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Abstract The sympatric occurrence of some species in
Roscoea is very common, but little information is available
on natural hybridization. However, some intermediate individuals were found on the sympatric population of Roscoea
humeana and R. cautleoides at Ganhaizi population in
northwestern Yunnan Province, China. We suspected that
these intermediate individuals were the hybrids of R. humeana and R. cautleoides from the previous evidence, but could
not confirm them. In this study, morphometric analysis was
followed by examination of HAT-RAPD polymorphisms to
determine the occurrence of natural hybridization between
sympatric R. humeana and R. cautleoides. The results
showed that most morphological characters of the putative
hybrids were found to be intermediate between those of
R. humeana and R. cautleoides. Meanwhile, molecular
analysis confirmed that the morphological intermediates
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were derived from hybridization between the two species.
From the analysis of the NewHybrids, the hybridization
individuals were mainly F1s. These results indicated that
interspecific hybridization between R. humeana and
R. cautleoides indeed occurred in sympatric population.
Keywords Roscoea  Sympatric occurrence  Hybrid 
HAT-RAPD  Reproductive barrier

Introduction
Natural hybridization is very common in plants due to an
incomplete reproductive isolation among closely related
species (Stebbins 1959; Grant 1981). Recent study suggested that at least 25% of plant species were involved in
hybridization with at least one other species (Mallet 2007).
And natural hybridization is important in plant evolution as
a mechanism of speciation (Arnold 1997; Rieseberg and
Carney 1998; Arnold et al. 2003). So researches on
hybridization, hybrids and hybrid zone in sympatric distributions of different species have become hotspots in
plant phylogeny and evolution over the past few years
(Ellstrand et al. 1996; Rieseberg et al. 2003).
Morphologically, hybrids typically display the intermediate of parental characters, but it should be noted that a
few of morphological intermediates may form through
convergent evolution or environmental selection, not by
hybridization. (Rieseberg 1995; Rieseberg et al. 1999;
Schwarzbach et al. 2001; Lexer et al. 2003). So it is very
difficult to confirm the hybrids only by morphological
evidence. Recently, with the using of molecular methods, a
large number of researches on natural hybridization or
hybrid speciation have been confirmed (Allan et al. 1997;
Feliner et al. 2002; Wu et al. 2010).
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Molecular markers detecting variation at the DNA level
offer numerous advantages over morphological and biochemical techniques as they are stable and detectable in all
tissues and not affected by environmental or developmental
stage (Tingey and Del Tufo 1993). Randomly amplified
polymorphic DNA (RAPD) using single short arbitrary
primers can quickly scan an entire genome without prior
knowledge of the sequence (Williams et al. 1990). However, the major drawback of the method is that the profiling
is sensitive to changes in the reaction conditions and the
band reproducibility is very low, mainly attributed to the
low annealing temperatures (Agarwal et al. 2008).
Anuntalabhochai et al. (2000) reported a high annealing
temperature RAPD (HAT-RAPD) technique, which had
been shown greater polymorphism, reproducibility, and
high resolution by increasing the annealing temperature to
over 46°C. This technique has already been successfully
used in the tropical fruits (Cutler et al. 2006, 2007;
Ruangsuttapha et al. 2007) and the cut flower curcuma
(Anuntalabhochai et al. 2007).
Roscoea J. E. Smith, the truly alpine genus of Zingiberaceae, only comprises 18 species (Cowley 2007). Most
species of Roscoea occur in the eastern Himalayas (Nepal to
north India) and the Hengduan Mountains of southwest
China, between 1,200 and 4,880 m (Cowley 2007). These
areas were widely regarded as global biodiversity hotspots
(Wilson 1992; Myers et al. 2000). And many cases about
natural hybridization had been reported in these areas (Zha
et al. 2008, 2010; Zhu et al. 2009). Although the sympatric
phenomenon in the genus of Roscoea is very common, little
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information is available on natural hybridization. It may be a
reason why the origin and relationship of some Roscoea
species are not clear now.
R. humeana Balf. f. & W. W. Sm and R. cautleoides
Gagnep. are closely related based on the ITS region
(Ngamriabsakul et al. 2000). However, their floral characters
and vegetative features are quite different. R. humeana has
ovate leaves, short or no peduncles and purple flowers with a
longer floral tube. While R. cautleoides has narrowly lanceolate leaves, long peduncles and bright yellow flowers
(Fig. 1). From the previous work (Zhang et al. 2011), we
knew that R. humeana and R. cautleoides were sympatric on
the Mt. Yulong (Lijiang city, Yunnan Province, China).
Moreover, the flowering seasons were completely overlapped and always lasted from early May to late June. The
occasional pollinator (Bombus sp.) was the common pollinator of the two species. In addition, reciprocal hand pollinations could produce fruit (unpublished data). All of the
above made the possibility of natural hybridization occur. In
fact, at the overlapped zone of the sympatric population of
R. humeana and R. cautleoides, there were a few individuals
which had short peduncle and long tubed flower as
R. humeana, but had lanceolate leaves and yellow flower like
R. cautleoides (Fig. 1). We suspected that these individuals
were the hybrids of R. humeana and R. cautleoides. If so, it
would help us to study the gene flow and gene introgression
between R. humeana and R. cautleoides, so morphological
and molecular examinations were urgently required.
In this study, morphological characters and HAT-RAPD
genetic markers were used to investigate the putative

