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* Background and Aims Differences in local abundance and ploidy level are predicted to impact the direction of
introgression between species. Here, we tested these hypotheses on populations of Betula albosinensis (red birch)
and Betula platyphylla (white birch) which were thought to differ in ploidy level, the former being tetraploid and
the latter diploid.

e Methods We sampled 391 birch individuals from nine localities in China, and classified them into species
based on leaf morphology. Twelve nuclear microsatellite markers were genotyped in each sample, and analysed
using principal coordinates analysis and STRUCTURE software. We compared the effects of two different meth-
ods of scoring polyploid genotypes on population genetic analyses. We analysed the effect of ploidy, local species
abundance and latitude on levels of introgression between the species.

* Key Results Leaf morphology divided our samples into red and white birch, but genetic analyses unexpectedly
revealed two groups within red birch, one of which was tetraploid, as expected, but the other of which appeared to
have diploid microsatellite genotypes. Five individuals were identified as early-generation hybrids or backcrosses
between white birch and red birch and five were identified between red birch and ‘diploid’ red birch. Cline analysis
showed that levels of admixture were not significantly correlated with latitude. Estimated genetic differentia-
tion among species was not significantly different between determined tetraploid and undetermined tetraploid
genotypes.

e Conclusions Limited hybridization and gene flow have occurred between red birch and white birch. Relative
species abundance and ploidy level do not impact the direction of introgression between them, as genetic admix-
ture is roughly symmetrical. We unexpectedly found populations of apparently diploid red birch and this taxon
may be a progenitor of allotetraploid red birch populations. Incomplete lineage sorting may explain patterns of
genetic admixture between apparently diploid and allotetraploid red birch.

Keywords: Betula, genetic structure, hybridization, microsatellite, morphometric analysis, PCO, symmetric

introgression.

INTRODUCTION

Introgression, the transfer of genetic materials across species
boundaries via hybridization and backcrossing, is a common
phenomenon in plants and animals (Arnold, 2006; Rieseberg
et al., 2007). It plays an important role in species evolution,
introducing diversity and sometimes adaptive alleles into popu-
lations (Whitney et al.,2010; Abbott et al.,2013). Understanding
the direction of introgression can inform species conservation
and management. Several factors are predicted to influence the
direction of introgression. Species of high local abundance are
likely to produce a lower proportion of hybrid offspring than
species of low local abundance, resulting in asymmetrical
introgression (Hubbs, 1955; Mayr, 1963; Wirtz, 1999; Burgess
et al., 2005; Lepais et al., 2009). Introgression of genes is more
likely from diploid to tetraploid populations than vice versa
(Stebbins, 1971) because both diploids and hybrid triploids are

more likely to produce diploid gametes than tetraploids are to
produce haploid gametes. To date, only a few molecular studies
testing Stebbins’ hypothesis have been reported: for example,
asymmetrical introgression was reported to occur from Betula
nana (2x) into B. pubescens (4x) (Wang et al., 2014a; Eidesen
et al., 2015; Zohren et al., 2016) and from Miscanthus sinensis
(2x) into M. sacchariflorus (4x) (Clark et al., 2015). In addition,
asymmetrical hybridization can occur due to demographic his-
tory (Buggs, 2007; Currat ef al., 2008) and asymmetrical mat-
ing barriers (Martin and Willis, 2007). When more than one of
these factors is in play for hybridizing species, it may be hard
to predict the direction of introgression.

Species of Betula provide an excellent system to investigate
the patterns of introgression. This genus includes ~65 species,
subspecies and varieties, with distributions spanning from the
subtropics to the arctic region (Ashburner and McAllister, 2013).
Polyploidy within Betula is common, with nearly 60 % of its
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species estimated to be polyploids, and the ploidy level rang-
ing from diploidy to dodecaploidy (Ashburner and McAllister,
2013; Wang et al., 2016). Extensive hybridization and intro-
gression within Betula, especially within the subgenus Betula,
have been investigated based on morphology, cytogenetics,
molecular markers and genome size analysis (Johnsson, 1945;
Barnes et al., 1974; Anamthawat-Jonsson and Témasson, 1990,
1999; Anamthawat-Jonsson and Thérsson, 2003; Anamthawat-
Jonsson et al., 2010; Wang et al., 2014a, b; Eidesen et al., 2015;
Tsuda et al., 2017). Hybridization and introgression also occur
among Betula species of different subgenera (Barnes et al.,
1974; Thomson et al., 2015). Triploid individuals have been
frequently observed, indicating hybridization between differing
ploidy levels (Anamthawat-J6nsson and Témasson, 1999).

