisuke camellias and C. japonica, between wabisuke
camellias and Chinese camellias, and between wabisuke camellias and C. sinensis. The
mean values of the genetic distances between wabisuke camellias and Chinese camellias
and between wabisuke camellias and C. sinensis were 0.8395 and 1.0576, respectively, while
the mean value of the genetic distance between wabisuke camellias and C. japonica was
0.3902, which was similar to the mean values within wabisuke camellias (0.3380) and
within C. japonica (0.3682).

Table 3. Genetic distance within and between groups in camellia accessions.

Within and between Groups
Genetic Distance

Mean Range

Within groups
Wabisuke camellias 0.3380 0.1083–0.5495
C. japonica 0.3682 0.3138–0.4391
Chinese camellias 0.5337 0.3313–0.7113
C. sinensis 0.1660 0.1231–0.2274

Between groups
Wabisuke—C. japonica 0.3902 0.2788–0.5150
Wabisuke—Chinese

camellias 0.8395 0.6683–1.1582

Wabisuke—C. sinensis 1.0576 0.8705–1.2339

The phylogenetic tree generated by the neighbor-joining method using genetic dis-
tance as an indicator is shown in Figure 2. The 36 accessions, in which two ‘Uraku’
accessions were treated as one cultivar due to the same AFLP patterns, were divided
into four groups. The first group (Group I) included 24 wabisuke cultivars and 5 ac-
cessions of C. japonica, and the second group (Group II) comprised Chinese camellias:
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C. pitardii var. pitardii, C. saluenensis and C. reticulata. The third group (Group III) contained
three C. sinensis cultivars and the fourth (Group IV) encompassed C. sasanqua. The first
group could be further classified into two subgroups. Subgroup I-1 included ‘Uraku’, its
progeny ‘Tosa-uraku’ and 13 other wabisuke cultivars, and Subgroup I-2 was composed of
9 wabisuke cultivars and 5 C. japonica accessions.
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method based on AFLP analysis using seven primer combinations. Cultivars with superscripts T and
J indicate wabisuke cultivars established from ‘Tarokaja’ (synonym: ‘Uraku’) and from C. japonica as
sports, respectively.

4. Discussion

Camellias are known to be allogamous plants in general. Furthermore, the ‘Uraku’
used in the experiment was a male sterile cultivar, so that self-pollination was impossible.
In this study, AFLP analysis detected the genetic polymorphism between ‘Uraku’ and
its progeny ‘Tosa-uraku’ [20], showing the usefulness of the AFLP markers in genetic
fingerprinting. Miyajima et al. [3] reported that there was no difference in the band patterns
between the two accessions of old ‘Uraku’ by RAPD analysis, suggesting that these old
trees are clones that have vegetatively propagated. The current AFLP results coincide with
the report of Miyajima et al. [3]. Therefore, the two accessions of old ‘Uraku’ were found to
be vegetatively propagated identical ‘Uraku’.

It has been suggested that wabisuke camellias can be classified into two groups,
namely small flower cultivars with degenerated anthers, which are called “wabi-shin”,
“from ‘Tarokaja’” and “from C. japonica”. The current study confirmed the suggested
distinction that wabisuke camellias could be divided into two (sub)groups. Subgroup I-1
was composed of 15 wabisuke cultivars, and Subgroup I-2 comprised 9 wabisuke culti-
vars, as well as 5 C. japonica accessions. Subgroup I-1 included ‘Beni-wabisuke’, ‘Eishoji-
wabisuke’, ‘Gomangoku’, ‘Hina-wabisuke’, ‘Kanzaki-aka-wabisuke’, ‘Kocho-wabisuke’,
‘Miyo-no-sakae’, ‘Otohime’, ‘Shibenashi-wabisuke’, ‘Showa-wabisuke’, ‘Sukiya’ and ‘Tosa-
uraku’, which are reported to have originated from ‘Tarokaja (Uraku)’ [1,20,21]. It was
also reported that ‘Seiobo’ was the offspring of ‘Kaga-wabisuke’, which originated from
‘Tarokaja’, and the morphological characteristics of ‘Misho’ resemble ’Kocho-wabisuke’ and
‘Seiobo’ [21,22]. On the other hand, Subgroup I-2 embraced all the C. japonica accessions as
well as eight wabisuke camellias—‘Eiraku’, ‘Fukurin-ikkyu’, ‘Ichiko-wabisuke’, ‘Ikkyu’,
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‘Kon-wabisuke’, ‘Kurume-ikkyu’, ‘Sado-wabisuke’ and ‘Sayo-wabisuke’—which are re-
ported to have been established from C. japonica [1,21,22]. Flowers from ‘Ichiko-wabisuke’,
‘Sado-wabisuke’, ‘Sayo-wabisuke’ and ‘Hamochi-wabisuke’ have degenerated anthers,
while ‘Eiraku’ (synonym: ‘Kuro-wabisuke’), ‘Fukurin-ikkyu’, ‘Ikkyu’, ‘Kon-wabisuke’ and
‘Kurume-ikkyu’ bloom flowers with normal anthers. In this respect, the latter five cultivars
should be excluded from wabisuke cultivars, although some of them are called “wabisuke”.
It was, therefore, estimated that the wabisuke cultivars in Subgroups I-1 and I-2 were
established from ‘Tarokaja’ and C. japonica, respectively.

It has been reported that Chinese camellia species, such as C. pitardii var. pitardii [1,4],
C. saluenensis [6], C. reticulata [6] and C. sinensis [7] were involved in the establishment of
the wabisuke camellias. Among them, Tanaka et al. [4] described that ‘Tarokaja’ is consid-
ered to be an F1 hybrid of C. pitardii and C. japonica from a morphological and historical
survey. In contrast, Kondo [23] reported that the wabisuke cultivars were established by
an intraspecific mutation of C. japonica. Tanikawa et al. [8] reported that the maternal
origin of ‘Tarokaja’ is the Chinese native species C. pitardii var. pitardii, and that wabisuke
camellia cultivars are classified into two groups from the chloroplast DNA variation. They
described that one group was thought to be derived from crosses between ‘Tarokaja’ and
C. japonica, most of which had a ‘Tarokaja’-type cpDNA, and the other was derived from
C. japonica by mutation, with some exceptions.

It is known that chloroplast DNA variation provides the useful information for use in
estimating the maternal ancestry, whereas AFLP analysis allows us to infer genetic relation-
ships between the accessions involved in the establishment as maternals or paternals. The
results of this experiment showed that the genetic distance between wabisuke cultivars and
Chinese camellias and between wabisuke cultivars and C. sinensis was much further than
the genetic distance between wabisuke cultivars and C. japonica. The NJ (neighbor-joining)
method [18] divided the wabisuke cultivars into two subgroups. It was estimated that the
wabisuke camellias in Subgroup I-2, including five C. japonica accessions, originated from
C. japonica. Tanaka et al. [4] stated that ‘Tarokaja’ is considered to be an F1 hybrid between
C. pitardii and C. japonica. If the ‘Tarokaja (Uraku)’ is an F1 hybrid between these species,
the cultivar should be located in the middle position between C. pitardii var. pitardii and
C. japonica on the NJ tree (Figure 2). It is, therefore, supposed that ‘Tarokaja (Uraku)’ is not
an F1 hybrids between C. pitardii var. pitardii and C. japonica, and that those in Subgroup I-1
were established by the repeated hybridization of C. japonica to interspecific hybrids with
the Chinese camellias, e.g., C. pitardii var. pitardii, or by the involvement of related species
not investigated in this study.
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