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NG ET AL.

Abstract

Morphology has been a leading taxonomic guiding light to systematists for
the last couple of hundred years. However, the genetic and - more recently -
genomic revolution have produced numerous demonstrations of erroneous clas-
sifications that were based on labile morphological traits. We used thousands of
genome-wide markers to shed light on evolutionary dynamics in a confusing and
taxonomically obscure group of Asian Cyornis flycatchers. Using genomic data,
we corroborated recent findings based on three mitochrondrial and five nuclear
genes that the two taxa hainanus and klossi which were previously treated as
separate species (Cyornis hainanus and Cyornis rubeculoides klossi, respectively)
are genomically homogeneous and form a single species, C. hainanus. We also
uncovered a novel case of interbreeding between C. hainanus and a non-sister
species, C. glaucicomans, illustrating these flycatchers' ability to hybridise in mar-
ginal situations even after substantial times of divergence. Our study illustrates
how genome-wide loci can shed light on complicated taxonomic problems, re-

KEYWORDS

1 | INTRODUCTION

Animal radiations have produced a bewildering and con-
fusing diversity of species that can be difficult to disentan-
gle based on the methods of traditional taxonomy alone.
A large number of phylogenetic studies have revealed
strong disagreement between traditional classifications
based on morphology and phylogenetic relationships in-
ferred from DNA sequence data (e.g. Alstrom et al., 2011,
2013, 2018; Burns et al., 2014; Fuchs et al., 2019; Gibson
& Baker, 2012; Toon et al., 2003). These discrepancies
are the result of parallel and divergent evolution, which
have produced distantly related species with similar ap-
pearances as well as closely related species with marked
morphological differences. Some adaptive radiations
have resulted in particularly diverse phenotypes, such as
cichlid fishes (Wagner et al., 2012), Madagascar vangas
(Jonsson et al., 2012; Reddy et al., 2012), Hawaiian hon-
eycreepers (Lerner et al., 2011; Zuccon et al., 2012) and
Darwin's finches (Lamichhaney et al., 2015). Conversely,
traditional, morphology-based species delimitations have
often failed to reveal the presence of cryptic species,
which have been increasingly elucidated with the use of
genetic and bioacoustic analyses (e.g. Alstrom et al., 2015,
2016; Alstrom & Ranft, 2003; Barrowclough et al., 2016;
Fuchs et al., 2018; Gwee et al., 2017; Ng et al., 2016; Oliver
et al., 2009; Rheindt et al., 2008; Shakya et al., 2019; Taylor
et al., 2019). Although molecular markers have the poten-
tial to reveal unexpected relationships as well as cryptic
diversity, they are regularly affected by processes such as

sulting in a better integration of phenotypic and genotypic data.

Cyornis, ddRADseq, introgression, phylogenetics, species complex

lineage sorting and/or introgression, which may lead to er-
roneous conclusions when only a small number of loci are
analysed (Harris et al., 2018; Rheindt & Edwards, 2011).

High-throughput sequencing has allowed for increas-
ing molecular marker density at reduced cost in studies
addressing the evolutionary dynamics of complicated ra-
diations of non-model organisms (e.g. Garg et al., 2018,
2019; Gwee et al., 2020, 2021; Nater et al., 2015; Ng
et al., 2017; Prost et al., 2019; Wagner et al., 2012).
Genome-wide markers such as single-nucleotide poly-
morphisms (SNPs) are increasingly used to elucidate fine
scale differences among species and delimit cryptic taxa
by virtue of their great abundance throughout the genome
and ease of modelling (Chattopadhyay et al., 2016; Garg
et al., 2016; Gwee et al., 2020; Hess et al., 2011; Kjeldsen
etal., 2016; Morin et al., 2004; Rheindt et al., 2014; Wagner
et al., 2012). Such high-density markers can reveal high-
resolution genomic information that was not available
with the use of traditional markers such as microsatellites
and mitochondrial DNA.

The Asian Cyornis flycatchers represent a complex
songbird radiation with a checkered taxonomic history
and multiple rearrangements in recent years (Gwee
et al., 2019; Sangster et al., 2010, 2021; Singh et al., 2019;
Zhang et al., 2016; Zuccon & Ericson, 2010). One particu-
larly confusing case concerns the Hainan Jungle Flycatcher
Cyornis hainanus (C. h. hainanus and C. h. klossi) and
the Blue-throated Jungle Flycatcher Cyornis rubeculoi-
des (sensu Zhang et al., 2016; Singh et al., 2019). Cyornis
h. klossi was originally described as a subspecies of the
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Blue-throated Jungle Flycatcher C. rubeculoides (Gill &
Donsker, 2018) based on plumage similarities — the pres-
ence of an orange breast but with a variable extent of or-
ange on throat. However, Delacour (1932) was the first
to highlight that C. rubeculoides klossi and C. hainanus
hainanus are possibly two forms of a single species on
the basis that C. h. klossi had a disjunct distribution from
all remaining C. rubeculoides taxa. Furthermore, he also
highlighted that female C. h. klossi was indistinguishable
from female C. hainanus. In contrast, female C. h. klossi
had a distinct plumage from the females of all other taxa
within C. rubeculoides. In spite of the highlighted differ-
ences, Delacour's notion was rejected by Stresemann and
de Schauensee (1936), which led to the long-standing
treatment throughout the 20th century of classifying
hainanus and klossi as belonging to separate species en-
tities with a complex and incompletely known distribu-
tion range spanning across southern China and mainland
Southeas Asia (Figure 1). Despite their pronounced dif-
ferences in adult male plumage - C. h. hainanus having a
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blue or grey throat/breast and C. h. klossi having a rufous
lower throat/breast (Figures 1 and 2) - Zhang et al. (2016)
found that they were virtually undifferentiated in mtDNA
and five nuclear introns, and both taxa were diverged
from C. rubeculoides by at least 2.8 million years according
to mitochondrial clock estimates. This genetic evidence
supported Delacour's (1932) suggestion that C. rubecu-
loides klossi and C. h. hainanus belong to the same spe-
cies, C. hainanus. This led to the recognition of klossi as
a subspecies of C. hainanus by most recent checklists
(Clement & Christie, 2020; Clements et al., 2019; del Hoyo
& Collar, 2016; Gill et al., 2021).