In this study, we selected two species of the subgenus Betula:
red birch of section Costatae and white birch of section Betula
(Ashburner and McAllister, 2013). In China, both species are
widely distributed from the south-west to the north, with white
birch having a more northern distribution and often being found
at lower altitudes. Their ranges overlap substantially, giving
plenty of opportunities for hybridization. In some areas, red
birch is limited to sparse mountain-top populations, whereas
white birch is widespread and much more abundant on lower
slopes. In other areas, the two are intermixed with roughly
similar abundance. Birch, like some other plant species, shows
shifts in altitudinal range in response to climate change (Liang
etal.,2018; Du et al., 2018). As the climate warms, white birch
tends to move up to higher altitudes, coming into contact with
red birch, giving enhanced potential for hybridization to occur.
The two species differ in ploidy level, with red birch reported as
tetraploid and white birch as diploid (Ashburner and McAllister,
2013; Wang et al., 2016).

Despite a wide overlapping distribution between red birch
and white birch, to our knowledge no studies have been con-
ducted to investigate if hybridization and introgression occur
between the two species. If hybridization does occur, we do
not know how patterns of introgression might be affected by
differences in local abundance and ploidy level. Hence, in the
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present study, we aimed to address the following questions: (1)
Do hybridization and introgression occur between these two
widespread species? (2) If introgression occurs, what is its dir-
ection? (3) How do species abundance and ploidy level affect
the direction of introgression? To this end, we genotyped 391
birch individuals to infer rates of hybridization and direction of
introgression between red birch and white birch.

MATERIAL AND METHODS

Sampling

Samples were collected by the research group during the sum-
mers of 2016 and 2017. Sampling locations were recorded
using a GPS system (UniStrong) (Table 1). For most individu-
als, we collected a specimen and dried it naturally in a press
until DNA extraction. For some individuals where trees were
too tall to collect twigs, we just took cambium tissues. We left a
minimum of 20-30 m between samples to avoid the chance of
repeated sampling of the same clone. In total, we collected 391
individuals: 241 were identified by morphology as red birch
and 150 as white birch. We collected from a total of nine popu-
lations, six of which contained both red and white birch, and
three of which contained only red birch (Fig. 1).

Morphometrics

One to five intact and mature leaves from pressed speci-
mens retaining leaves were selected for morphometric analysis.
A total of 382 mature leaves from 139 red birch individuals and
218 leaves from 74 white birch individuals were scanned using
a Hewlett-Packard printer (LaserJet Pro MFP M128fn) with a
resolution of 600 d.p.i. Thirteen landmarks were selected from
each scanned leaf as described in previous studies (Jensen et al.,
2002; Viscosi et al., 2009; Liu et al., 2018). These were: the distal
tip of petiole (1), the junction between the petiole and the leaf

TABLE 1. Sampling information and genetic diversity of 16 populations of red birch, ‘diploid’ red birch and white birch based on micro-
satellites. Populations with less than seven samples are not included

Code Species* Location Latitude (°N) Longitude (°E) Gene diversity Allelic richness
XYB R (18) Ningshan County 33.47 108.5 0.78 5.99
XYB D (7) Ningshan County 33.47 108.5 0.68 43
BYS D (20) Song County 33.65 111.83 0.61 3.84
TY R (38) Taibai County 34 107.29 0.78 5.82
TY W (32) Taibai County 34 107.29 0.59 4.06
TTH R (30) Feng County 34.27 106.52 0.78 6.12
TTH W (23) Feng County 34.27 106.52 0.59 4.16
MIS R (8) Maiji Mountain 34.34 106.02 0.77 5.47
SWp R (24) Shunwangping 3543 111.97 0.76 5.77
SWP W (15) Shunwangping 35.43 111.97 0.66 44
PQG R (32) Pangquangou 37.89 111.43 0.8 6.11
PQG W (21) Pangquangou 37.89 111.43 0.67 4.5
BSH R (20) Baishi Mountain 39.21 114.69 0.8 6.11
BSH W (19) Baishi Mountain 39.21 114.69 0.61 4.41
XLS R (25) Xiling Mountain 40.03 115.32 0.8 6.34
XLS W (30) Xiling Mountain 40.03 115.32 0.65 4.65

*R, D and W represent red birch, ‘diploid’ red birch and white birch, respectively. The number in parentheses is the sample size. One location (BYS) for red

birch and one location (TTH) for ‘diploid’ red birch were not included in this table as sample numbers there are less than seven.
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FiG. 1. Map showing sampling sites. Orange circles and green triangles represent red birch and white birch, respectively. Asterisks indicate populations where
‘diploid’ red birch was found.

