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e Background and Aims The extent to which hybridization leads to gene flow between plant species depends on
the structure of hybrid populations. However, if this varies between locations, species barriers might prove perme-
able in some locations but not in others. To assess possible variation in hybrid population structure, the magnitude
and direction of natural hybridization between two Chinese endemic species, Rhododendron spiciferum and
Rhododendron spinuliferum, were evaluated.

e Methods Thirteen nuclear microsatellite markers were employed to characterize 566 individuals collected from
15 non-allopatric populations and nine allopatric parental populations. Chloroplast DNA (cpDNA) sequences were
obtained from a subset of samples. Genetic structure and direction of gene flow was determined using a combin-
ation of STRUCTURE and NEWHYBRIDS analysis.

e Key Results Nuclear analysis revealed that parental taxa formed two genetically distinct clusters and hybrids
shared the genetic background of both parents and did not form a separate genetic lineage. Overall, hybrid swarms
were dominated by early- and later-generation hybrids, with a significantly higher proportion of hybrids (59-6 %)
possessing >50 % R. spiciferum-like nuclear germplasm. The cpDNA analysis further indicated that a significantly
greater proportion of hybrids (61-1 %) possessed the R. spiciferum cpDNA haplotype.

e Conclusions Gene flow between R. spiciferum and R. spinuliferum was found to be bidirectional in 14 of the 15
hybrid swarms and asymmetrical in six hybrid swarms. Asymmetrical gene flow was evident for only nuclear DNA
(nDNA) in two populations, for only cpDNA in three populations, and for both nDNA and cpDNA in one popula-
tion. Collectively, the variation in genetic structure found among the 15 hybrid swarms suggests that introgression
rather than hybrid speciation is a more likely outcome of hybridization between these hybridizing taxa.
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et al., 2013). Apart from blurring species’ boundaries and pro-

INTRODUCTION ducing evolutionary noise (Slatkin, 1985, 1987; Soltis and

The impact of hybridization on the formation and persistence of
plant species is diverse and can vary depending on the genetic,
demographic and geographical structure of the hybridizing taxa
involved (Anderson, 1949; Grant, 1981; Rieseberg and Wendel,
1993; Amold, 1997, 2006; Liu et al., 2014). On the one hand,
hybridization can be a destructive force resulting in the extinc-
tion of rare species after hybridizing with native congeners
(Levin et al., 1996; Rhymer and Simberloff, 1996; Wolf et al.,
2001; Buerkle et al., 2003), invasive species (Huxel, 1999) or
wild relatives of crop species (Ellstrand et al., 1999; Ellstrand,
2003; Haygood et al., 2003). On the other hand, hybridization
can be a creative force leading to adaptation and sometimes
subsequent hybrid speciation by the accumulation of adaptive
genetic variation (Anderson, 1948; Harrison, 1990; Arnold,
1992; Rieseberg, 1997; Rieseberg and Carney, 1998; Abbott

Soltis, 2009), in some cases hybridization can have a neutral ef-
fect with species barriers maintained due to the production of
sterile or unfit hybrid offspring (Arnold, 2006). Depending on
the hybridizing taxa involved, an assessment of the evolution-
ary outcome of hybridization may provide important insight in
predicting species persistence and hybrid speciation, as well as
the maintenance of biological diversity.

Studies of the genetic structure and ecological dynamics of
hybrid swarms, defined as complex mixtures of parental forms,
F hybrids, backcross types and segregation products (Grant,
1981), are central to our understanding of the evolutionary
processes associated with hybridization. Various barriers to
gene flow between the parent species can exist even where hy-
brids occur, and the type of barriers that apply will depend on
the structure of the hybrid swarm (Tiffin et al., 2001).
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Where hybrids are fertile, hybrid swarms commonly have few
or no F; hybrids, and are composed primarily of later-
generation hybrids, with backcrosses to one or both parents
often dominating (Arnold and Hodges, 1995; Arnold, 1997;
Armold et al., 1999, 2001; Burke and Arnold, 2001; Fogelqvist
et al., 2015). In some cases, however, fertile F';s may dominate
by apparently outcompeting later-generation hybrids (e.g. back-
cross and F, offspring), which can in turn effectively prevent
interspecific gene flow (Kyhos et al., 1981; Milne et al., 2003;
Kameyama et al., 2008; Milne and Abbott, 2008; Christe et al.,
2016). Therefore, determining the genetic structure of hybrid
swarms serves as a critical first step in evaluating the outcomes
of hybridization with respect to species formation and
persistence.

