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Abstract

The genetic composition of a hybrid zone can provide insight into the evolution of
diversification in plants. We carried out morphological and amplified fragment length
polymorphism analyses to investigate the genetic composition of a hybrid zone between
two violets, Viola bissetii Hemsl. and Viola rossii Maxim. Our aim was to clarify the
formation and maintenance of hybrids between these Viola species. We found that most
hybrid individuals (V. bissetii × V. rossii) were of the F1 generation, with a few of the F2

generation. We found no backcrosses. The scarcity of post-F1 hybrids indicates that a
species barrier is established between the parental species. The F1-dominated hybrid zone
occupied only a narrow, intermediate ecotone between the parental habitats, suggesting
that selection by environmental factors against hybrids may help to maintain the current
conditions in this hybrid zone.
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Introduction

Hybridization is a common and important phenomenon
in angiosperms (Ellstrand et al. 1996; Mallet 2005), and a
hybrid zone can occur in regions where the distributions
of closely related species or genetically differentiated
populations come into contact. Hybrid zones often form
in disturbed areas, partly because prezygotic ecological
isolation between the parental species often breaks down
in such habitats (Rieseberg & Carney 1998). Alternatively
a hybrid zone can form in an environmental ecotone
between parental habitats (Campbell & Waser 2007).

The genetic composition of individuals in such a hybrid
zone reflects the intensity of reproductive isolation and
gene flow (Broyles 2002; Ma et al. 2010). In general, the
occurrence of many types of hybrids within a hybrid
zone, including abundant post-F1 hybrids (F2 individuals,
backcrosses, etc.), is indicative of a high rate of gene flow
(Arnold et al. 1992; Nason et al. 1992). Among Louisiana

irises, for example, the hybrid zone is dominated by
post-F1 hybrids and no F1 individuals have been found in
the wild (Hodges et al. 1996), indicating that a hybrid zone
can occur even when the crossing rate between parental
species is very low.

Hybrid zones dominated by F1 individuals have also
been recorded. In such hybrid zones, F1 individuals may
dominate temporarily, either because of the breakdown of
post-F1 generations or as a result of cross-incompatibility
between the parental species and F1 individuals. In these
cases, the species barrier between parental species is
maintained. If negative selection against F1 hybrids exists,
the hybrids (F1 individuals) will eventually disappear
unless they propagate vegetatively. Or they may continue
to be produced and occupy a specific habitat range owing
to their superior adaptation to that habitat compared with
the other hybrid classes (parental species, F2 individuals,
backcrosses, etc.). Milne et al. (2003) have called a habitat
range occupied mainly by fertile F1 individuals an
F1-dominated hybrid zone (F1DZ), but few such zones
have been documented (Kyhos et al. 1981; Milne et al.
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2003; Zha et al. 2010). In an F1DZ, fertile F1 individuals are
produced in sufficient numbers to occupy most or all of
the available habitats within the hybrid zone to the exclu-
sion of the parental species and post-F1 individuals.
Because these F1 populations occur only in certain types of
habitat, reproductive barriers in such hybrid zones are
highly habitat-dependent (exogenous, habitat-related
factors select against post-F1 individuals; Milne et al.
2003). However, situations have also been reported in
which F1 individuals do not show any preference for a
specific environment but in which they are selected for by
endogenous factors (Kameyama & Kudo 2011). In con-
trast, hybrid zones occupied exclusively by sterile F1 indi-
viduals, suggestive of repeated outcrossing between the
parental species, have not been documented to our knowl-
edge. Note, however, that even sterile F1 individuals
might be able to increase their numbers through vegeta-
tive propagation. In fact, Kameyama et al. (2008) reported
that long-term clonal perpetuation of F1 individuals con-
tributes to the maintenance of hybrid zones of species of
the plant genus Phyllodoce. Because hybrid zones are
formed and maintained in so many different ways and
because they have important evolutionary consequences,
studies of the genetic structures of hybrid zones can
provide insight into ecological and evolutionary interac-
tions between parental species and their hybrids.