blade (2), the first serration on the right-hand side of the leaf (3),
the right-hand point of one-fifth of the leaf from the lower side
(4), the right-hand point of the widest part of leaf (5), the right-
hand point of three-fifths of the leaf from the lower side (6), the
right-hand point of four-fifths of each leaf from the lower side (7),
the leaf tip (8), the left-hand point of four-fifths of the leaf from
the lower side (9), the left-hand point of three-fifths of the leaf
from the lower side (10), the left-hand point of the widest part
of the leaf (11), the left-hand point of one-fifth of the leaf from
the lower side (12) and the first serration on the left-hand side of
the leaf (13) (Supplementary Data, Fig. S1). The x and y coord-
inates of each landmark were recorded on digitized leaves using
the program ImageJ (Abramoff et al., 2004). The 13 landmarks
were converted to a configuration of 26 cartesian coordinates in
13 pairs (x, y) for each leaf. Cartesian coordinates of landmarks
were recorded on digital images and were stored in a ‘.txt’ file.
Principal component analyses (PCAs) on the normalized matrix
were conducted on the level of each leaf and each specimen, re-
spectively, using the program MORPHOJ (Klingenberg, 2011).

DNA extraction and microsatellite genotyping

We isolated total genomic DNA from cambial tissue from nat-
urally dried specimens following a modified 2x CTAB (cetyltri-
methylammonium bromide) protocol (Wang et al., 2013). The

isolated DNA pellets were resuspended in 50-100 pL TE buffer
and were assessed with 1.0 % agarose gels. The DNA was di-
luted to a final concentration of 5-20 ng pL.~! for subsequent use.
Twelve microsatellite loci developed for Betula pendula (Kulju
et al., 2004), B. pubescens subsp. tortuosa (Truong et al., 2005)
and B. maximowicziana (Tsuda et al., 2009) were used for gen-
otyping our samples (Supplementary Data, Table S1). The 5’
terminus of the forward primers was labelled with FAM, HEX
or TAM. We amplified each microsatellite marker individually
prior to artificially combining them into four multiplexes. In
each multiplex, some loci with significant length difference
were labelled using the same dye and others with different
dyes to avoid potential errors caused by size overlapping. For
a subset of samples, polymerase chain reactions (PCRs) were
conducted combining between two and four pairs of microsat-
ellites in each multiplex using Qiagen master mix. The final
reaction volume was 10 pL, including 5 pL Qiagen PCR Master
Mix, 0.2 pL of primers (10 pm each in initial volume), 3.6 nL.
H,0 and 5-20 ng of DNA dissolved in 1.0 pL TE buffer. For red
birch, an initial denaturation step at 94 °C for 30 s was followed
by 28 cycles of denaturation (94 °C for 30 s), annealing (57 °C
for 90 s) and extension (72 °C for 60 s) steps, and a final exten-
sion step at 60 °C for 30 min. For white birch, we used the same
settings for PCR except a final extension step at 72 °C for 5 min
to achieve better results. Fragment lengths were determined by
capillary gel electrophoresis using an ABI 3730xl capillary
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sequencer (Applied Biosystems). We scored alleles using the
software GENEMARKER 2.4.0 (Softgenetics) based on rela-
tive peak heights and checked these manually. Individuals with
more than three missing loci were excluded, resulting in 371
individuals in the final dataset. For tetraploids, where loci were
heterozygous we manually estimated the number of copies of
each allele using the relative heights of allele peaks. For ex-
ample, if a tetraploid individual has two alleles A and B, with
roughly equal intensity of peak signal; we designated its geno-
type as AABB. If the signal of allele A is roughly three times
as that of allele B, we encoded it as AAAB. For some indi-
viduals, the peaks were insufficiently clear to determine allele
copy number in this way.

Population structure analyses

We analysed the microsatellite data in STRUCTURE
2.3.4 (Pritchard et al., 2000) to identify the most likely num-
ber of genetic clusters (K) with a ploidy level setting of
4. STRUCTURE implements algorithms accounting for geno-
typic uncertainty when the data include polyploids with par-
tially heterozygous loci. Admixed individuals and putative
hybrids could be identified as they have ancestry from differ-
ent genetic clusters. We created two datasets for STRUCTURE
analysis. In dataset 1 (hereafter D1), we did not use our man-
ual estimates of allele copy numbers in partially heterozygous
tetraploid individuals. This approach has been adopted in many
previous studies. For example, if a tetraploid has three alleles A,
B and C, we encoded it as ABC-9; if it has two alleles A and B,
we left it as AB-9-9 where -9 represents missing data. In dataset
2 (D2), we used our manual estimates of allele copy number of
partially heterozygous tetraploid individuals.