Hybridization is more common in rapidly diversifying taxa
(Grant et al., 2005; Mallet, 2007; Gourbiere and Mallet, 2010).
The genus Rhododendron is a large, long-lived woody plant
genus that has a history of recent rapid adaptive radiation
(Milne et al., 2010). For example, the Rhododendron sect.
Vireya diverged in the last 15 million years (Goetsch et al.,
2011) and most of the Sino-Himalayan members of
Rhododendron subgenus Hymenanthes diverged in the past
5 million years (Milne, 2004). Natural hybridization is common
in Rhododendron, due to relatively weak reproductive barriers
among closely related species and the predominance of out-
crossing (Milne et al., 2010; Yan et al., 2015), although selfing
is observed to be possible in some species (Escaravage et al.,
1997). Hybrid swarm structure within the genus appears to be
atypical relative to other plant groups, because F; hybrids are a
dominant component in some hybrid swarms (Milne et al.,
2003; Zha et al., 2010), whereas in other cases hybrid swarms
appear to comprise F;s plus unidirectional backcrosses (Milne
and Abbott, 2008), or a combination of F; and F, hybrids (Ma
et al., 2010, 2016). Hybrid swarms comprising solely back-
crosses and later-generation hybrids have rarely been docu-
mented in the genus, despite being common in other genera,
such as Populus (Lexer et al., 2007) and Silene (Minder et al.,
2007). Previous studies in Rhododendron have found large dif-
ferences in composition between hybrid zones, for the same
species pair, although these results are limited to two or three
hybrid swarms per species (Milne et al., 1999; Zhang et al.,
2007; Milne and Abbott, 2008; Tagane et al., 2008; Zha et al.,
2010; Marczewski et al., 2015). Therefore, a systematic study
looking at a large number of potential hybrid swarms would
substantially improve our understanding of the plausible range
of outcomes that may result from gene flow between interfertile
Rhododendron species in the wild.

The hybrid Rhododendron xduclouxii is reported to occur in
the mountains of central Yunnan, southwest China, which is a
global biodiversity hotspot, and has been suggested to be a mor-
phologically intermediate ‘hybrid species’ between R. spicife-
rum and R. spinuliferum (Handel-Mazzetti, 1936). Its hybrid
status was recently confirmed using both chloroplast #rnlL-F
and nuclear internal transcribed spacer (ITS) sequences, as well
as morphological analysis (Yan et al., 2013), although this as-
sessment was based on surveying only a few hybrid swarms.
The distribution of R. spinuliferum is wider than that of R. spici-
ferum, with the latter primarily distributed within the area of R.
spinuliferum (Fig. 1). Where the two species co-occur, a large
number of putative hybrid swarms exist across a wide

geographical area (300 x 200km across; Fig. 1), providing an
opportunity to examine the hybrid status of R. Xduclouxii and
to compare the magnitude and direction of hybridization across
many hybrid swarms. By so doing, we may determine whether
hybrid swarm formation, structure and persistence, and hence
mechanisms of species barrier maintenance, vary according to
local conditions.

A hybrid species should be genetically different from its par-
ental species and be recognized as a self-contained and self-
perpetuating genetic lineage (Sun er al., 2014). Therefore,
determining the genetic structure of hybrids is important for the
evaluation of the process of hybrid speciation. In the present
study, we evaluated the genetic structure of 24 populations
including 14 hybrid swarm populations using 13 nuclear micro-
satellites and sequences of the chloroplast DNA (cpDNA) trnL-
F region to address the following questions: (1) Does R.
xduclouxii constitute a hybrid species, or does it comprise
populations of different generations of hybrids, i.e. hybrid
swarms? (2) If the latter, what is the genetic structure of R. spic-
iferum and R. spinuliferum hybrid swarms, and do they show
evidence of asymmetrical hybridization? (3) Do the magnitude
and direction of hybridization vary among locations?

MATERIALS AND METHODS
Sampling and DNA isolation

A total of 566 adult individuals were sampled across 24 natural
populations in central Yunnan Province, China (Supplementary
Data Table S1; Fig. 1). Each individual was identified in the wild
as Rhododendron spiciferum, Rhododendron spinuliferum or hy-
brid based on the four morphological characters outlined in
Supplementary Data Table S2: corolla colour, corolla shape, cor-
olla lobe position and the amount of leaf indumentum. Our sam-
pling included nine allopatric populations, each comprising one
parental species, plus 15 non-allopatric populations (14 hybrid
swarms and one sympatric population in which the two parental
species co-occurred but no hybrids were observed). For each
population, individuals were sampled randomly, separated by a
minimum of 5 m to minimize the chance of repeated sampling of
the same clone. For the hybrid swarm populations, accessions of
parental species and hybrids were collected across the centre of
the area occupied by the swarm, i.e. where hybrids were most
concentrated. In total, from the allopatric populations, 27 R. spici-
ferum individuals were sampled from three populations and 52 R.
spinuliferum individuals were sampled from six populations. A
total of 93 R. spiciferum, 141 R. spinuliferum and 253 putative
hybrids (R. Xduclouxii) were sampled across the 15 non-
allopatric populations. From each individual, fresh, healthy leaves
were immediately dried in the field using silica gel. Genomic
DNA was isolated with a modified CTAB method (Doyle and
Doyle, 1987) and for each accession a corresponding specimen
was collected and deposited at the Herbarium of Kunming
Institute of Botany (KUN), Chinese Academy of Sciences.