The assignment of C. hainanus individuals to subspe-
cies using male plumage alone is complex, as plumage
in both hainanus and klossi is highly variable. Most typ-
ical male hainanus have a blue throat and breast, with a
variable amount of grey or whitish mottling on the lower
central breast (e.g. Figure 21,m,n). However, some C. hain-
anus male individuals have a rather poorly demarcated
pale grey or whitish wedge extending from the lower breast
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FIGURE 1 (a) Distribution range of Cyornis rubeculoides and C. hainanus. Sampling localities are indicated by coloured circles, and
the size of the circles is proportional to sample size. Approximate distributions of subspecies are indicated with dashed lines, but it should
be noted that the subspecies distributions are poorly understood, especially the range of dialilaemus. Photographs of C. rubeculoides by
Ashutosh Singh are reproduced here with permission from Singh et al. (2019). (b) Maximum likelihood tree based on 21,283 SNPs, with
bootstrap support indicated at major nodes. Colours represent different taxa: red, C. r. rubeculoides; orange, C. r. rogersi; blue, C. hainanus

hainanus and C. h. klossi; green, C. glaucicomans; and pink, C. unicolor unicolor (outgroup). Plumage-type assignment for male C. hainanus
is indicated by the squares, with typical hainanus in blue squares labelled with a h, typical klossi-type plumage in orange with a k and
intermediate plumage types in both orange and blue squares and labelled with a h/k. Females have a brown square without any labels. (c)

Species tree for all individuals generated with SNAPP
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towards (but not reaching) the bill (e.g. Figure 2h,j,k). In
contrast, a typical male klossi has a clear-cut wedge on the
throat (again not reaching the bill), which varies in colour
from deep orange to very pale buffish or almost white
(Figure 2a,0,p,q). Zhang et al. (2016) found that in one lo-
cality in central Vietnam (Dakrong), pure hainanus, pure
klossi and intermediate phenotypes all co-occur. The study
also unearthed individuals within the C. h. hainanus pop-
ulation in southern China with plumages approaching
C. h. klossi, which is traditionally known to occur only in
Southeast Asia; the exact distribution of such individuals
in southern China is not well understood and is limited to

the few individuals sampled in Zhang et al. (2016) and the
current study.

Deep divergences among other subspecies of C. rubecu-
loides were also detected, and one of these deeply diverged
subspecies of C. rubeculoides, i.e. the taxon glaucicomans,
was suggested to be raised to species rank as Chinese
Jungle Flycatcher C. glaucicomans, supported by its
unique song (Zhang et al., 2016). This result was later cor-
roborated by Gwee et al. (2019) based on an independent
song analysis. Singh et al. (2019) found the situation to be
even more complex, as C. rubeculoides dialilaemus (with
a rufous lower throat/breast) was inferred to be sister to
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FIGURE 2 Photos of male Cyornis hainanus showing variability in breast coloration from typical C. h. klossi (a, o, p) to typical

C. h. hainanus (1, m, n, s) and birds with intermediate characteristics in between. (a) Dakrong, Quang Tri, Vietnam, 25 March 2004; (b)
Dakrong, Quang Tri, Vietnam, 4 April 2004; (c) Xitou, Guangdong, China, 29 September 2014 [I0Z-JM019]; (d) Leizhou, Guangdong, China,
24 October 2014 [I0Z-JM024]; (e) Dakrong, Quang Tri, Vietnam, 4 April 2004; (f) Leizhou, Guangdong, China, 13 November 2013; (g) Sanjia
Shan, Guangdong, China, 20 April 2014 [I0Z-JM003]; (h) Weizhou Island, Guangxi, China, 15 April 2013; (i) Longtan, Guangxi, China, 01
June 2015; (j) Leizhou, Guangdong, China, 13 November 2013; (k) Vu Quang National Park, Ha Tinh, Vietnam, 13 March 2005; (1) Xitou,
Guangdong, China, 27 September 2014 [JM013]; (m) Yunfu, Guangdong, China, 12 May 2014 [IOZ-JM005]; (n) Heweishan, Guangdong,
China, 26 May 2014 [I0Z-JM006]; (o) Tra My, Quang Nam, Vietnam [AMNH833192]; (p) from left to right, Bolovens plateau, Thateng,
Xedong, Laos, 28 November 1931 [MNHN-Z0O-M0-1933-72]; Quang Tri, Annam, Vietnam, 22 February 1924 [MNHN-ZO-M0-1924-665]; (q)
Trakam, Laos, 29 April 1927 [MNHN-Z0-MO0-1929-1100]; Bolovens plateau, Thateng, Xedong, Laos, 28 November 1931 [MNHN-ZO-MO-
1933-73]; Di Linh Plateau, Vietnam, 14 March 1927 [MNHN-Z0O-M0-1928-385]; (r) Hainan, China, 9 October 1962 [GIABR-0275]; Ledong,
Hainan, China 25 October 1962 [ GIABR-0367]; Bawangling, Hainan, China 15 January 1964 [ GIABR-2200]; (s) Paksé, Laos, 5 January