We performed ten replicates of the STRUCTURE analysis
(with 1000 000 generations and a burn-in of 100 000 for each
run) at each value of K from 2 to 6, under the admixture model,
with an assumption of correlated allele frequencies among
populations. Individuals were assigned to clusters based on
the highest membership coefficient averaged over the ten inde-
pendent runs. AK was calculated based on the rate of change
in the log probability of the data between successive K values
(Evanno et al., 2005) using the program Structure Harvester
(Earl and vonHoldt, 2011). Replicate runs were grouped
based on a symmetrical similarity coefficient of >0.9 using
the Greedy algorithm in CLUMPP (Jakobsson and Rosenberg,
2007) and visualized in DISTRUCT 1.1 (Rosenberg, 2004). We
chose the optimal value of K based on the AK analysis of the
STRUCTURE outputs.

We performed principal coordinates (PCO) analysis of D1
and D2 using POLYSAT (Clark and Jasieniuk, 2011) imple-
mented in R 2.15.3 (R Core Team, 2012), based on pairwise
genetic distances calculated according to Bruvo et al. (2004).
Wright’s fixation index, F,, was also calculated among spe-
cies for both D1 and D2. Note that POLYSAT assumes that the
allele copy number is always ambiguous in microsatellite data
for heterozygotic polyploid loci.

The software FSTAT (Goudet, 2001) was used to calculate
gene diversity (Nei, 1987) and allelic richness (EI Mousadik
and Petit, 1996) using D2. As our dataset includes diploid and
tetraploid individuals, we treated tetraploid genotypes as two
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diploid individuals as described by Tsuda et al. (2017). For a
few individuals with any ambiguous locus, if a locus had three
alleles we duplicated the last allele while if had two alleles we
left it unchanged.

Comparison of level of admixture

We divided our sampling locations into three groups based
on the relative abundance of red and white birch estimated in
field observations. The first group (Group 1) comprises loca-
tions XYB, BYS and MJS where no white birch was observed;
the second (Group 2) comprises locations TY, TTH, SWP, PQG
and BSH where red and white birch had equal abundance, or
red birch was at slightly higher abundance; and the third group
(Group 3) is the XLS location where red birch was sparsely dis-
tributed at the top of a mountain and white birch was extremely
abundant below. As STRUCTURE results of D1 and D2 were
different for K = 3 and above, we compared the level of admix-
ture between STRUCTURE results of D1 and D2 when K = 2
using a paired r-test. In addition, we compared if admixture was
symmetrical between white birch (2x) and red birch (4x) based
on the STRUCTURE result of D1 for K = 3.

All statistical analyses were conducted in R 2.15.3 (R Core
Team, 2012). We first conducted the Shapiro—Wilk normality
test of genetic admixture values for each location from white
birch into red birch and vice versa using the ‘shapiro.test’ func-
tion. For values which are not normally distributed, we con-
ducted a Mann—Whitney U-test to test the difference between
genetic admixture from white birch into red birch and from red
birch into white birch in each location, using the function ‘wil-
cox.test’. The difference in genetic admixture from red birch
into white birch between groups 2 and 3 was also tested using
a Mann—Whitney U-test. The effects of groups on ‘genetic
admixture from red birch into white birch” were tested by the
Kruskal-Wallis test, using the function ‘kruskal.test’.

To determine if genetic admixture from white birch into red
birch is correlated with latitude, we performed a mixed effects
model using the Ime function in R 2.15.3 (Pinheiro and Bates,
2000) as described in previous studies (Wang et al., 2014a;
Zohren et al., 2016).

ITS sequencing

The nuclear ribosomal internal transcribed spacer (nrITS)
region (ITS1, 5.8S and ITS2) was amplified using primers ITS4
(White et al., 1990) and ITSLeu (Baum er al., 1998). The vol-
ume of the reaction mix was 20 pL, containing: 10 pL of mix
(Tiangen), 0.5 pL of each primer (10 mm), 10 pL of ddH,0
and 1 pL of diluted DNA (10-20 ng). The PCR was carried out
using the same programme as described by Wang et al. (2016).
The PCR products were sent to Tsingke Company (Qingdao
city) for sequencing. A total of 28 individuals were selected
for Sanger sequencing, representing 22 morphologically identi-
fied red birch and six B. costata (2x) (GenBank accession num-
bers MK453256-MK453283). Betula costata is a close relative
of red birch and has a more northern distribution (Ashburner
and McAllister, 2013). This species was included to check if it
formed a cluster with red birch. We incorporated ITS sequences
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of another 24 ‘verified’ accessions for subsequent analysis.
Alnus viridis was chosen as the outgroup. In total, 53 sequences
were aligned using BioEdit v7.0.9.0 (Hall, 1999) with default
parameters and the alignment edited manually where neces-
sary. A maximum-likelihood (ML) analysis was conducted
in RAXML-8.2.11 (Stamatakis, 2014) with a rapid bootstrap
analysis with 100 bootstraps and ten searches under a GTR+I"
nucleotide substitution model. The phylogenetic tree was visu-
alized in FigTree v.1.3.1 and edited in Adobe Illustrator CS6
(Adobe Systems).