Nuclear microsatellite locus selection and genotyping

Each sample was genotyped for 13 nuclear microsatellite loci
tested previously by Yan et al. (2014). Details of loci examined
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FiG. 1. Geographical distribution of 24 Rhododendron populations used in this study outlined in the geographical distribution range of R. spiciferum, R. spinuliferum
and hybrid. SC, R. spiciferum; SN, R. spinuliferum.

as well as multiplex PCR reaction annealing temperatures are
shown in Supplementary Data Table S3. PCR products were
directly analysed on a 3730xl Sequence Analyser (Applied
Biosystems, Foster City, CA, USA), using a LIZ GeneScan-500
size standard. Resulting electropherograms were visualized and
converted to diploid genotypes using automated allele-calling
implemented in GENEMARKER v.4.0 (SoftGenetics LLC,
State College, PA, USA). All automated genotyping was re-
checked manually. In order to transform the microsatellite data-
set for further analysis in additional software packages, all
genotypes for each locus and individual were entered in an
Excel file following the format of GenALEx 6.501 (Peakall and
Smouse, 2012) (Supplementary Data Table S4).

Chloroplast DNA genotyping

To determine the cpDNA haplotype of individuals within hy-
brid swarms and allopatric populations, we sequenced the #rnL-
F region (including the #rnL intron and trnL-trnF intergenic
spacer) of the chloroplast genome. Using sequencing protocols
outlined in Yan et al. (2013), 362 of the 566 accessions
sampled were sequenced; based on morphology, these

comprised 73 R. spinuliferum (20-2 %), 47 R. spiciferum
(13-0 %) and 242 hybrids (66-9 %). Sequences were edited in
Sequencher 5.0 (Gene Codes Corporation) and aligned in
Geneious 6.1.6, and all informative sites were summarized in
Mega 6 (Tamura et al., 2013). To determine if the proportions
of hybrids containing the R. spiciferum or R. spinuliferum trnL-
F haplotype were significantly different from each other, we
conducted a series of xz tests in JMP 10 (SAS Institute, 2002).

Population genetic analysis of microsatellite data

Population genetic analyses on microsatellite data were con-
ducted across all sampled individuals. GENODIVE v.2.0b27
(Meirmans and Van Tienderen, 2004) was used to test for de-
partures from Hardy—Weinberg equilibrium, using the
heterozygosity-based method (Nei’s Gis) and 1000 permuta-
tions by locus, as well as by population. Levels of significance
were adjusted by Bonferroni correction (Rice, 1989). An assess-
ment of linkage disequilibrium was conducted on each pair of
loci using Fisher’s exact test, with probability adjusted by
Bonferroni correction in ARLEQUIN 3.5.1.3 (Excoffier and
Lischer, 2010). In addition, mean allele number per locus (Na),
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number of effective alleles (Ne), private allele number (Np),
Shannon’s information index (/), observed heterozygosity (Ho),
expected heterozygosity (He) and unbiased expected heterozy-
gosity (uHe) were calculated (Table 1). With individuals as-
signed to R. spiciferum, R. spinuliferum or hybrids according to
morphology, the basic F statistics value (Fis, Fgr) between
these three groups was evaluated in Fstat v2.9.3.2 (Goudet,
2001). To further evaluate the extent of population differenti-
ation (pairwise Fgt) among the three groupings, we analysed
the microsatellite data using an analysis of molecular variation
(AMOVA) in GENEPOP 4.2 (Rousset, 2008) with default par-
ameter settings.

Parent and hybrid assignment

To explore genetic relationships among parental and hybrid
individuals, principal coordinates analysis (PCoA) was con-
ducted. The pairwise genetic distances were evaluated in
MICROSATELLITE ANALYSER (MSA) (Dieringer and
Schlotterer, 2003) based on Nei’s standard genetic distance
(Nei, 1978). Distance matrices were executed in GenALEx
6.501 (Peakall and Smouse, 2012) and analysed with the PCoA
option. Scatterplots were visualized in two-dimensional space
for the first and second, as well as the first and third, principal
coordinates.

To estimate the extent of admixture between parental spe-
cies, all 566 individuals were analysed in STRUCTURE v.2.3.4
(Pritchard et al., 2000) using the Bayesian model-based cluster-
ing algorithm. Analyses were conducted with a K value that
varied from 1 to 10, repeating each analysis ten times to evalu-
ate convergence among different runs. The STRUCTURE ana-
lysis was conducted under the admixture model with
independent allele frequencies. In addition, a burn-in period of
50 000 steps followed by 200 000 Markov chain Monte Carlo
(MCMC) iterations were used. We ran STRUCTURE twice.
For the first time, no prior species information was included
and no popflags were set. The best-fit number of distinct groups
(K) was estimated by STRUCTURE HARVESTER (Earl,
2012) based on the maximum AK value (Evanno et al., 2005).
Based on the optimal K value, we ran the second
STRUCTURE using prior population information: individuals
from allopatric populations were set as known parental species
origin (allopatric R. spinuliferum individuals: popflag = 1; allo-
patric R. spiciferum individuals: popflag = 2) to classify indi-
viduals of unknown origin. In this case, individuals from
sympatric populations could be identified more accurately.