Fig. 1 Floral and foliar morphology of R. humeana, putative hybrid and R. cautleoides, respectively. a The peduncle and bract of R. humeana,
putative hybrid and R. cautleoides from left to right. b The leaf of R. humeana, putative hybrid and R. cautleoides from top to down. Bar 10 mm
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hybrids as a cross between R. humeana and R. cautleoides.
Once the hybrid status was confirmed, and then each
sample was divided into different genotype classes to
examine the population structure and the stability of
hybrids.

Materials and methods
Study site and species
The distributions R. humeana and R. cautleoides are similar
mainly on the Hengduan Mountains of southwest China.
Lijiang is located in the core area of the Hengduan Mountains
and is considered to own the highest diversity of Roscoea
species (Ngamriabsakul et al. 2000; Cowley 2007; Zhang
and Li 2008; Zhang et al. 2011). In this study, the research
site was located at Ganhaizi (GHZ), the core of the distributional ranges of R. humeana and R. cautleoides, 25 km
north of Lijiang city, in Yunnan, China, 27°050 N, 100°160 E,
3,120 m above sea level where R. humeana and R. cautleoides occurred together. At GHZ, a grassy and rocky slope on
Mt. Yulong, R. humeana is concentrated in the flat grassland,
while R. cautleoides is dominant on the rocky slop. The
putative hybrids can only be found at the overlapped area
mixed with R. humeana and R. cautleoides.
Plant sampling
Morphological characters such as flower color, leaf morphology, length of peduncle were used to distinguish
R. humeana, R. cautleoides and their putative hybrids in
the field. Because of their distinct floral and vegetative
differences, it was very easy to discriminate two putative
parental species in field. We chose randomly 30 individuals
with ovate leaves, short or no peduncles and long-tubed
purple flowers as the samples of R. humeana in the flat
grassland, where R. humeana dominated. We also selected
randomly 30 individuals with lanceolate leaves, long
peduncles and short-tubed yellow flowers as the samples of
R. cautleoides at rocky slope, where R. cautleoides dominated. A total of 38 individuals with wide lanceolate
leaves, short peduncle, long tubed and yellow flower were
selected as the putative hybrids at the overlapped area of
R. humeana and R. cautleoides. All the individuals were
always at least 10 m apart to minimize the possibility of
sampling the same genets twice. Floral and vegetative traits
were measured for each 30 individuals of R. humeana,
R. cautleoides and putative hybrids. After making morphological measurements, the leaves of each individual
(about 1 g fresh weight) were dried with silica gels for
DNA analyses. All 38 putative hybrids and 20 individuals
of each putative parental species were used for molecular
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analyses. All voucher specimens were deposited at the
Xishuangbanna Tropical Botanical Garden (HITBC).
Morphological analysis
Thirteen morphological traits were measured: corolla tube
length, peduncle length, dorsal petal length, dorsal petal
width, labellum length, labellum width, lateral petal length,
lateral petal width, distance of staminodes, leaf length, leaf
width, leaf length: width ratio and leaf thickness. Finally,
30 flowers and leaves from each of the three groups (the
result was 29 for R. cautleoides) were recorded using a
vernier caliper. Mean value, standard deviation and significant differences were calculated for the morphological
statistic analyses by the method of Tovar-sánchez and
Oyama (2004), and principal components analysis (PCA)
distinguished putative hybrids from their putative parental
individuals. All statistical analyses were used by R (http://
www.r-project.org/).
DNA extraction and HAT-RAPD reaction
DNA was extracted from silica gel dried leaf using a
modified CTAB method (Doyle and Doyle 1987). DNA
quality and concentration were assessed by 1% (m/v)
agarose gel electrophoresis with uncut kDNA (Takara) and
NanoDrop 1000 spectrophotometer (Thermo company).
PCR amplification using random decamer primers (synthesized by Shanghai Sangon company) was performed
following HAT-RAPD protocol (Anuntalabhochai et al.
2007). PCR reactions were run in a total volume of 25 lL
containing 10–40 ng template DNA, 2.5 lL 109 PCR buffer, 1.5 mmol/L MgCl2, 0.2 mmol/L dNTPs mix, 4 mmol/L
of primer, and 1.5 U Taq polymerase (Takara). These 25 ll
solutions were then amplified in a DNA Programmable
Thermal Cycler (ABI company) using the following cycling
profile: 95°C for 2 min, followed by 35 cycles of denaturing
at 95°C for 30 s, annealing at 46°C for 30 s, and extension at
72°C for 45 s, followed by a final 5 min at 72°C, hold at 4°C.
After the thermal cycling program had been completed, the
amplification products were electrophoresed in 1.5% (m/v)
agarose gels with DL-2000 DNA marker (Takara).
Photographs from the nucleic acid dye stained agarose
gels were used to score the data for the subsequent analyses. Comigrating bands within a gel between different
individuals were considered to be homologous. Only the
polymorphic bands were used in subsequent analyses as
the inclusion of monomorphic bands made no difference to
the overall relationship between individuals (Zha et al.
2008, 2010). Ideally, species-specific marker bands are
present in all individuals of one species and none of the
other. However, it is frequently not possible to find such
bands, possibly due to the close relationship of the parental
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Table 1 Morphological characters of R. cautleoides, R. humeana and putative hybrid (units: mm)
Character
Corolla tube length
Peduncle length
Dorsal petal length