RESULTS

Morphometric analysis

PCA on leaf morphology identified two distinct clusters. PC1
separated white birch from red birch, summarizing 50.4 % of
the variation among leaves (Fig. 2A) and 61.5 % of the variation
among individuals (Fig. 2B), whereas PC2 explained 10.3 %
of the variation among leaves (Fig. 2A) and 9.4 % of the varia-
tion among individuals (Fig. 2B).

Microsatellite analysis

Bruvo’s genetic distances among all 371 individuals were
calculated and scaled for D1 and D2. PCO analysis based on
Bruvo’s genetic distances were conducted for D1 and D2 and
gave similar patterns (Fig. 3). The first axis separated white
birch from red birch and the second axis unexpectedly sepa-
rated red birch into two distinct clusters (Fig. 3). On closer
examination, it became clear that all individuals in the smaller
genetic cluster within red birch possessed no more than two
alleles for each of the 12 microsatellite loci: thus they were
diploid-like. For the rest of the paper we term these ‘diploid’
red birch (Supplementary Data, Fig. S2).

STRUCTURE analysis of D1 and D2 with K = 2 assigned
populations that corresponded well to the white birch and red
birch morphological groups (Fig. 4). With K = 3, D1 assigned
a third population (Fig. 4A), which corresponded well to the
‘diploid’ red birch group whereas D2 showed a more complex
pattern within red birch that did not assign the ‘diploid’ red
birches to their own population, but seemed to differentiate the
parental sub-genomes of the tetraploid red birches, suggest-
ing that one of the sub-genomes was the same as the genome
of ‘diploid’ red birch (Fig. 4B). With K = 4, both D1 and D2
assigned the ‘diploid’ red birches to their own population, and
both had a pattern of assignments within the remaining red
birches, suggesting an allopolyploid origin (Fig. 4). Hence,
hereafter we refer to these as ‘allotetraploid’ red birch. Based
on the AK criterion (Supplementary Data Fig. S3), K = 3 was
the most suitable value for D1 and K = 4 for D2.

STRUCTURE analysis of D1 for K = 3 identified five ‘allo-
tetraploid’ red birch individuals with high levels (>0.1) of
admixture from white birch, and one white birch individual with
admixture from both ‘diploid’ and ‘allotetraploid’ red birch.
All of the admixed red birch individuals were ‘allotetraploid’.
This analysis also identified six individuals with high levels of
admixture between ‘allotetraploid’ red birch and ‘diploid’ red

1183

birch. (Fig. 4A). All five of the individuals with high admixture
between ‘allotetraploid’ red birch and white birch were from
localities containing both of these species (three from the XLS
population and two from TY and BSH) (Fig. 4A). Five of the
individuals with high admixture between ‘allotetraploid’ red
birch and ‘diploid’ red birch were collected from two sympa-
tric populations (XYB and TTH) and one was from a popula-
tion (SWP) where pure ‘diploid’ red birch was not detected.
There were many cases of low (<0.1) admixture between ‘allo-
tetraploid’ and ‘diploid’ red birch, but fewer between red and
white birch.

Levels of admixture of ‘diploid’ red birch alleles into ‘allo-
tetraploid’ red birch decreased from south to north, but this
was not significant (P = 0.055) (Fig. 5A). Similarly, there was
no significant latitudinal trend of introgression of white birch
alleles into ‘allotetraploid’ red birch (P = 0.076) (Fig. 5B).

Gene diversity for each locality was 0.76-0.8 for ‘allotetra-
ploid’ red birch, 0.61-0.68 for ‘diploid’ red birch and 0.59-0.67
for white birch. Allelic richness was 5.47-6.34 for ‘allotetra-
ploid’ red birch, 3.84—4.3 for ‘diploid’ red birch and 4.06-4.65
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for white birch (Table 1). Tukey post hoc tests showed that gene
diversity and allelic richness were higher in ‘allotetraploid’ red
birch than in white birch (P = 0) and were similar between ‘dip-
loid’ red birch and white birch (P = 0.79 and 0.39 for gene di-
versity and allelic richness, respectively).

Comparison of genetic admixture

For the six populations of white birch and red birch with
sympatric or parapatric distributions, genetic admixture from
white birch into ‘allotetraploid’ red birch shows no significant
difference with that from ‘allotetraploid’ red birch into white
birch except population BHS (P = 0.009, Mann—Whitney
U test). In addition, no significant difference was detected
between Groups 1 and 2 but a significant difference was
revealed between Groups 1 and 3 (P = 0.009, Dunn post hoc
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test) and between Groups 2 and 3 (P = 0.01, Dunn post hoc
test) as regard with genetic admixture from white birch into
‘allotetraploid’ red birch (Fig. 6).