TasLE 1. Total sample number (N), mean allele number per locus

(Na), number of effective alleles (Ne), private allele number (Np),

information index (1), observed heterozygosity (Ho), expected

(He) and unbiased expected (uHe) heterozygosity and the stand-

ard F statistics (F;s, Fgr) over 13 nuclear microsatellite loci in R.
spiciferum, R. spinuliferum and hybrids

Species N Na Ne Np [ Ho He uHe Fi5 Fsr

R. spiciferum 120 15-154 5-940 14 1.964 0-630 0-765 0-768 0-137 0-054
R. spinuliferum 193 15-769 5-608 19 1-873 0-498 0-728 0-730 0-238 0-111
Hybrids 253 18-154 6-571 27 2-116 0-651 0-812 0-814 0-161 0-051

Tq is a threshold value used to determine which class an indi-
vidual should belong to (De hert et al., 2012). The value of Tq
is important and variable in different taxa: a higher Tq value
can result in parental taxa misclassified as hybrids and a lower
Tq can result in hybrids misclassified as parents. Tq values used
to assign parental and hybrid individuals have varied from 0-80
to 0-95 (Vaha and Primmer, 2006; Araya-Anchetta et al., 2013;
Starr et al., 2013). In this study, we used a relatively strict
threshold T¢q value, 0-9, above which all allopatric parental indi-
viduals were correctly assigned except one R. spinuliferum
sample (g = 0-855). In addition, the hybrid index was calculated
for all 487 individuals from the 15 non-allopatric populations
within R with the est.h function from INTROGRESS (Gompert
and Alex Buerkle, 2010).

To check the assignment of all accessions to parents (P, P,)
and hybrids, NEWHYBRIDS (Anderson and Thompson, 2002)
was used to analyse the same microsatellite dataset including
(z0 = R. spiciferum and z1 = R. spinuliferum) and excluding
allopatric population information. Additional parameter settings
included a burn-in period of 10 000 generations and 100 000
MCMC iterations. Both ‘Jeffrey’s like priors” and ‘Uniform pri-
ors’ models were tested, but the Uniform priors model was
more stable and was selected for all subsequent
NEWHYBRIDS analyses. For a broader classification of indi-
viduals into each of the three groups (R. spiciferum, R. spinuli-
ferum and hybrids), a relatively strict posterior probability of
0-8 was used (Smulders et al., 2008). In addition, the 45 classes
method for NEWHYBRIDS analysis described by Milne and
Abbott (2008) was employed to test for the presence of F';s.

RESULTS

Population genetic analysis

We were able to genotype 566 accessions for all 13 nuclear
microsatellite loci screened across nine allopatric populations
and 15 non-allopatric populations: only four accessions
(0-05 %) failed for any locus, and in each case it was only for
one locus (Rh032, Rh058, Rh060 and Rh086). After Bonferroni
correction, all 13 loci were found to be in Hardy—Weinberg
equilibrium (Supplementary Data Table S5). All loci were
tested for linkage disequilibrium with all other loci, and no
pairs of loci were found to exhibit linkage disequilibrium
(Supplementary Data Table S6). Based on the analysis of
13 nuclear microsatellite loci in parental species and putative
hybrids, the putative hybrids had the highest numbers of alleles
(18-154), effective alleles (6-571) and private alleles (27).
Additionally, the hybrids showed the highest observed (0-651),
expected (0-812) and unbiased expected heterozygosity (0-814)
(Table 1). Pairwise Fgt values between R. spiciferum, R. spinu-
liferum and putative hybrids were lowest between R. spiciferum
and hybrids (0-035), highest between R. spiciferum and R. spi-
nuliferum (0-170) and intermediate between R. spinuliferum
and hybrids (0-062). Hence genetic differentiation between the
parental species is significantly higher than that between hy-
brids and each parental species, and the nuclear genetic back-
ground of hybrids is generally closer to R. spiciferum than R.
spinuliferum.
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Parent and hybrid assignment

The PCoA analysis showed two clear clusters of parental
taxa, with putative hybrids distributed between them
(Supplementary Data Fig. Sla, b). All morphologically identi-
fied R. spiciferum individuals were distinguishable from other
morphologically identified R. spinuliferum individuals, al-
though many putative hybrid individuals overlapped with
R. spiciferum or R. spinuliferum (Fig. Sla, b).

Based on the AK statistics result, the optimal K value was 2,
with the two divisions corresponding to the parental species of
R. spiciferum and R. spinuliferum (Supplementary Data Fig.
S2). Therefore, we ran the second STRUCTURE analysis with
prior allopatric species information. The results showed that the
two parental species formed distinct genetic groups and the hy-
brids showed genetic admixture (Fig. 2). The result of K=3
was also used here to test whether the hybrid individuals
formed a separate genetic cluster distinct from either parent, as
would be expected if R. xduclouxii was indeed a stabilized hy-
brid species. At K= 3, hybrids did not form a distinct cluster
but again showed admixture between the parents; instead, R.
spinuliferum was divided into two groups, one of which mainly
comprised individuals from allopatric populations (Fig. 2).
There was no obvious morphological distinction between these
two intraspecific groups. With the threshold of T¢g = 09, all
non-allopatric individuals were assigned to a hybrid (¢ =0-1 —
0-9), R. spiciferum (g <O0-1) or R. spinuliferum (q > 0-9) for
STRUCTURE analysis. Of the 15 investigated non-allopatric
populations, 14 contained both parents, plus hybrid individuals,
whereas population 10 contained only hybrid individuals; the
results for the 15 non-allopatric populations were consistent
with morphological identification except in population 12, in
which morphologically there were no hybrids, while one R.
spiciferum was identified as hybrid based on STRUCTURE
analysis (Table 2; Supplementary Data Table S7).