R. cautleoides
(mean ± SD)
33.3 ± 1.7

Putative hybrid
(mean ± SD)

R. humeana
(mean ± SD)

The putative hybrid is
different from (P \ 0.05)

Is the putative hybrid
intermediate?

62.4 ± 1.7

89.6 ± 1.7

Both

Yes

163.3 ± 5.7

82.3 ± 5.7

23.0 ± 5.7

Both

Yes

24.3 ± 0.7

32.2 ± 0.7

34.8 ± 0.7

Both

Yes

Dorsal petal width

17.0 ± 0.6

22.0 ± 0.6

29.0 ± 0.6

Both

Yes

Labellum length

27.2 ± 0.8

25.1 ± 0.8

28.2 ± 0.8

R. humeana

No

Labellum width

32.5 ± 0.9

29.7 ± 1.0

27.5 ± 0.7

R. cautleoides

Yes

Lateral petal length
Lateral petal width

27.6 ± 0.6
8.3 ± 0.9

31.4 ± 0.6
11.4 ± 0.9

35.6 ± 0.6
14.0 ± 0.9

Both
Both

Yes
Yes

Distance of staminodes

–a

2.5 ± 0.4

–a

R. cautleoides

Yes

Leaf length

112.8 ± 3.6

81.6 ± 3.6

86.5 ± 3.6

R. cautleoides

Yes

Leaf width

14.4 ± 0.7

24.2 ± 0.7

35.4 ± 0.7

Both

Yes

Leaf length:width ratio
Leaf thickness

8.2 ± 0.2

3.4 ± 0.2

2.5 ± 0.2

Both

Yes

0.23 ± 0.01

0.33 ± 0.01

0.36 ± 0.01

Both

Yes

Scores of intermediate character
a

12 : 1

No value for this character

Table 2 The first and second eigenvalues for morphological characters (the variance explained by first and second principal component included)
Character