1932 [MNHN-Z0O-MO0-1933-74]; Siem Reap, Cambodia, 27 December 1927 [MNHN-ZO-M0-1929-1092]; Angkor, Siem Reap, Cambodia,
December 1927 [MNHN-Z0O-M0-1929-1093]; Angkor, Siem Reap, Cambodia, 4 February 1962 [MNHN-ZO-MO-61]. Photos in (a, b, e) by
Peter Nilsson at Swedish Museum of Natural History; Photos in (c, d, f, g-j, I-n, p-s) by Jonathan Martinez; Photo in K by Ingrid Cederholm
at the Swedish Museum of Natural History; Photo in (0) by Paul Sweet at the American Museum of Natural History. Abbreviations: AMNH
- American Museum of Natural History, New York, USA; GIABR - Guangdong Institute of Applied Biological Resources; IOZ - Institute of
Zoology, Beijing, China; MNHN - Muséum National d'Histoire Naturelle, Paris, France

C. h. hainanus/C. h. klossi mainly on account of mtDNA
data, whereas C. . rogersi and C. r. rubeculoides formed
the sister clade to these, with an estimated divergence
time of 2.6 million years based on widely used mtDNA
clock rate of 2.1% divergence per million years (Weir &
Schluter, 2008).

Given the uncertainty pertaining to the species com-
plex, in the present study, we further explore the relation-
ships between hainanus and klossi as well as other closely
related taxa (e.g. glaucicomans and rubeculoides) through
the use of double digest restriction enzyme-associated
DNA sequencing (ddRADSeq) to conduct phylogenetic
and population genetic analyses. Through this study using
genome-wide data, we confirm that hainanus and klossi
are genomically undifferentiated. Further, we also un-
cover a novel instance of interbreeding between two non-
sister species, C. hainanus and C. glaucicomans.

2 | METHODS

21 | Study group, samples and
morphology

Our Dbaseline taxonomy followed Clement and
Christie (2020) and Gill et al. (2021), who treated the taxon
klossi as a subspecies of C. hainanus following Zhang
et al. (2016). Henceforth, our use of the term hainanus
refers to C. h. hainanus and klossi refers to C. h. klossi.
The typical male plumage of C. hainanus hainanus is a
deep blue on the head and upperparts, with white belly
and undertail coverts (Figures 1 and 2). Male C. h. klossi
has a similar plumage to C. h. hainanus, but with the
presence of an orange wedge on the throat to the upper

breast (Figures 1 and 2). Females of hainanus and klossi
are inseparable. Male C. rubeculoides have plumage like
C. hainanus hainanus but with an orange upper breast
(without an orange wedge on throat as in C. h. klossi,
Figure 2). Male C. glaucicomans has plumage like
C. h. klossi and orange on breast that also extends to upper
flanks (Figure 1). Cyornis hainanus samples with plumage
intermediate between hainanus and klossi had subspecies
left unassigned due to the ambiguity of the plumage.

The distribution of all included taxa follows Singh
et al. (2019). Four newly collected samples from Motuo,
southeast Tibet, China were initially identified as either
C. r. rubeculoides, which breeds in the Himalayas (450-
1200m asl), or C. r. rogersi, which has recently been found
to breed in the nearby Meghalaya and Nagaland, India,
in higher-elevation northeast hill states (900-1500m asl)
and can apparently be very similar to C. r. rubeculoides on
plumage (Singh et al., 2019; Table 1). Mitochondrial genes
(cytb, ND2, and COI) have been capable of distinguishing
between both subspecies and were applied here to deter-
mine the subspecies of the Motuo samples. Discussion
pertaining to C. r. dialilaemus was withheld as we do not
have samples from this subspecies and will defer to Singh
et al. (2019) for its distribution.