R. spiciferum

Across the 15 non-allopatric populations, based on the T¢q
value of 0-9, the 487 individuals examined comprised 62 R.
spiciferum (12-7 %), 329 hybrids (67-6 %) and 96 R. spinulife-
rum (19-7 %) (Fig. 3; Table 2). Among these, 82 individuals
were assigned to a different group by STRUCTURE than by
morphology; these comprised three morphologically identified
hybrids that STRUCTURE classified as R. spiciferum, plus 46
morphological R. spinuliferum individuals and 33 morpho-
logical R. spiciferum individuals, all of which STRUCTURE
classified as hybrids. Hence no individuals identified by morph-
ology as one parental species were found to be the other.
Among hybrids, 196 (59-6 %) were closer to R. spiciferum ac-
cording to their g value, whereas significantly fewer (133
[40-4 %]) were closer to R. spinuliferum (y>=12-14,
P <0-001) (Table 2, Table S7). Across all individuals, hybrid
indices calculated in R using INTROGRESS were very similar
to STRUCTURE results (Table S7); thus, our discussion is
mainly based on the STRUCTURE results. Parental and hybrid
assignments across the 15 non-allopatric populations based on
NEWHYBRIDS analysis were different from results generated
by STRUCTURE, comprising 133 R. spiciferum (27-3 %), 243
hybrids (49-9 %) and 111 R. spinuliferum (22-8 %). A total of
88 accessions were inconsistently assigned between
NEWHYBRIDS and STRUCTURE (Table S7).

According to the 45 classes NEWHYBRIDS analysis, no in-
dividual detected had greater than a 16 % chance of being clas-
sified as Fi-type, i.e. either F'; or F;-like (i.e. a cross between a
BGC, to one species and a pure parental of the other; Milne and
Abbott, 2008). This analysis struggled to assign individuals to
specific classes with any confidence, which is the expected out-
come when many hybrid derivatives of the third generation or
beyond are present. Based on summing the probabilities for
each class, the analysis estimated that the 566 accessions com-
prised 143 R. spiciferum (25 %), 115 R. spinuliferum (20 %),
5 Fis (1 %), 73 F,s (or other complex intermediate hybrid

FiG. 2. Results of STRUCTURE analysis for the K =2 and K = 3 models of 566 samples, including allopatric population information based on 13 microsatellite loci.
All samples were arranged according to morphological identification. The scale on the y axis means the rate of the genetic composition for each sample in structure
analysis.
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TABLE 2. Number of parental and hybrid individuals based on nuclear microsatellite STRUCTURE analysis across 15 non-allopatric

populations in Yunnan Province, China. XZ tests were performed between the number of hybrids having > 50 % R. spiciferum-like

germplasm (range 0-10-0-50) or > 50 % R. spinuliferum-like germplasm (range 0-51-0-90), and between the ratio of SC (R. spicife-
rum) to SN (R. spinuliferum) trnL-F haplotypes for randomly selected hybrid individuals

Population Population size STRUCTURE assignment Hybrid
SC SN Hybrid Hybrid trnL-F genotype
0-00-0-10 0-90-1-00 0-10-0-90 (0-10-0-50):(0-51-0-90) SC:SN

10 20 0 0 20 7:13 16:3%%*

11 35 4 2 29 20:9* 12:12

12 22 8 13 1 1:0 -

13 40 2 12 26 16:10 15:7

14 36 8 10 18 10:8 8:7

15 30 2 6 22 14:8 8:9

16 11 2 3 6 3:3 4:2

17 51 2 13 36 23:13 24:11*

18 35 8 5 22 13:9 9:12

19 53 8 5 40 26:14 23:16

20 20 3 4 13 5:8 3:6

21 40 2 6 32 15:17 19:5%*

22 40 7 10 23 13:10 10:9

23 34 3 5 26 18:8%* 14:12

24 20 3 2 15 12:3% L1:1%*

Total 487 62 96 329 196:133%*** 176:112%%*

#P<0-05; **P<0-01; ***P<0-001; — no comparison because only one hybrid was found.

1.0
0-9
0-8
07
0-6
0-5
0-4
0-3
0-2
0-1

0

R. spiciferum

Hybrids R. spinuliferum

FiG. 3. Results of STRUCTURE analysis for the K =2 model on the 566 samples, including allopatric population information (far left and far right regions of each
diagram) based on 13 microsatellite loci. The genetic components from R. spiciferum and R. spinuliferum are coloured red and blue, respectively. The scale on the y
axis means the rate of the genetic composition for each sample in structure analysis.

derivatives; 13 %), 164 backcrosses to R. spiciferum (29 %)
and 66 backcrosses to R. spinuliferum (12 %) (Table S7).