Paired #-tests showed no significant difference in
genetic admixture from white birch into red birch between
STRUCTURE results for D1 and D2 for K = 2 (P = 0.062,
paired t-test). A marginally significant difference was detected
for Group 3 between STRUCTURE results for D1 and D2 for
K =2 (P =0.024, paired z-test).

Phylogeny based on ITS sequences

A phylogeny based on ITS sequences showed that most of
the ‘diploid’ red birch clustered with ‘allotetraploid’ red birch
but with low support values (Supplementary Data Fig. S4).

DISCUSSION

Scoring heterozygotic genotypes in polyploids

Many previous studies of admixture between diploids and poly-
ploids have scored the alleles present in polyploid individuals
without determining the full heterozygote genotypes, as in
our dataset D1 (Garcia-Verdugo er al., 2013; Miinzbergova
et al., 2013). This may affect the conclusions drawn because
the frequency of rare alleles may be over-estimated and that of
common alleles under-estimated if the occurrence of multiple
alleles in one individual is ignored. For example, when Tsuda
et al. (2017) determined full tetraploid genotypes (as in our
dataset D2) at seven microsatellite loci, they found that genetic
differentiation among B. pendula (2x), B. pubescens (4x) and
B. nana (2x) was less pronounced than found by Wang et al.
(2014a) who did not fully determine genotypes. It is not clear
whether this difference is due to genotyping methods, as the
Tsuda et al. (2017) and Wang et al. (2014a) studies are on dif-
ferent samples and different loci.

In our study, using both genotyping methods on the same set
of data, we found highly similar genetic differentiation among
populations within white, ‘allotetraploid’ red and ‘diploid’ red
birch (Supplementary Data Fig. S5). In our STRUCTURE anal-
yses, D1 (undetermined genotypes) and D2 (determined geno-
types) both showed distinct clusters for the three species groups
attheir optimal values of K (K=3forD1 and K=4 for D2) (Fig. 4).
They both showed clusters for white birch and red birch at
K = 2, with no significant differences in estimated genetic
admixture from white birch into red birch in each. A margin-
ally significant difference was only detected for Group 3 where
genetic admixture appeared higher for the D2 dataset.

A distinct ‘diploid’ red birch

As mentioned above, STRUCTURE analyses revealed a
distinct cluster within red birch at optimal K values for data-
sets D1 and D2 (Fig. 4). This was further corroborated by
PCO analysis of microsatellite data (Fig. 3). In contrast, mor-
phometric analysis revealed only two distinct clusters, cor-
responding to white birch and red birch, respectively (Fig. 2).
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FiG. 4. STRUCTURE output for microsatellite datasets D1 (A) and D2 (B) at K=2, 3 and 4. The optimal cluster number for D1 and D2 is 3 and 4, respectively, based
on the AK value. Sampling locations are separated by thin black lines and labelled at the bottom of the figure. At K = 2, individuals predominantly coloured green
are white birch and individuals predominately coloured yellow are red birch. At K = 4, individuals predominately coloured orange are ‘diploid’ red birch.

Together, these data pointed toward a cryptic lineage of red
birch which was previously unrecognized based on morpho-
logical characters. Examination of the microsatellite calls
showed that at most two alleles were observed for each locus
from all these cryptic individuals (Supplementary Data Fig. S2).
Hence, we concluded that they may be a diploid cytotype of red
birch. STRUCTURE analysis using dataset D2 at K = 3 suggests
that this ‘diploid’ red birch may be a progenitor of ‘allotetetra-
ploid’ red birch. If this is the case, the allopolyploidization event
was long enough ago for the sub-genome within the allotetra-
ploid to have differentiated from the diploid genome, as it forms
a separate group in the STRCUTURE analysis of D2 at K = 4.
A phylogeny based on ITS showed that most of the ‘diploid’
red birch individuals clustered with ‘allotetraploid’ red birch
(Supplementary Data Fig. S4), indicating a close relationship.
It is possible that this ‘diploid’ red birch is one of two pre-
viously described close relatives of red birch: B. ashburneri
or B. costata. Betula ashburneri is a multi-stemmed shrub or
shrubby tree, reported from south-east Tibet (Ashburner and
McAllister, 2013). However, the ‘diploid’ red birch we de-
tected is not a multi-stemmed shrub, suggesting it is not B. ash-
burneri. Betula costata has its distribution in North China but
STRUCTURE analysis including this species showed it to form
a distinct genetic cluster to ‘diploid’ red birch (our unpublished
data). Based on this evidence, we infer that ‘diploid’ red birch
is likely to be a cytotype of B. albosinensis. Multiple cytotypes
are common and have been observed for some Betula species