The frequency of hybridization can differ among fami-
lies and genera (Ellstrand et al. 1996; Jiggins & Mallet

2000), and hybridization may play various roles in the
evolutionary diversification of taxa. By studying current
conditions in hybrid zones of diversified and hybridized
taxa, it is possible to gain insight into the evolutionary
significance of hybridization. In Japan, the genus Viola
(Violaceae) is highly diversified, and species are distrib-
uted in various environments, from the seashore to alpine
habitats. Among the 55 Viola species that occur in Japan,
14 are endemic to Japan (Akiyama 2011). Although many
sympatric pairs of Viola species form hybrids in natural
habitats in Japan, hybrid individuals are infrequently
observed in the wild (Hama 2002), and their genetic com-
position (e.g., F1 and F2 hybrids and backcrosses) and the
degree to which they hybridize in the wild are not well
known.

The aim of this study was to clarify the genetic compo-
sition of a hybrid zone between two Viola species and to
gain insight thereby into the evolutionary significance of
hybridization. We focused on a hybrid zone between Viola
rossii Hemsl. and Viola bissetii Maxim. Their putative
hybrid Viola bissetii × V. rossii (Fig. 1) has been recorded
within a narrow contact range at several inland sites
where the two parental species co-occur (Hama 2002).
Although it is possible that the number of these hybrids
increases through vegetative propagation, the genetic
compositions of such hybrid zones are unknown. Because
V. bissetii × V. rossii is morphologically intermediate
between the parent species and it does not display the

Fig. 1 Flower and fully opened leaf mor-
phologies of the parental Viola species
(V. rossii and V. bissetii) and their hybrid
(F1) on Mount Ougi: (a) V. rossii; (b) hybrid
(F1); (c) V. bissetii. The morphological char-
acters and colors of the flowers and leaves
of the hybrids are intermediate between
those of the parental species. The scale in
each leaf photograph is 1 cm.
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morphological variability normally associated with segre-
gating post-F1 hybrids (Hama 2002; Y. Nagano, pers. obs.),
hybrid zones between this Viola species pair may be domi-
nated by F1 individuals.

In this study, we examined the genetic composition of a
V. bissetii × V. rossii hybrid zone to determine the mecha-
nisms of the hybrid zone formation and maintenance
in a narrow contact range. First, we confirmed that
V. bissetii × V. rossii (individuals having leaf and flower
morphologies intermediate between those of the parent
species) is a hybrid of V. rossii and V. bissetii and used
morphological and amplified fragment length polymor-
phism (AFLP) analyses to estimate the genetic composi-
tion of the hybrid zone. Next, we investigated how the
hybrid zone formed and how it is maintained by examin-
ing the small-scale distribution of the parental species and
hybrids. On the basis of our results, we then discuss the
evolutionary significance of hybridization between these
Viola species.

Materials and methods

Species

Viola rossii Hemsl. and V. bissetii Maxim. (both species
belong to section Vaginatae of Violaceae; Fig. 1) are dis-
tributed parapatrically in inland Japan and on the Pacific
Ocean side, respectively. Viola rossii is also found in north-
eastern China and the Korean Peninsula, whereas V.
bissetii is endemic to Japan. Both species have the same
number of chromosomes (2n = 12, Hama 2002). Their
putative hybrid V. bissetii × V. rossii (Fig. 1), which was
first recorded as a form of V. rossii (Viola rossii Hemsl. f.
longifolia T. Hashim. et Seriz.: Hashimoto & Serizawa
1971), has since been recorded at several inland sites
where the two parental species co-occur (Hama 2002).
Viola plants are known to be pollinated by Diptera (e.g.,
Bombylius major) or Hymenoptera (e.g., Tetralonia
nipponensis) species in Japan (Hama 2002), and they fre-
quently reproduce by producing cleistogamous flowers.

Viola bissetii and V. bissetii × V. rossii can also spread by
vegetative propagation (Hama 2002).

Study area, sampling, and morphology

We conducted our study on Mount Ougi (35°64′N,
139°01′E; elevation, 1138 m a.s.l.) in central Japan. The
parental species are distributed parapatrically on Mount
Ougi, with only a narrow contact zone along the crest of
the main ridge. Viola rossii is distributed on the sunny, dry
southern slope of the ridge (Fig. 2), where desiccation-
resistant trees such as Pinus densiflora grow. In contrast,
V. bissetii is distributed on the shady, moist northern
slope, where hygrophilous trees such as Fagus crenata
grow. The parental species co-occur only within a narrow
range on the northern side of the ridge crest, and the
hybrids are also distributed there (hybrid zone width,
about 20 m: Fig. 2). Although a patch of V. bissetii was
found along a stream on the lower southern slope (a rela-
tively moist environment, 700 and 780 m a.s.l., not shown
in Fig. 2) within 10 m of a V. rossii patch, no hybrids were
found there.