Each of the 362 accessions that were sequenced for the trnL-
F region had either the R. spiciferum or the R. spinuliferum
haplotype previously identified by Yan er al. (2013). Across all
populations, all individuals identified as R. spiciferum based on
morphology had the R. spiciferum haplotype, as did individuals
assigned to R. spiciferum in STRUCTURE. Similarly, all indi-
viduals identified as R. spinuliferum by morphology with the R.
spinuliferum haplotype were assigned to R. spinuliferum in
STRUCTURE (Table S6). Among the 329 hybrids assigned by
STRUCTURE analysis, 288 had their cpDNA haplotype deter-
mined. Of these, a significantly greater proportion (61-1 %
[176]) possessed the R. spiciferum haplotype relative to the
3899 % (112) that possessed the R. spinuliferum haplotype
(x> = 14-34, P < 0-001) (Table 2). In four of the 15 populations
with hybrids that were examined, there was a significantly
greater proportion of the R. spiciferum trnL-F haplotype present

among hybrid individuals examined (P10, P17, P21 and P24),
while in the other 11 populations there was no significant dif-
ference between the proportion of R. spiciferum and R. spinuli-

ferum haplotypes among hybrid individuals (Table 2).

DISCUSSION

Our molecular evidence indicated that ‘R. Xduclouxii’ com-
prises natural hybrid individuals between R. spiciferum and R.
spinuliferum. The two parental species are clearly separable
based on nuclear microsatellite analysis (Figs 2 and 3), and the
hybrids form a complete spectrum of genotypes from one par-
ent to the other (Figs 3-5; Table S7), indicating that backcross-
ing in both directions is common. In addition, hybrid
individuals could have the chloroplast trnL-F haplotype of ei-
ther parent. Hence the hybrids did not form a consistent and
self-perpetuating lineage and therefore do not constitute a stabi-
lized hybrid species; instead, the hybrid populations represent a
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series of hybrid swarms. Across all 15 non-allopatric popula-
tions examined, F';s appeared to be rare or absent, and a major-
ity of hybrids possessed more R. spiciferum than R.
spinuliferum germplasm, indicating that hybridization is

asymmetrical, with more frequent backcrossing towards R.
spiciferum. However, when these populations are analysed sep-
arately the magnitude and direction of hybridization between R.
spiciferum and R. spinuliferum varies.
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Magnitude and direction of hybridization

When combining data from all 15 non-allopatric populations,
both nuclear microsatellite and chloroplast #rnL-F analyses con-
sistently indicated that hybridization in R. spiciferum and R.
spinuliferum is bidirectional but asymmetrical (Table 2; Fig. 3).
Overall, there were significantly more hybrids with the nuclear
germplasm and #rnL-F haplotype of R. spiciferum than R. spi-
nuliferum (Table 2). In three of the 15 populations (P11, P23
and P24) there was a significantly greater number of hybrid in-
dividuals with >50 % R. spiciferum nuclear germplasm com-
pared with those with >50 % R. spinuliferum, indicating more
backcrossing towards R. spiciferum. Among the remaining
populations, eight had a majority of hybrid individuals contain-
ing >50 % R. spiciferum nuclear germplasm, but differences
were not significant (Table 2). Similarly, among the 15 popula-
tions containing hybrids, four (P10, P17, P21 and P24) had sig-
nificantly more hybrids with the R. spiciferum than with the R.
spinuliferum trnL-F haplotype (Table 2; Fig. 4) and six showed
similar trends, but the differences were not significant. This
strong asymmetry indicates that R. spiciferum is favoured as the
maternal (cpDNA) parent in these populations, which could be
because hybrids possessing this cpDNA haplotype descended
from a single F'; possessing R. spiciferum cpDNA.

Collectively, our results indicated that a total of six popula-
tions showed significant patterns of asymmetrical hybridization
for (1) both cpDNA and nuclear DNA (nDNA) (P24), (2) only
nDNA (P11 and P23) and (3) only cpDNA (P10, P17 and P21).
In these cases, asymmetrical hybridization may be due to three
possible mechanisms. First, differences in flowering phenology
may be playing an important role in determining the direction
of hybridization as well as the extent of introgression in hybrid-
izing Rhododendron populations (Milne and Abbott, 2008).
Based on field observations, R. spinuliferum nears the end of
flowering as R. spiciliferum reaches peak anthesis (L. J. Yan,
unpubl. res.). This may provide more opportunities for bees to
move pollen from the anthers of R. spinuliferum to the stigmas
of R. spiciferum than vice versa, which should favour R. spicife-
rum as the maternal parent of F;s. Given that cpDNA appears
to be maternally inherited in Rhododendron (Zhang et al.,
2007), this could account for a bias in favour of R. spiciferum
cpDNA in hybrids. In addition, the flowering time of hybrids
overlaps longer with that of R. spiciferum (L. J. Yan, unpubl.
res.), which might lead to more frequent backcrossing with this
parent than the other, which would also account for the greater
proportion of hybrids approaching this species in genotype.