such as the hexaploid and the octoploid cytotype of B. chinensis
(Ashburner and McAllister, 2013) and the diploid and the tetra-
ploid cytotype of B. pendula (Salojarvi et al., 2017).
Chromosome counting or genome size analysis is needed to
confirm the ploidy level of ‘diploid’ red birch. At this stage,
we cannot rule out the possibility of it being an autotetraploid
as microsatellite alleles may seem similar between the diploid
cytotype and the autotetraploid cytotype. A similar case has
been proposed by Zohren et al. (2016) where a UK birch indi-
vidual appeared to be diploid based on restriction-site associ-
ated DNA (RAD) data but had a tetraploid genome size. If there
is a ploidy level difference between ‘allotetraploid’ red and
‘diploid’ red birch, this would help explain their differentiation.
The ‘diploid’ red birches were detected in three locations, with
three individuals, seven individuals and 20 individuals sampled
from TTH, XYB and BYS, respectively. In contrast, ‘allotetra-
ploid’ red birch was present in all locations we sampled. This
indicated that the ‘diploid’ red birch is possibly rare compared
with ‘allotetraploid’ red birch and may need conservation.

Limited hybridization and genetic admixture

Five individuals were likely to be early-generation hybrids or
backcrosses between white birch and ‘allotetraploid’ red birch,
as they had an admixture proportion in STRUCTURE (dataset
D1, K = 3) of >0.1. One of these had an admixture proportion
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FiG. 5. Clines of ‘diploid’ red birch and white birch admixture in ‘allotetra-
ploid’ red birch populations. The horizontal axis and circles show the latitude
of each sample populations and logit-transformed STRUCTURE admixture
proportions for each ‘allotetraploid’ red birch individual, respectively. Red dia-
monds indicate the value for each ‘allotetraploid’ red birch population fitted
by the mixed effects model. (A) The cline of ‘diploid’ red birch admixture into
‘allotetraploid’ red birch populations, which showed a non-significant but nega-
tive correlation with latitude (P = 0.0551). (B) The cline of white admixture
into ‘allotetraploid’ red birch populations, which showed a non-significant but
negative correlation with latitude (P = 0.0755).

of >0.2. These are a much lower proportion of early-generation
hybrids or backcrosses than found in a study of hybridization
between B. lenta and B. alleghanensis and between B. papyrif-
era and B. alleghanensis (Thomson et al., 2015). The ploidy
level difference between white birch and ‘allotetraploid’ red
birch may be responsible for such a low incidence of hybrid-
ization, as triploid individuals are generally less fertile (Levin,
1975). Interestingly, we found less evidence for admixture be-
tween ‘diploid’ red birch and white birch than we did between
‘allotetraploid’ red birch and white birch. This could suggest
that the ploidy level difference is not an important factor in dif-
ferentiation, or that the ‘diploid’ red birch is autopolyploid.
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A possible alternative explanation for the signal of admix-
ture that we found in our STRUCTURE analyses is incomplete
lineage sorting (ILS) rather than introgressive hybridiza-
tion. ILS is likely among species with long generation times
and a large effective population size (Bouillé and Bousquet,
2005; Chen et al., 2010). Unlike hybridization, ILS is not ex-
pected to give a strong geographical signal (Barton, 2001).
In our STRUCTURE analyses we found that ‘allotetraploid’
red birches tended to have higher levels of admixture from
white birch in locations where white birch was also present,
and lower levels in locations XYB and BYS where white birch
was absent. This suggests introgressive hybridization, not
ILS. In contrast, ‘allotetraploid’ red birch individuals had a
low level of apparent admixture from ‘diploid’ red birch in
all populations, even when ‘diploid’ red birch was absent; this
suggests ILS.