2.2 | Molecular sampling and
DNA extraction

A total of 45 Cyornis flycatcher samples were obtained
from localities in South, Southeast, and East Asia, with
the majority representing individuals of C. h. hainanus
and C. h. klossi, with eight samples collected specifically
for this study (Figure la, Table 1). Genomic DNA was
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TABLE 1 List of samples included in the present study

Sex

O & O O O & O OO

s O & & O O & O O O

o & O O & O O

Taxon (based on
plumage)

Cyornis h. hainanus®
C. h. hainanus®

C. h. hainanus®

C. h. hainanus®

C. h. hainanus

C. h. hainanus®

C. h. hainanus

C. h. hainanus

C. h. hainanus

C. h. hainanus

C. h. hainanus
C. h. hainanus
C. h. hainanus

C. h. hainanus

C. h. hainanus™®

C. h. hainanus™®

C. h. hainanus

C. h. hainanus/C. h. klossi*
C. hainanus/C. h. klossi*
C. h. hainanus/C. h. klossi*
C. h. hainanus/C. h. klossi*
C. h. hainanus/C. h. klossi*

C. h. hainanus/C. h. klossi®
C. h. hainanus/C. h. klossi*

C. h. hainanus/C. h. klossi*®
C. h. hainanus/C. h. klossi*®
C. hainanus klossi®

C. hainanus klossi

C. hainanus klossi®

C. hainanus klossi®

C. hainanus klossi*

C. hainanus klossi

C. hainanus™®

Retained
reads

5,306,276
7,575,383
5,927,351
8,473,294
6,729,858
5,574,321
8,652,747
5,867,787
7,888,240

6,393,594

7,217,150

6,345,565

8,704,489

6,943,844

8,982,495
7,239,920
11,306,890
7,232,623
9,269,395
7,597,321
7,471,625
4,291,127
7,767,431

7,757,275

5,603,840
9,528,199
5,670,118
3,331,234
5,553,949
9,053,904
11,937,978

11,976,914

6,538,513

Institution
10Z

10Z

10Z

10Z

NRM
MNHN
MNHN
MNHN

MNHN and
IEBR

MNHN and
IEBR

IEBR

IEBR

IEBR

IEBR

10Z
10Z
Sysb
NRM
NRM
NRM
NRM
10Z
NRM

NRM

10Z
10Z
NRM
NRM
NRM
NRM
AMNH

AMNH

NRM

Sample number
JMO000

JMO001

JMO005

JMO006

6671

33-JF162
33-JF178
34-JF280

MNHN
702015-632;
JF4272

IEBR JF4363

23482; IEBR - 2012/
B283

23499; IEBR - 2012/
B299

23485; IEBR - 2012/
B387

23531; IEBR - 2012/
B412

JMO013
JM025
Sysb001028
20046964
20047057
20047077
20047080
JM003
20056674

20056755

JMO019
IM024
20046863
20046907
20046963
20047003

PRS2173 /
DOT10738

PRS2174 /
DOT10739

20056673

Locality

Yangxi, Sanjia Shan, Guangdong, China
Yangxi, Sanjia Shan, Guangdong, China
Yunfu, Yunwu Shan, Guangdong, China
Hewei Shan, Bajia, Guangdong, China
Captive, Vietnam

Ban Hathin, Laos

Ban Hathin, Laos

Andom Vei, Cambodia

Me Linh Biodiversity Center, Institute
of Ecology and Biological Research,
Vietnam

Me Linh Biodiversity Center, Institute
of Ecology and Biological Research,
Vietnam

Muong Nhe Nature Reserve, Vietnam

Muong Nhe Nature Reserve, Vietnam

Muong Nhe Nature Reserve, Vietnam

Muong Nhe Nature Reserve, Vietnam

Yangxi Xitou, Guangdong, China
Beitan, Leizhou, Guangdong, China
Guilin, Guangxi, China

Dakrong, Quang Tri Province, Vietnam
Dakrong, Quang Tri Province, Vietnam
Dakrong, Quang Tri Province, Vietnam
Dakrong, Quang Tri Province, Vietnam
Yangxi, Sanjia Shan, Guangdong, China

Vu Quang National Park, Ha Tinh
Province, Vietnam

Vu Quang National Park, Ha Tinh
Province, Vietnam

Yangxi Xitou, Guangdong, China

Beitan, Leizhou, Guangdong, China

Dakrong, Quang Tri Province, Vietnam

Dakrong, Quang Tri Province, Vietnam

Dakrong, Quang Tri Province, Vietnam

Dakrong, Quang Tri Province, Vietnam

Ngoc Linh Range, Tra My District, Quang
Nam, Vietnam

Ngoc Linh Range, Tra My District, Quang
Nam, Vietnam

Vu Quang National Park, Ha Tinh
province, Vietnam
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TABLE 1 (Continued)

Sample number

6649
20047075
JMO004
PA20130526-2
PA20140528-1

S-WILEY-

Locality

Dakrong, Quang Tri Province, Vietnam
Dakrong, Quang Tri Province, Vietnam
Yangxi, Sanjia Shan, Guangdong, China
Longcangguo, Sichuan, China

Laojun Shan, Sichuan, China

Taxon (based on Retained
Sex plumage) reads Institution
Q C. hainanus® 7,638,479  NRM
Q C. hainanus™® 8,564,461  NRM
Q C. hainanus™? 6,263,462 10Z
3 C. glaucicomans 6,240,281 10Z
3 C. glaucicomans 7,361,061 10Z
3 C. rubeculoides rubeculoides/ 12,056,412 BNU
rogersib
3 C. rubeculoides 8,478,606 BNU
rubeculoides/rogersi®
3 C. rubeculoides rubeculoides 5,456,910 BNU
/ rogersib
3 C. rubeculoides rubeculoides/ 5,299,496 BNU
rogersib
3 C. rubeculoides rogersi 6,914,908 DZUG
3 C. unicolor unicolor 10,757,195 MNHN
3 C. unicolor unicolor 8,818,230 IEBR