A second possible mechanism driving asymmetrical hybrid-
ization and gene flow is pollinator behaviour. Based on pollin-
ator observations in population 17, where cpDNA analysis also
showed patterns reflecting asymmetrical hybridization
(Table 2), bumblebees (Bombus spp.) and honey bees (Apis
cerana) are common pollinators to both species and hybrids,
but hornets (Vespa spp.) and solitary bees (Osmia spp.) typic-
ally only pollinate R. spiciferum and hybrids (L. J. Yan, unpubl.
res.). This might be because R. spinuliferum has red tubular
flowers, where nectar is less accessible than in the more open
funnel-form flowers of R. spiciferum. Therefore, in some popu-
lations bumblebee and honeybee visitation may facilitate bidir-
ectional hybridization, whereas asymmetrical patterns of
hybridization may be caused by other pollinators transferring

pollen solely between hybrids and one of the parent species.
Similar patterns have been found in /ris hybrid zones (Emms
and Arnold, 2000; Wesselingh and Arnold, 2000; Martin et al.,
2008). For instance, hummingbirds prefer Iris fulva and tend to
transfer pollen between F; hybrids and this parental species,
whereas bumblebees tend to transfer pollen between F hybrids
and Iris hexagona (Emms and Arnold, 2000). The extent of pol-
linator specialization in Rhododendron hybrid swarms remains
to be tested.

Finally, asymmetries in the composition of the pollen pool
may be another mechanism driving asymmetrical hybridization
and gene flow in our hybrid zones. Typically, R. spinuliferum
plants are larger, have more flowering branches and have more
pollen grains in their anthers (L. J. Yan, unpubl. res.). Extreme
differences in the pollen pool composition resulting in asym-
metry in the pollen pool have been shown in mulberry hybrid
zones, where 92 % of the pollen pool was from hybrids and
Morus alba, while only 8 % was from Morus rubra. This, in
turn, facilitates asymmetrical gene introgression via interspe-
cific ovule discounting (Burgess et al., 2008). Although such
pollen asymmetries in our Rhododendron hybrid swarms have
not been fully evaluated, their potential contribution to hybrid
swarm structure, coupled with asymmetries in flowering time
and pollinator preference, provide an additional mechanistic ex-
planation for the asymmetrical patterns of hybrid swarm struc-
ture found in this study.

The presence of asymmetrical patterns of hybridization and
gene flow in some populations but little to none in others may
also reflect the age of a hybrid swarm, and how it formed. If the
hybrids in a hybrid swarm originated from a single F, most of
them would have that F; as a maternal ancestor, because the
mechanisms that restrict hybrid formation between the parent
species would also limit backcrossing to them, by restricting
the deposition, germination or growth of dissimilar pollen,
including F; pollen (Campbell ef al., 2003). No such limits
would apply to F; mothers, which can only self, breed with
other hybrids, or be pollinated by a parental individual.
However, the occasional exception to this would gradually
introduce the cpDNA of the other species into a long-lived hy-
brid swarm. Therefore, hybrid swarms with a strong cpDNA
bias might have originated recently, with most cpDNA coming
from the founding F; hybrids, whereas those with a more even
mix are either older or originated from multiple Fs, including
at least one with the cpDNA of each parent species.

Do cpDNA and nuclear population structure vary across the 15
non-allopatric populations?

Hybrids in most of the non-allopatric populations showed
concordant patterns in their nuclear composition and cpDNA
haplotypes. Specifically, hybrids with R. spiciferum cpDNA
tended to have >50 % R. spiciferum germplasm. However,
population 10 and population 21 displayed the reverse pattern,
in which a significantly higher number of hybrids had the R.
spiciferum cpDNA haplotype, whereas the majority of hybrids
had >50 % R. spinuliferum germplasm (Table 2). This could
result from an original F; with R. spiciferum cpDNA that
mostly backcrossed towards R. spinuliferum. Otherwise, it
could reflect chance, or the age of contact between parent
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species either promoting or restricting hybridization. All except
one of the non-allopatric populations examined in this study
included both parental species and hybrids, although the num-
ber of hybrids varied among populations (Table 2).

While most populations contained a spectrum of nuclear
genotypes, from intermediates to backcrosses approaching each
parent, there were exceptions to this pattern. In population 10,
18 of the 20 hybrid-like individuals had between 25 and 75 %
nDNA of R. spinuliferum, whereas only two individuals ap-
peared to be second-generation backcrosses. While this could
be the result of hybrids breeding with one another, it may sim-
ply be a young hybrid swarm, where most hybrids are second
generation, and later-generation backcrosses have not had time
to form.