Further research with a more comprehensive sampling is
needed to understand the relative importance of ILS versus
hybridization in this system. For example, we detected one
‘allotetraploid’ red birch in population SWP with a high level
of apparent admixture from ‘diploid’ red birch, despite the lack
of ‘diploid’ red birch individuals in the local area. This could
be due to ILS as stated above or the presence of hybrid or early
backcrosses in the absence of one parental species, which has
been demonstrated in some plant species, such as oaks (Dodd
and Afzal-Rafii, 2004) and pines (Lanner and Phillips, 1992).
Three hypotheses can explain the presence of hybrids in the
absence of one parental species: long-distance dispersal of pol-
len, local extinction of one parental species and sampling bias.
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Long-distance dispersal of pollen is likely for birches as they are
wind-pollinated species and their pollen can remain viable for
a long period (Hjelmroos, 1991; Skjgth ef al., 2007; Ashburner
and McAllister, 2013). Range expansion of one species into
the range of another has the potential to cause local extinction
of the declining species in birch (Wang et al., 2014a; Eidesen
et al., 2015; Zohren et al., 2016). This type of history would be
expected to cause gradients of genetic admixture into the zone of
expansion (Buggs, 2007). However, based on the currently avail-
able evidence, the demographic history of ‘diploid’ red birch and
‘allotetraploid’ red birch remains unresolved. Our third hypoth-
esis is that ‘diploid’ red birch was not sampled from SWP due
to its rarity and the difficulty of distinguishing its morphological
characteristics from ‘allotetraploid’ red birch among the wide-
spread stands of birch on the mountain. Hence, a more compre-
hensive sampling is needed to determine the presence or absence
of ‘diploid’ red birch at the SWP site, and more generally to
assess the roles of ILS and hybridization in the genetic structure
of the system.

Patterns of introgression

The relative abundance of hybridizing species can impact
hybridization dynamics (Hubbs, 1955; Nason et al., 1992;
Burgess et al., 2005; Lepais et al., 2009). A species with lower
abundance is expected to receive more pollen from a species of
higher abundance and F hybrids will also tend to receive pollen
from the more abundant species. Hence, backcrossing and intro-
gression tends to occur toward the more abundant species (Lepais
et al., 2009). In this study, we did not observe such a pattern. For
example, in the XLS population where white birch is much more
abundant than ‘allotetraploid’ red birch, the level of introgression
from ‘allotetraploid’ red birch into white birch is not higher than
vice versa. In addition, we also failed to observe higher levels
of introgression from white birch into ‘allotetraploid’ red birch
in populations where ‘allotetraploid’ red birch has a higher or
roughly equal abundance than white birch. One possible expla-
nation is that birch trees can vary a great deal in the amounts of
pollen they produce (Bradshaw, 1981). Individuals in a species
of a lower abundance may produce more pollen per tree than a
species of a higher abundance (Healy, 1997). In the XLS popu-
lation, ‘allotetraploid’ red birch is much rarer than white birch,
but ‘allotetraploid’ red birch occurs higher up the mountain and
at lower population density. The lack of directional admixture
may be due to higher pollen production by the ‘allotetraploid’ red
birch trees which have less light competition. Plants in shadier
conditions tend to invest more resources in vegetative growth and
decrease their allocation to sexual production (Charnov, 1982;
Solomon, 1985; Jacquemyn et al., 2010). We also observed that
many birch individuals do not bear flowers or fruits in shady con-
ditions (our field observations). Another possible reason is that
F, hybrids were selected against and failed to reach the adult age.
Genetic admixture seems symmetrical between ‘allotetraploid’
red birch and white birch in all except the BSH population where
genetic admixture from white birch into ‘allotetraploid’ red birch
is slightly higher than vice versa (P = 0.009). This result is in
contrary to many studies showing asymmetrical or unidirectional
introgression from diploid species into polyploid species (Field
etal.,2011; Zohren et al., 2016).
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CONCLUSIONS

In the present study, we detected limited hybridization and gene
flow between red birch and white birch, but species abundance
and ploidy level did not appear to impact the direction of intro-
gression in the locations studied. We unexpectedly discovered
the occurrence of red birch trees that are genetically differenti-
ated from other red birch trees, and have genotypes that suggest
that they are diploid rather than tetraploid. Tetraploid red birch
may have a hybrid origin, with ‘diploid’ red birch as one pro-
genitor. Patterns of apparent admixture between ‘diploid’ red
birch and ‘allotetraploid’ red birch may be due to ILS, but fur-
ther research is needed on the differences between the two, and
on their evolutionary history.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: The
13 landmarks used for PCA of leaf from red birch and white
birch, respectively. Figure S2: An example of allele pro-
files for each of the 12 microsatellite loci for red birch (A),
‘diploid’ red birch (B) and white birch (C). Figure S3: AK
values of STRUCTURE output of datasets D1 (A) and D2
(B), respectively. Figure S4: Phylogenetic tree based on ITS
sequences using the maximum likelihood (ML) approach.
Only bootstrap values above 50 % are shown. Figure S5:
Genetic differentiation within populations of ‘allotetraploid’
red birch, between ‘allotetraploid’ red birch and ‘diploid’ red
birch, and between ‘allotetraploid’ red birch and white birch.
F values were calculated based on datasets with tetraploid
genotypes determined (D) and undetermined (U). Table S1:
Summary of the 12 polymorphic microsatellite loci used for
all samples.
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