6771/BB06 Motuo, Xizang, China

6773/BB07 Motuo, Xizang, China

6577/ZM49 Motuo, Xizang, China

6605/ZM54 Motuo, Xizang, China

Uo0114 Mt Victoria, Chin hills, Myanmar

Z0 2013-205 Camp Ban Napouak, Huaphanh, Laos
25414; IEBR-2012/ Muong Nhe Nature Reserve, Vietnam

B515

Note: Institution codes: AMNH—American Museum of Natural History, New York; BNU—Beijing Normal University, Beijing China; DZUG—Department
of Biodiversity and Environmental Sciences, University of Gothenburg, Sweden; IEBR—Institute of Ecology and Biological Resources, Hanoi, Vietnam; I0Z
- Institute of Zoology, Beijing; MNHN—Muséum national d'Histoire naturelle, Paris, France; NRM—Swedish Museum of Natural History, Stockholm, Sweden;

Sysb—Museum of Biology, Sun Yat-sen University, Guangzhou, China.
“Samples for which photographs are available (on request).
°Samples collected specifically for this study.

“Specimen saved as tissue and skeleton, noted to be similar to PRS2173/DOT10738 on plumage.

dFemales could not be assigned to either subspecies or intermediate phenotype.

extracted using the DNeasy Blood & Tissue Kit (QIAGEN)
according to the manufacturer's protocol.

2.3 | ddRADSeq library
preparation and sequencing

We prepared ddRADSeq libraries using a modified
version of the protocol by Peterson et al. (2012). Samples
were digested with restriction enzymes EcoRI and Mspl.
Sera-Mag magnetic beads (Thermo Scientific) were used
to select for 250-650bp fragments and for clean-up steps.
We pooled samples in equimolar volumes and performed
a quality check on the final library using a Fragment
Analyser (Advanced Analytical). The final multiplexed
library was sequenced on an Illumina HiSeq 4000 platform
to obtain 150 bp paired-end reads at Novogene Co., Ltd.

2.4 | SNP calling

We checked read quality using FastQC (Babraham
Bioinformatics) to determine Phred scores across sequence

reads, and demultiplexed and cleaned reads in Stacks v1.41
(Catchen et al., 2013) using settings to remove reads with
>1 uncalled base and phred scores <10. We then trimmed
sequences to 140 bp so that their interquartile Phred scores
were at least 30. Quality controlled reads were mapped to
the phylogenetically closest available reference genome
(Sangster et al., 2010), the collared flycatcher Ficedula
albicollis (Ellegren et al., 2012), using Burrows-Wheeler
Aligner 0.7.12 (Li & Durbin, 2009). Reads were then sorted
by coordinate order with Samtools 0.1.19 (Li et al., 2009).
We used the ref_map.pl pipeline to call SNPs with a
stack depth of 10 (-m 10), while all other parameters were
kept at default. Loci were then processed using the popu-
lations programme in Stacks v1.41 (Catchen et al., 2013)
with the settings that at least 90% of all individuals in a
population must have the loci (-r 0.9) and the loci must
be in three out of four populations (-p 3) before it can be
called. Only the first SNP from each locus was extracted
to minimise the effect of linkage (-write-single-snp). All
other parameters in the populations programme were
left at default. SNPs called in the populations programme
were further filtered for linkage disequilibrium in PLINK
1.90 (Chang et al., 2015) with a 25bp window size, 10 bp
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step size and 0.9 r* threshold. We checked for neutrality
of called SNPs in Bayescan 2.1 (Foll & Gaggiotti, 2008) at
5% false discovery rate. No locus was detected to be under
selection.

2.5 | Population structure analysis

We calculated average heterozygosity in CERVUS 3.03
(Kalinowski et al., 2007) and performed a principal
component analysis (PCA) using the unlinked SNPs
in R 3.1.2 (R Core Team, 2014) with SNPRelate (Zheng
et al., 2012) where missing genotypes are treated as a
separate character. Admixture (Alexander et al., 2009)
and fastSTRUCTURE 1.0 (Raj et al, 2014) were
conducted to infer genetic clusters with Ks ranging
from 1 to 10. Netview (Neuditschko et al., 2012), a high-
definition network-visualisation approach, was used
to detect fine-scale population structure from genome-
wide patterns of variation. Genetic distances were
calculated in plink. K values specified in Netview are
not equivalent to K values defined in fastSTRUCTURE
and admixture, instead K values in Netview represent
the maximum number of nearest neighbours; i.e. at
higher K, relationships at the population level between
samples will be more apparent.

2.6 | Phylogenetic analyses

To prepare the data set for phylogenomic analysis, we used
the pyRAD pipeline (Eaton, 2014) to obtain concatenated
sequence alignments. We used the demultiplexed reads
obtained from STACKS as input for this pipeline. For
each individual we kept the minimum locus coverage
at 10 reads and allowed for a maximum of four bases at
Phred score < 20. The clustering threshold for within and
between samples was set to 0.88 with default settings. We
subsequently generated a concatenated data matrix for
phylogenomic analysis without allowing for any missing
data. The Pale Blue Flycatcher Cyornis unicolor was used
as an outgroup.