Potential effects of hybridization

Based on the present genetic evidence, the outcome of nat-
ural hybridization in this study could be multifold. According
to our 45 classes NEWHYBRIDS analyses, F; individuals are
rare, and possibly absent among all hybrid individuals detected
here (Supplementary Data Table S8). This finding differs from
previous hybridization studies on Rhododendron, in which hy-
brid zones tend to be dominated by F-generation hybrids
(Milne et al., 2003; Milne and Abbott, 2008; Zha et al., 2010),
although one example is known to contain eight F, hybrids and
two Fs but no detectable backcrosses (Ma et al., 2010). In
populations where F;s dominate, it is presumed to be due to
their habitat-mediated superiority, which could prevent gene
flow between their parental species by Fs outcompeting other
hybrid classes (Milne et al., 2003; Christe et al., 2016). Our re-
sults, however, are similar to previous reports of the structure
of hybrid swarms/zones formed by many other naturally
hybridizing plant taxa (e.g. Cruzan and Arnold, 1993; Arold,
2006; Arnold et al., 2010; Zeng et al., 2011), in which Fs are
rare to absent. Rarity of F';s in hybrid populations may in some
degree be due to fairly strong prezygotic reproductive isolation
(Amold et al., 2010), minimizing initial ', formation events.
Conversely, once an F; is formed, all of its descendants will be
hybrid derivatives, and these can hence rapidly multiply in
number, producing later-generation hybrids, from which the
transfer of novel alleles between hybridizing lineages via re-
peated backcrossing (introgression) becomes possible (Arnold
and Hodges, 1995; Rieseberg, 1995; Amold et al., 1999, 2001,
2003). In Rhododendron, seeds are formed in such massive
numbers that even a tiny proportion of F; seed can lead to F-
dominated hybrid zones, where a strong fitness advantage exists
for Fy seeds (Milne et al., 2003). In the current study, therefore,
there appears to be no such advantage for F';s, although we
have not tested this directly.

Certain population genetic parameters examined indicated
that hybrids are more variable than their parents (Table 1), but
this result is likely an artefact of sample size whereby the detec-
tion of rare alleles, for example, may be greater for hybrid
classes compared with the parental populations. The fact that
observed heterozygosity (Table 1) in hybrids was more compar-
able to R. spiciferum than R. spinuliferum indicates a plausible
outcome of the magnitude of asymmetrical hybridization found
in our study. Furthermore, the presence of second- and possibly

third-generation backcrosses among the individuals examined
indicates a strong potential for introgression in both directions.
The detection of introgressed individuals requires markers that
are strongly species-specific, such that the detection of one
such marker in individuals resembling the other species would
reveal interspecific gene flow. In the current study, only
cpDNA haplotypes were species-specific, with none present in
the other species. The lack of species-specific nuclear markers
might indicate recent divergence between these species or the
occurrence of ongoing gene flow between them on a broad
scale, according to Wu’s (2001) genic species concept.

Although some hybrids have formed a single population in
our study (population 10) and are separate from other parental
populations to some degree, the contribution of R. spinuliferum
to their nDNA composition varies between 25 and 85 %, indi-
cating that most of these individuals belong to F'{/F, hybrids or
BC, hybrid classes. Thus, even in this extreme case, where the
potential for hybrid speciation through reproductive isolation of
this hybrid population is plausible, collectively our results indi-
cate that hybridization between R. spiciferum and R. spinulife-
rum is more likely to lead to introgression than to hybrid
speciation.

CONCLUSIONS

Collectively, our cpDNA and nuclear microsatellite analyses
confirm that R. Xduclouxii is not a hybrid species but rather
comprises a range of natural hybrids between R. spiciferum and
R. spinuliferum. Therefore, the ‘hybrid species’ concept of R.
X duclouxii is untenable. Our results further indicate that hy-
bridization between R. spiciferum and R. spinuliferum is bidir-
ectional but asymmetrical in some populations, and that the
magnitude and direction of hybridization varies among hybrid
swarms. Although our results indicate that hybridization be-
tween R. spiciferum and R. spinuliferum is more likely to lead
to introgression than to hybrid speciation in our hybrid swarms,
to fully evaluate the factors controlling gene flow and species
barrier maintenance in this system, a thorough assessment of
the breeding system and fitness attributes of this hybridizing
group is necessary.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: principal
coordinates analysis for 566 accessions of R. spiciferum, R. spi-
nuliferum and their hybrids based on genetic distances, showing
results for (a) the first and second principal coordinates and (b)
the first and third principal coordinates. Figure S2: AK statistics
(K =1-10) based on STRUCTURE analysis of 566 individuals
of R. spiciferum, R. spinuliferum and their hybrids with prior
allopatric population information included in the analysis; the
result indicated the optimal K value is 2. Table S1: collection
information for nine allopatric and 15 non-allopatric popula-
tions in Yunnan Province, China. Table S2: morphological dif-
ferences among R. spiciferum, hybrid and R. spinuliferum.
Table S3: characteristics of 13 nuclear microsatellite loci used
in this study. Table S4: genotypes of 566 accessions of R. spici-
ferum, R. spinuliferum and their hybrids with 13 nuclear
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microsatellite loci arranged in Excel using GenALEx 6.501.
Table S5: P values for Hardy—Weinberg equilibrium test based
on Nei’s Gjs analysed in GenoDive 2.0b27. Table S6: test of
linkage disequilibrium across all loci. Table S7: identification
of 566 accessions of Rhododendron based on morphological,
cpDNA (#rnL-F) haplotype and nuclear (STRUCTURE, hybrid
index, NEWHYBRIDS) analyses. Table S8: group assignment
using the 45 classes method for NEWHYBRIDS.
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