Component
PC1

Corolla tube length
Peduncle length

0.943

PC2
-0.042

-0.856

0.233

Dorsal petal length

0.831

-0.124

Dorsal petal width

0.887

-0.062

Labellum length

0.268

0.834

Labellum width

-0.245

0.742

Lateral petal length

0.822

0.211

Lateral petal width

0.527

0.043

Distance of staminodes

-0.833

0.375

Leaf length

-0.514

0.549

Leaf width

0.876

-0.179

Leaf length:width ratio
Leaf thickness

-0.844

0.402

0.824

-0.348

Eigenvalue
Contribution (%)

7.72
59.40

1.70
13.09

Accumulated contribution (%)

59.40

72.49

species or the introgression. In this study, less stringent
methods for defining marker bands that are more common
in one taxon than the other had been used based on several
studies (Allan et al. 1997; Neuffer et al. 1999; Feliner et al.
2002; Archibald et al. 2004). The fragments were scored as
either present (1) or absent (0) for each of the primer–
accession combinations and the presence or absence of
each band was scored in a binary data matrix (see Table S1
in Supplementary Data, available online).
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Fig. 2 Plot of Roscoea samples by first and second factor scores
derived from PCA

Analytical methods of HAT-RAPD data
Based on the polymorphic HAT-RAPD markers, two different methods were used for analyses. Firstly, principal
co-ordinate analysis (PCOA) using GenAlEx 6.4 (Peakall
and Smouse 2006). This analysis determined the genetic
relationship of the species, and allowed us to distinguish
hybrids from the parental samples. In this application,
intermediate individuals well separated from the distinct
R. humeana and R. cautleoides were assumed to be hybrids.
Second, we estimated the posterior probability using a
Bayesian method. For each individual, the posterior probability was used to divide it to R. humeana, R. cautleoides, or
to early generation hybrid classes (F1, F2, or backcross). This
procedure was run in the program ‘NewHybrids’ using a

J Plant Res (2012) 125:595–603

599

Markov Chain Monte Carlo (MCMC) method (Anderson
and Thompson 2002). Using the default settings of this
program which assign posterior probabilities for six possible
classes (parents, F1, F2, backcross to each parent), posterior
distributions were calculated with 105 iterations of the Monte
Carlo Markov Chains, after a 105 iterations’ burn-ins,
without using any prior information of individual or allele
Table 3 The size and
amplification ratio of specific
RAPD fragments in three
Roscoea specimens

Primer

Sequence (50 -30 )

B1046

GTCGGAGCGG

OPW 08

GACTGCCTCT

frequency. Individuals were assigned to one of the six
genotypic classes if posterior probability C0.95. If the hybrid
classes were beyond the second generation, the NewHybrids
program did not normally attempt to identify them (Anderson and Thompson 2002). Therefore, individuals with the
posterior probability\0.95 might be later generation hybrid
derivatives.
Fragment size