In April and July 2009, we collected one fully opened
leaf sample from each of 57 plants selected haphazardly at
least 1 m apart along the whole mountain ridge (all within
about 500 m), where both parental species co-occur and
over 500 hybrids grow (Fig. 2). We also collected leaf
samples from an additional 17 plants, selected haphaz-
ardly, on the lower southern slope (< 800 m a.s.l, not
shown in Fig. 2), where both parental species, but no
hybrids, grow. The leaf samples were used for measure-
ment of leaf traits and AFLP analysis.

Because the leaf shape of the hybrids is intermediate
between the leaf shapes of V. rossii and V. bissetii (Igari
2004; Hama 2002: Fig. 1), we calculated the Leaf Index
(defined as the leaf length/width ratio) of the 74 samples
collected to examine whether leaf shape might be a useful
criterion for discriminating the parental species and
hybrids.

Fig. 2 Distributions of the parental species
and their hybrids along the main ridge of
on Mount Ougi and on the northern and
southern slopes of the ridge (the lower
southern slope is not shown). The con-
tours show elevations (contour interval,
50 m). The summit (triangle) is at 1138 m.
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The AFLP analysis

Fresh leaf samples were dried and preserved in silica gel,
and total genomic DNA was extracted from each with a
DNeasy Plant Mini Kit (QIAGEN Inc.).

The AFLP analysis was performed according to the
method of Vos et al. (1995) with some modifications.
Genomic DNA was digested with the restriction enzymes
EcoRI and MseI at 37°C for 1.5 h. Double-stranded adap-
tors were ligated to the ends of the digested DNA frag-
ments at 20°C, overnight. Pre-selective polymerase chain
reaction (PCR) amplifications were then performed for 20
cycles, using a primer pair with one additional nucleotide
on each restriction enzyme (MseI-C/EcoRI-A), with the
following cycle profile: a 30 s DNA denaturing step at
94°C, a 1 min annealing step at 56°C, and a 1 min exten-
sion step at 72°C. Selective amplifications were then
conducted with three fluorescence-labeled primer combi-
nations: EcoRI-ACA/MseI-CCA; EcoRI-ACG/MseI-CAT;
EcoRI-ATC/MseI-CCG. Selective amplifications were per-
formed for 30 cycles with the following cycle profile: a
30 s DNA denaturing step at 94°C, a 20 s annealing step,
and a 2 min extension step at 72°C. The annealing tem-
perature of the first cycle was 66°C, then for the next 10
cycles it was reduced by 1°C each cycle, and finally it was
maintained at 56°C for the remaining 19 cycles. A Dice
TP600 PCR Thermal Cycler (Takara Bio, Shiga, Japan) was
used with the AFLP Amplification Core Mix (Applied
Biosystems, Foster City, CA, USA) for both the pre-
selective and selective amplifications. The AFLP frag-
ments were detected with an ABI Prism 3130 automated
sequencer (Applied Biosystems) and Gene Mapper soft-
ware version 4.0 (Applied Biosystems).

First, from AFLP results, we used the 90% criterion to
select polymorphic bands, selecting only those bands pos-
sessed by 10–90% of individuals. Then, we conducted a
principal coordinate analysis (PCO) with R version 2.15.1
software (R Development Core Team 2012) to investigate
the genetic relationship among the samples.

We used a Bayesian statistical method, developed by
Anderson and Thompson (2002), to identify the hybrids
that do not require pure samples of the parental species.

Using NewHybrids version 1.1 software (Anderson &
Thompson 2002), we identified the hybrid classes of the
samples by setting the number of samples to 50 000 after
a burn-in of 50 000, and then computing the posterior
probability that a sample belonged to each of six hybrid
classes: the two parental species, the F1 and F2 generations,
and backcrosses to each parental species.