We reconstructed the phylogeny for our concate-
nated sequence data under a Maximum Likelihood (ML)
framework as implemented in RAXML GUI 1.3 (Silvestro
& Michalak, 2012). We used the GTR + gamma model of
sequence evolution as suggested in the manual for large
data sets with few taxa and performed a single full max-
imum likelihood tree search. We used the rapid boot-
strap algorithm with 1000 replicates. The final tree was
viewed in FigTree 1.4 (http://tree.bio.ed.ac.uk/software/
figtree/).

We used default settingsin SNAPP (Bryantetal., 2012)
to estimate a species tree from a random subset of 1000
unlinked SNPs with no missing data, classifying C. uni-
color, C. glaucicomans, C. r. rubeculoides/C. r. rogersi as
separate groups, but explicitly retaining phenotypically
identified individuals of klossi, hainanus and hybrids as
members of one group. This arrangement is based on
SNAPP's assumption of no gene flow between groups,
which would be violated if klossi and hainanus were
kept separate. Analyses were checked for convergence
using TRACER v1.6.0 (Rambaut et al., 2014), ensuring
that Bayesian runs reached an effective sample size
>200 after burn-in.

2.7 | Estimation of gene flow

We performed an ABBA-BABA test to confirm
possible ancestral admixture between C. hainanus and
C. glaucicomans using the D-statistic (Durand et al., 2011;
Green et al., 2010). D-statistic was calculated in Dsuite
v0.3 (Malinsky et al., 2020). The test of introgression
was conducted between C. glaucicomans (set as P3) and
a hainanus individual JM004 (P2). Cyornis rubeculoides
was set as P1, and C. unicolor was set as the outgroup (P4;
Figure S1).

2.8 | Cytochrome b tree

In the absence of genomic data for C. r. rubeculoides from
the western part of the range, which includes the type lo-
cality of this taxon, we tried to determine the subspecific
identity of the samples of C. r. rubeculoides/C. r. rog-
ersi from Motuo using the mitochondrial cytochrome
b (cyt b) gene (Singh et al., 2019; Zhang et al., 2016).
Touchdown PCR amplification was done with prim-
ers mtF-NP (5-GGYTTACAAGACCAATGTTT-3;
Fregin et al.,, 2009) and ND5-Syl (5'-GGCCTAATCA
ARGCCTACYTAGG-3’; Stervander et al., 2015). PCR
protocol involved initial denaturation at 95°C for 5 min,
followed by 15cycles at 95°C for 40s, 56°C (0.5°C de-
crease per cycle) for 30s, 72°C for 1 min, followed by
another 20 cycles at 95°C for 40's, 49°C for 30s, 72°C for
1 min, and a final extension step was carried out at 72°C
for 10 min. The amplified fragments were sequenced
in both directions using 3730XL automatic sequencer
(ABI).

Samples of all relevant taxa from Zhang et al. (2016)
and Singh et al. (2019) were retrieved from GenBank, and
a Maximum Likelihood tree was estimated by PhyML in
Seaview 5.0.4 (Guoy et al., 2009; http://doua.prabi.fr/softw
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are/seaview) under the GTR model, with all parameters
optimised and 100 bootstrap replicates.

3 | RESULTS

3.1 | Statistics summary

Forty-five samples were successfully sequenced, and a total
of 358,856,842 reads were obtained. After quality filtering,
a total of 339,560,151 reads (an average of 7,545,781 reads
per individual) were retained. For population-genomic
analyses, we obtained 28,943 unlinked SNPs using the
STACKS pipeline. The overall level of missing data was less
than 0.1%. After linkage filtering, 21,238 unlinked SNPs
were retained; all SNPs passed the neutrality filtering step.
For phylogenetic analyses, we used the pyRAD pipeline
and obtained a total of 592,326 bases.

3.2 | Phylogeny

The ML tree based on 592,326 bases confirmed that
C. h. klossi and C. h. hainanus do not form independent
clades but are instead interspersed (Figure 1b). These two
taxa are then sister to a monophyletic clade comprising
C. rubeculoides rogersi and C. r. rubeculoides/C. r. rogersi.
C. glaucicomans emerged sister to all aforementioned
taxa. All relationships were strongly supported (94%-
100% bootstrap support). The species tree (Figure 1c) was
in agreement with the ML tree (Figure 1b).

3.3 | Population subdivision based on
genomic data and plumage

In the Admixture analysis excluding C. unicolor, the taxa
C. h. klossi and C. h. hainanus were undifferentiated
at K = 3 (Figure 3a; fastSTRUCTURE and additional
Admixture outputs are available in Figures S2 and S3,
respectively), with only a single female hainanus (JM004)
showing signs of admixture with C. glaucicomans (32%).
The two C. glaucicomans emerged as a second cluster.
C. rubeculoides samples emerged as a separate cluster
that contained both rogersi and rubeculoides/rogersi. A
Netview plot including only C. h. hainanus and C. h. klossi
(Figure 3b) revealed that males with intermediate
plumage were distributed across the genetic cluster. This
also concerned individuals from far outside of the range of
klossi. Moreover, the presumable hybrid female hainanus
JM004 was separated from the main cluster. In PCA
analysis (Figures 3c,d and S4), individuals of hainanus
and klossi were also tightly clustered, with the female
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hainanus JM004 being significantly offset in the direction
of C. rubeculoides and C. glaucicomans.