R. humeana

Putative hybrid

R. cautleoides

500

1.00

1.00

0.05

400

0.05

0.63

0.90

800

0.95

0.76

0.00

OPW 16

CAGCCTACCA

800

1.00

1.00

0.20

OPR 16

CTCTGCGCGT

1,000

0.90

0.53

0.00

1,200

0.60

0.53

0.00

OPT 16

GGTGAACGCT

250

1.00

0.84

0.05

OPB 01

GTTTCGCTCC

500
1,600

0.65
0.20

0.63
0.92

0.10
0.90

OPG 13

CTCTCCGCCA

400

1.00

0.95

0.05

OPD 03

GTCGCCGTCA

450

0.15

0.53

0.85

600

1.00

1.00

0.00

1,100

0.80

0.39

0.30

S2077

GTTCGCTCCC

650

1.00

1.00

0.05

S2100

CAAAGGCGTG

1,100

0.05

0.76

0.70

S2159

GTCGTGCGGA

400

0.05

0.58

0.90

OPA 04

AATCGGGCTG

900

1.00

0.82

0.05

OPD 18

GAGAGCCAAC

650

1.00

0.97

0.20

OPN 06

GAGACGCACA

550

1.00

1.00

0.05

OPA 07

GAAACGGGTG

1,700

1.00

0.63

0.20

OPA 08

GTGACGTAGG

400

1.00

0.95

0.05

OPA 15

TTCCGAACCC

550

0.05

0.24

0.75

600
650

1.00
0.05

0.95
0.29

0.05
0.70

OPA 17

GACCGCTTGT

550

0.90

0.89

0.00

750

0.15

0.84

1.00

400

1.00

1.00

0.00

OPB 12

CCTTGACGCA

1,100

1.00

0.74

0.00

OPJ 10

AAGCCCGAGG

1,200

0.85

0.42

0.00

OPX 03

TGGCGCAGTG

400

0.40

0.79

1.00

500

0.00

0.47

0.80

550

0.95

0.53

0.10

600

0.95

0.84

0.00

450

0.00

0.61

0.85

1,400

0.00

0.84

0.80

OPX 11

GGAGCCTCAG

1,600

0.60

0.63

0.00

OPE 02

GGTGCGGGAA

850

0.95

0.79

0.05

OPC 01

TTCGAGCCAG

260
400

1.00
0.00

1.00
0.45

0.10
0.95

OPI 16

TCTCCGCCCT

800

1.00

0.92

0.10

OPO 11

GACAGGAGGT

900

0.05

0.71

0.90

OPO 13

GTCAGAGTCC

600

0.20

0.82

0.95

123

600

Results
Morphological analysis
General statistics of measured traits for R. humeana and
R. cautleoides and putative hybrids are listed in Table 1.
All of the thirteen characters examined (except the labellum length) in the putative hybrids were between the two
parents or close to one parent. Principal components
analysis of the combined morphological data set indicated
that the first and second extracted factors accounted for
72.49% of the total variances (59.40% for PC1 and 13.09%
for PC2) (Table 2). According to the broken-stick model
(Joliffe 1986; Jackson 1993), only the first factor, and
possibly to a small extent the second factor, accounted for a
significant amount of variation. In the first factor, all the
corresponding eigenvalues exhibited in positive or negative
directions, except labellum length and labellum width
loaded highly. While in the second factor, except labellum
length and labellum width, all variables had low loadings
(Table 2). In the plot of individual component scores, the
hybrids were distributed within the area between the two
parental species but were more concentrated towards
individuals of R. humeana. Along the first axis, R. humeana
and R. cautleoides individuals showed a general separation,
with putative hybrid individuals intermediate (Fig. 2).
However, no notable differentiation between individuals
was evident along the second axis (Fig. 2).
HAT-RAPD and PCO analysis
In the 216 RAPD primers, a total of 42 clear and reliable
polymorphic RAPD markers (from 27 primers) were generated during the analysis. Among these, 27 RAPD markers
were common in R. humeana and 15 in R. cautleoides.
Additive profiles of parental specific bands were observed
in the most putative hybrids (Table 3).
PCO analysis using the 42 polymorphic markers separated the putative hybrids from the distinct R. humeana and
R. cautleoides (Fig. 3). The first two principal co-ordinates
which accounted for 80.05% of the variance (66.64 and
13.41% for the first and second axes, respectively) clearly
separated the 78 individuals into three clusters. The clusters
matched exactly the three morphological categories
assigned, except for accession 15, 17 and 20, which, from
morphology, were classed as R. humeana, and were close
to the putative hybrids (Fig. 3).
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accessions of R. humeana were the pure parental species
except the accession 15, 17 and 20. The individual 15, 17
and 20 might be the hybrids because they had the posterior
probability of F1 and F2. Among the putative hybrids,
twenty-five were determined to be F1s with the posterior
probability C0.95, and the remaining thirteen could not be
assigned a class with 95% certainty. Of these, eight had the
posterior probability C0.90 might being F1s, whereas the
other five had a possibility of being F1s and a probability of
being F2s, there was no evident definition of the six
genotype classes, but they might be later generation hybrid
derivatives of R. humeana and R. cautleoides.