We also used a maximum likelihood statistical method
in the HINDEX software package (Buerkle 2005) and
AFLPdat R-script software (Ehrich 2006) to estimate the
molecular hybrid index (HI) and the clonality of the
hybrid individuals, respectively. The AFLP genotype data
of individuals identified as a parental species with high
posterior probability (> 99%) by the NewHybrids soft-
ware were used as reference data for pure parental species
in the HINDEX analysis.

Results

Morphology

In the study area, section Vaginatae individuals could
easily be classified into one of three types, namely,
V. rossii-like, V. bissetii-like, or V. bissetii × V. rossii-like, on
the basis of three morphological characters: flower color,
the presence of petal trichomes, and leaf shape. Most mor-
phological characters of V. bissetii × rossii-like individuals
were intermediate between those of the parental species
(Fig. 1, Table 1). Within each of the V. rossii-like, V. bissetii-
like, and V. bissetii × V. rossii-like groups, however, we
observed little morphological or ecological variation.

The AFLP analysis

A total of 155 polymorphic bands were identified by using
the three primer combinations. Among the bands, 23 were
specific to V. rossii and 34 were specific to V. bissetii. A
PCO plot revealed that three clusters of individuals, and
each cluster corresponded to one of the morphologically
identified parent species or to the hybrids (Fig. 3).

The Bayesian statistical results (Table 2) indicated that
most of the hybrid samples (17/21 samples) were F1

Table 1 Morphological and ecological characters of the two parental species and their hybrids on Mount Ougi

Character Viola rossii Viola bissetii Hybrids

Flower color† Light pink - magenta Light violet or white Light pink
Trichomes on petals† Present Absent Present or absent
Vegetative propagation† Unusual Usual Usual
Flowering season‡ Early May Early to late April Late April to early May
Habitat† Sunny, dry Shady, moist Intermediate

†These characters match those recorded by Igari (2004) and Hama (2002). ‡The parental species flowered at the same time (late April
to early May in 2009) in the hybrid zone.
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hybrids between V. rossii and V. bissetii, and only one
hybrid sample was classified as F2 with high posterior
probability (>90%). Another three hybrid samples were
classified as F1 or F2 with low posterior probabilities
(<70%: uncertain samples, Table 2). No individuals were
inferred to be backcrosses to either parental species. These
classifications are consistent with the morphological tax-
onomy and the PCO clusters (Fig. 3). The 21 hybrid
samples had hybrid index values ranging from 0.36 to 0.59
(Table 2), suggesting again that they are not backcrosses.

Rigorous clonal distinction was difficult because the
AFLP error rate was not monitored. However, even when

we assumed a high error rate (10%) the AFLPdat results
suggested that the analyzed hybrid individuals were not
clones, whereas three samples from the V. bissetii parent
were identified as clones.

Leaf shape

The Leaf Index results were consistent with the hybrid
class assignments based on the AFLP analyses (Table 3).
The Leaf Index distributions of the two parental species
did not overlap, and the hybrid index values were inter-
mediate between those of the parental species.

Discussion

Although hybrid zones often form in disturbed areas, in
the present study area the hybrid zone was not a dis-
turbed area but a natural mountain ridge. In the study
area, V. rossii is distributed on the southern, sunny, and
dry slope of the ridge, whereas V. bissetii is distributed on
the northern, shady, and moist slope (Fig. 2), in keeping
with well-known differences in their habitat preference
(Hama 2002). The hybrids are distributed along the ridge
crest, within a narrow range between the parental habitats
(Fig. 2). Thus, the hybrid zone seems to be in the environ-
mental ecotone between the parents’ preferred habitats.
As we did not evaluate the environmental conditions (e.g.,
soil or sunlight conditions), additional investigations are
necessary to further clarify the role of environmental gra-
dient in the maintenance of the hybrid zone.

The NewHybrids analysis showed that most of the
hybrids were F1 generation hybrids (Table 2). The absence
of backcrosses in this study suggests that at present little
or no introgression occurs with the parental species, and
indicates that a species barrier is established between the
parental species.