3.4 | D-statistics

Given that Admixture and PCA suggested gene flow
between C. glaucicomans and a female C. h. hainanus
individual (JM004), we ran an ABBA-BABA test spe-
cifically examining introgression between this female
hainanus JM004 and C. glaucicomans (Figure S1). ABBA-
BABA analyses showed a significantly positive D-value
(D = 0.410247; p-value = 0), indicating genomic admix-
ture between C. glaucicomans and hainanus individual
JMO004.

3.5 | Cytochrome b tree

The cytochrome b tree identified the four Motuo samples
of C. r. rubeculoides/C. r. rogersi as part of the C. r. rogersi
clade, and not of the C. r. rubeculoides clade, with good
support (Figure S5).

4 | DISCUSSION

4.1 | Plumage polymorphism in one
species has misled taxonomy

Using thousands of SNPs from across the whole genome,
we found no significant genomic differences between the
orange-breasted klossi phenotype and the predominantly
blue/grey/white-breasted hainanus phenotype of the
Hainan Jungle Flycatcher C. hainanus. Accordingly, our
results corroborate those of Zhang et al. (2016) based on
three mtDNA genes and five nuclear introns that klossi is
genetically undifferentiated from hainanus.

Previous treatments of klossi as a subspecies of the
orange-breasted C. rubeculoides were based on reliance
on labile plumage traits. This taxonomic treatment is not
supported by the results of Zhang et al. (2016) or the pres-
ent study. As a consequence of the former study, most
leading avian taxonomic authorities have switched to
treating klossi as a subspecies of C. hainanus (Clements
et al., 2019; del Hoyo & Collar, 2016; Gill et al., 2021). In
our sample, pure hainanus and klossi phenotypes were
mainly geographically separated, meeting at one local-
ity in central Vietnam, whereas both hainanus and birds
with intermediate phenotypes were found at two locali-
ties in central Vietnam and in southeast China (Figure 1;
Table 1). The essentially parapatric distributions of pure
hainanus and klossi phenotypes (also given by Clement
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FIGURE 3 (a) Admixture plot (K = 3) for Cyornis hainanus hainanus, C. h. klossi, C. r. rubeculoides/C. r. rogersi and C. glaucicomans.
Plumage-type assignment for male C. hainanus is indicated by the squares, with typical hainanus in blue squares labelled with a h,

typical klossi type plumage in orange with a k and intermediate plumage types in both orange and blue squares and labelled with a h/k.
Females have a brown square without any labels. (b) Netview plot (k = 15) for C. h. hainanus and C. h. klossi and scoring of extent of red-
breastedness in males. Blue circles denote C. h. hainanus male with typical plumage; orange circles denote individuals with a strong orange
breast coloration typical of C. h. klossi; grey circles denote male C. h. hainanus with unknown breast coloration; mixed blue-and-orange
circles denote individuals with an breast coloration intermediate between klossi and hainanus; brown circles denote female individuals.
Individuals depicted below have black labels while all others are labelled in grey. (¢, d) Principal component plots of (c) all individuals
(hainanus and klossi samples highlighted by the red ellipse) and (d) only of C. h. hainanus and C. h. klossi individuals. The numbers refer to
the sample numbers in Table 1, with the NRM numbers only indicated by the last four digits.
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& Christie, 2020) are in keeping with treatment of these
as different subspecies. It should be noted that both
hainanus and klossi are highly variable in appearance.
Although most male hainanus have a blue throat and
breast, with a variable amount of grey or whitish mot-
tling on the lower central breast, some individuals have a
rather poorly demarcated pale grey or whitish wedge ex-
tending from the lower breast towards (but not reaching)
the bill (Figure 2; also see figure 5 in Zhang et al., 2016).
Male klossi shows a clear-cut pale wedge on the breast/
throat (again not reaching the bill), which varies in co-
lour from deep orange to very pale buffish or almost
white (Figure 2).

The throat/breast colour pattern in C. hainanus is
obviously highly labile. As all taxa in the C. hainanus-
rubeculoides-glaucicomans complex except C. h. hain-
anus itself show an orange breast, and the majority also
display an orange wedge on the throat (Singh et al., 2019;
Zhang et al., 2016), the most parsimonious explanation is
that the orange breast is an ancestral trait that has been
lost in hainanus. This loss of orange breast colouration
in hainanus probably evolved in allopatry after separa-
tion of hainanus and klossi from a most recent common
ancestor. The gene(s) coding for orange-breastedness
may be retained in hainanus but inactivated (see Lopes
et al., 2016). Another possibility is that there is a complex
of loci that codes for the orange-breastedness that also
interact epistatically, and that there is negative epista-
sis between these alleles found in hainanus and klossi.
Alternatively, the throat/breast feathers might actually
have similar underlying orange pigmentation in hain-
anus and klossi, but the microstructure of these feath-
ers might differ, producing strikingly different visible
colours (see Enbody et al., 2017; McCoy & Prum, 2019).
Genomic data of larger population samples and analyses
of feather microstructure will be needed to address these
alternative hypotheses.