Discussion
Gottlieb (1972) presented several criteria for testing the
status of putative hybrid: sympatric distribution, intermediate characters, interfertility, and biochemical additivity.
Although single criterion could not offer an accurate means
for testing the status of hybrid, all of these criteria that
could be met provided a credible approach for confirming a
particular taxon which had originated through hybridization (Gottlieb 1972; Padgett et al. 1998; Zhang et al. 2007).
So these criteria can also be applied to our study.
Our field observations showed that the putative hybrids
were located sympatrically with parental species. Moreover, the flowering seasons of putative parental species
were completely overlapped, providing the possible
occurrence of natural hybridization in floral phenology.
Although the common pollinators were not the main pollinators of the two species, it provided the possibility of
one’s pollen touched the other’s stigma occurred. In
addition, reciprocal hand pollinations could produce fruits
and seeds. Therefore, due to the preliminary evidence
(Zhang et al. 2011) obtained in the field, it was reasonable
to deduce the hybrid status, but not enough to confirm it. In
this study, the intermediacy in several characters was also

NewHybrids analysis
The NewHybrids analysis (Fig. 4) indicated that all individuals of R. cautleoides were confirmed to be the pure
parental species with posterior probability C0.99, and most
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Fig. 3 Plot of Roscoea samples by PCO analysis based on HATRAPD bands
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Fig. 4 Posterior probability of
each individual belonging to
parental or hybrid class. Rh1–
Rh20, R. humeana; Rc1–Rc20,
R. cautleoides; H1–H38,
putative hybrids

the forceful evidence for the hybrid criteria. In addition, the
molecular evidence confirmed the occurrence of natural
hybridization from morphological presumption, because
species-specific markers of R. humeana and R. cautleoides
were detected in all the putative hybrids. The present
results clearly indicated that the natural hybridization has
occurred between R. humeana and R. cautleoides. This is
the first report for the genus.
Although we confirmed that the putative hybrids were the
progeny of natural hybridization between R. humeana and
R. cautleoides, the number of the putative hybrids was rare in

the wild and they occurred only in a few positions. Another
observation for the putative hybrids was that there was no
obvious habitat differentiation from their parental species,
unlike many other stabilized hybrids which occupied novel
or extreme habitats (Rieseberg 1997). The putative hybrids
always occurred intermixed with the parents or in intermediate habitat, suggesting that they were not stabilized, but
perhaps they only infrequently produced F1 hybrids (Wu
et al. 2010). In fact, a Bayesian analysis in the program
NewHybrids indicated that the population structure of the
hybrids were mainly F1s.
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Except most hybrids was the F1s, we found that the
hybrids were close to R. humeana from the PCA and PCOA
analyses. There were two possible reasons for the hybrids
close to one of the parental species. One possible was that the
hybrids were back-crosses with one of the parents (Archibald
et al. 2004), the other was one of the parental species to be the
main maternal donor (González-Rodrı́guez et al. 2004).
While the first reason was impossible, from the result of the
program NewHybrids, most of the hybrids were the F1s, no
indication of the back-cross to R. humeana. We suspected
that R. humeana was the maternal parent of the hybrids, so
some plastid genes especially the chloroplast genes are
needed to work out this question, because of the maternal
inheritance of the chloroplast genomes in most angiosperms
(Harris and Ingram 1991; Olmstead and Palmer 1994).
The possibility of hybridization occurred between species
depends on the strength of interspecific reproductive barriers
(Ellstrand et al. 1996; Campbell et al. 2002). Prezygotic barriers
limited the transfer of pollen from individuals of one species to
stigmas of other species. Even if pollen were transferred
between species, formation of hybrids could still be prevented
by postzygotic reproductive barriers (Campbell et al. 2002).
Sympatric occurrence, flowering seasons overlap and common
pollinators indicated the prezygotic barriers existed but not very
stringent. Moreover, reciprocal hand pollinations between
R. humeana and R. cautleoides could produce fruits and seeds.
Although the fertility of hand-cross seeds was not detected,
some reported that the postzygotic barriers of Roscoea were
relatively weak (Cowley 1982, 2007). So the permeable
reproductive barrier provided the possibility of natural
hybridization between R. humeana and R. cautleoides.
Although the not stringent interspecific reproductive
barriers made R. humeana and R. cautleoides produce the
hybrids, the impact of natural hybridization between
R. humeana and R. cautleoides on the evolution and speciation was still not clear. Future work should concentrate
on comparing the fitness of hybrids and their parental
species, and considering the effect of natural hybridization.
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