The dominance of F1 individuals only in the hybrid
zone can be explained by three, not mutually exclusive
factors: (i) frequent interspecific hybridization, (ii)
narrow-range dispersal of pollen and seeds, and (iii) eco-
logical superiority of F1 individuals. For (i), abundant F1s
indicated frequent reproduction in two possible modes:
seedling recruitment and clonal propagation. However,
because we observed no clones among hybrid samples,
the latter is rejected. Therefore, frequent recruitment of
F1-hybrid seedlings generated by interspecific hybridiza-
tion can explain the abundant F1s. With regard to (ii), the
pollen dispersal distance by pollinators and the seed dis-
persal distance by ants are both limited in Viola (Beattie &
Lyons 1975; Beattie 1976; Culver & Beattie 1978; Ohkawara
& Higashi 1994). For example, pollen of Lonicera japonica is
dispersed by the solitary bee, Tetralonia nipponensis, which
is also one of the main pollinators of Viola species, over a
relatively short distance (<5 m), although the bees some-

Fig. 3 Results of the principle coordinate analysis, based on 155
AFLP markers, of individuals from the hybrid zone on on Mount
Ougi. The proportion of total variance explained by PCO1 and
PCO2 was 30.2% and 5.3%, respectively. Hybrid classes were
identified by using NewHybrids software. ○, V. rossii; ●,
V. bissetii; , F1; , F2; , uncertain.

Table 2 Genetic composition of Viola taxa on Mount Ougi

Hybrid class Location N Hybrid index

Viola rossii S 7 —
H 15 —

Viola bissetii S 10 —
H 21 —

F1 H 17 0.36–0.59
F2 H 1 0.38
Uncertain (F1 or F2) H 3 0.38–0.45
BCr — 0 —
BCb — 0 —
Total 74

The habitat locations are the southern slope (S, no hybrids) and
the mountain ridge (H, with hybrids). Uncertain (F1 or F2) refers
to those individuals with low posterior probabilities both to F1

and F2 (<70%). Hybrid indices were estimated by using HINDEX
software. BCr: backcross to V. rossii, BCb: backcross to V. bissetii.
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times fly longer distances (>10 m) (Miyake & Yahara
1998). Thus, limitations in dispersal may also contribute to
the dominance of F1 individuals within only a narrow
range. As for (iii), F1 individuals will persist if they out-
compete other genotypes (i.e., both parental species and
post-F1 individuals) in a certain habitat. In the study area,
the hybrids were distributed only in the narrow environ-
mental ecotone between the parents’ preferred habitats.
This distribution clearly points to possible ecological
superiority of F1 individuals in this narrow contact range.
However, to further clarify whether the F1 generation has
ecological superiority in the hybrid zone, it will be neces-
sary to carry out reciprocal transplant experiments using
crossed seeds.

Our results indicate that the hybrid zone between
V. rossii and V. bissetii in the study area is an F1DZ,
because F1 individuals dominate a part of the hybrid zone.
The lack of post-F1 hybrids in this F1DZ may be due to
exogenous and/or endogenous selection. Milne et al.
(2003) indicated that the same parental species might form
multigeneration hybrid zones when they meet where
other habitat conditions occur, suggesting that exogenous
selection plays an important role in the formation of
an F1DZ. Alternatively, Kameyama et al. (2008) and
Kameyama and Kudo (2011) suggested that negative
endogenous selection may prevent the establishment of
post-F1 hybrids in F1DZs of Phyllodoce. The relative impor-
tance of endogenous and exogenous selection for the
maintenance of a hybrid zone remains unclear in Viola.

The existence of a F1DZ has important implications
with regard to speciation (formation and maintenance of
isolating barriers), and the evolution of plant mating
systems (Milne et al. 2003; Kameyama et al. 2008; Zha et al.
2010; Kameyama & Kudo 2011). In Rhododendron (Milne
et al. 2003; Zha et al. 2010), the genetic composition of
hybrid zones differs among sites, indicating that habitat-
mediated selection occurs as a result of environmental
differences, and an F1DZ can prevent interspecific gene
flow. In Phyllodoce (Kameyama et al. 2008; Kameyama &
Kudo 2011), clonally propagated F1 individuals dominate
patches in alpine plant communities, and the existence of
such F1 dominated patches may affect reproduction in

nearby patches of the parental species (Kameyama &
Kudo 2011). These studies found that environmental con-
ditions are one factor that can promote the diversity of
hybrid zones, and F1DZs promote new interactions
between the parental species and the F1 generation. Com-
parative ecological investigations of interspecific crossing
in other Viola hybrid zones will provide additional insight
into the evolutionary significance of hybridization in
Viola.
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