The overall lack of genomic divergence between hain-
anus and klossi could result either from the separation
between these two taxa being so recent that only a single
plumage trait, which may have been under strong sexual
selection, has diverged substantially. Alternatively, in-
terbreeding during secondary contact could have homo-
genised their genomes except at these plumage loci under
selection. It seems likely that the marked plumage differ-
ences evolved during a period of geographical separation
that was too short for reproductive barriers to evolve as
suggested for other birds (e.g. Harris et al., 2018; Poelstra
et al., 2014; Toews et al., 2016). Gene flow during second-
ary contact would have further homogenised their ge-
nomes, leading to a potential case of ‘reverse speciation’,
i.e. the merging of two taxa (Kearns et al., 2018). If this
is the case, an alternative explanation for the presence in

southern China of birds with variably orange-breasted
phenotypes might be that blue-breasted birds have ex-
panded their range and infiltrated orange-breasted pop-
ulations through rampant hybridisation. The orange
breast of some Chinese birds might therefore represent
‘ghost DNA’ left behind by previous klossi populations
(cf. Krosby & Rohwer, 2009; Toews et al., 2016; Zhang
etal., 2019).

4.2 | Subspecific identification of
Cyornis rubeculoides samples from Motuo,
southeast Tibet

The previously unstudied population of C. rubeculoides
from Motuo, southeast Tibet, was initially identified as
either C. r. rubeculoides or C. r. rogersi. The former is
generally considered tobreed in the Himalayas and western
to northeastern Myanmar and the latter in southwest
Myanmar (Clements et al., 2019; del Hoyo & Collar, 2016;
Gill et al., 2021). However, Singh et al. (2019) concluded,
based on mtDNA and three nuclear introns, that a
population of C. rubeculoides breeding at approximately
900-1500ma.s.l. in Meghalaya, Nagaland and Mizoram,
northeast India, was in fact C. r. rogersi. No genomic data
are available for C. r. rubeculoides from the western part of
the range, which includes the type locality. However, the
cytochrome b tree places the Motuo samples in the rogersi
clade with good support (Figure S5). Further studies will
be needed to evaluate the geographical distributions of
C. r. rubeculoides and C. r. rogersi.

4.3 | Interbreeding between Cyornis
hainanus and Cyornis glaucicomans

Based on our population genomic analyses and ABBA-
BABA tests, one female (JM004) was found to be genom-
ically admixed with C. glaucicomans (Figures 3 and S1)
as a probable backcrossed hybrid individual, with a
C. hainanus matrilineage (Zhang et al., 2016). Given
the abutting distribution between C. hainanaus and
C. glaucicomans, it is not unexpected that populations
close to the contact zone have introgression beyond just
the first two generations, although the admixture event
documented here is relatively recent. With climate or
habitat change in C. hainanus historical distribution
range, the species may be moving northwards and en-
croaching upon the distribution range of C. glauci-
comans. These changes could explain the detection of
an admixed individual.

Previous research (Singh et al., 2019; Zhang et al., 2016)
as well as our genomic data indicate that C. hainanus and
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C. glaucicomans are not sister taxa, but instead that C. hain-
anus is more closely related to C. rubeculoides. At the same
time, the incidence of an admixed individual among a panel
of 38 birds suggests that hybridisation between C. glaucico-
mans and C. hainanus is probably not exceptional, although
their very different songs would seem to act as a reproduc-
tive isolating barrier (Gwee et al., 2019; Zhang et al., 2016).
Previous research has shown that hybrid zones are possi-
ble between non-sister species (Jacobsen & Omland, 2012).
The genomic hybrid individual we identified was sampled
in Guangdong, outside of the breeding range of C. glaucico-
mans, but was sampled on 20 April 2014, during the spring
migration that would see many individuals from further
north pass through this area.

Taken together, our results demonstrate the first in-
stance of interbreeding between two non-sister Cyornis
species with essentially parapatric breeding distributions.
Further studies focusing on the potential area of contact
(in areas between Yunnan, Guangxi and Guizhou) would
be required to elucidate the extent of introgression be-
tween C. hainanus and C. glaucicomans.

5 | CONCLUSIONS

The classification of Cyornis flycatchers has undergone
substantial change over the last two decades, resulting in
taxonomic rearrangements, in particular the synonymi-
sation of the genus Rhinomyias with Cyornis (Sangster
et al., 2010; Zhang et al., 2016; Zuccon & Ericson, 2010).
Our study demonstrates that population-genomic and
phylogenomic methodologies can effectively be applied to
disentangle the complicated evolutionary history of cryp-
tic species complexes such as the Cyornis flycatchers. Our
ddRADseq data set confirms the remarkable case of incon-
gruence between plumage and genomic divergence that
has misled previous taxonomists into erroneous classifica-
tions (Zhang et al., 2016). Our results also show a novel
interbreeding event between two non-sister species.
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