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Abstract

Population genetic theory and empirical evidence indicate that deleterious alleles can be purged in small populations.
However, this viewpoint remains controversial. It is unclear whether natural selection is powerful enough to purge
deleterious mutations when wild populations continue to decline. Pheasants are terrestrial birds facing a long-term risk
of extinction as a result of anthropogenic perturbations and exploitation. Nevertheless, there are scant genomics
resources available for conservation management and planning. Here, we analyzed comparative population genomic
data for the three extant isolated populations of Brown eared pheasant (Crossoptilon mantchuricum) in China. We
showed that C. mantchuricum has low genome-wide diversity and a contracting effective population size because of
persistent declines over the past 100,000 years. We compared genome-wide variation in C. mantchuricum with that of its
closely related sister species, the Blue eared pheasant (C. auritum) for which the conservation concern is low. There were
detrimental genetic consequences across all C. mantchuricum genomes including extended runs of homozygous
sequences, slow rates of linkage disequilibrium decay, excessive loss-of-function mutations, and loss of adaptive genetic
diversity at the major histocompatibility complex region. To the best of our knowledge, this study is the first to perform a
comprehensive conservation genomic analysis on this threatened pheasant species. Moreover, we demonstrated that
natural selection may not suffice to purge deleterious mutations in wild populations undergoing long-term decline. The
findings of this study could facilitate conservation planning for threatened species and help recover their population size.

Key words: conservation genetics, deleterious alleles, genetic diversity, inbreeding depression, pheasant, purifying
selection.

Introduction
Genetic diversity is a key factor in planning conservation
measures for threatened species as it provides information
that is vital for conservation efforts (Frankham et al. 2014; Xue
et al. 2015; Feng et al. 2019). Because demographic bottle-
necks lead to increased levels of inbreeding and genetic drift,
it is expected that a population contraction may result in the
accumulation or even fixation of deleterious mutations (Xue
et al. 2015; Feng et al. 2019). Recent evidence has shown that
threatened species with small effective population sizes and
low genetic diversity may nonetheless persist for thousands of
years after a demographic bottleneck (Robinson et al. 2016).
Purifying selection may exert a relatively greater influence on

removing deleterious alleles in small, stable populations
(Robinson et al. 2016; Grossen et al. 2020). Nevertheless, it
is uncertain whether genetic drift reduces the efficacy of pu-
rified selection in mitigating the detrimental genetic conse-
quences when wild populations continuously decline.

Pheasants (Phasianidae; Galliformes) are widely distributed
terrestrial birds (Johnsgard 1986). They have played important
roles in the economy, culture, and ecology of various human
societies (Peng et al. 2016; Peters et al. 2016; Barton et al.
2020). As their plumage is bright, their meat is palatable,
and their mobility is limited, pheasants have been extensively
hunted and exploited by humans (Fuller and Garson 2000;
Barton et al. 2020). Consequently, certain pheasant species
have declined or become extinct altogether (Keane et al.
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2005; McGowan et al. 2012). For example, the New Zealand
quail (Coturnix novaezelandiae) rapidly declined to extinction
by 1875 (BirdLife International 2016a). However, there are few
published studies documenting the population genomic con-
sequences of historical population fluctuations and recent
anthropogenic activity for threatened pheasant populations.

The Brown eared pheasant (Crossoptilon mantchuricum) is
a vulnerable and declining species (BirdLife International
2016c). It appears on the 2020 IUCN Red List of threatened
species and is confined to three fragmented areas in Shaanxi,
Shanxi, and Hebei Provinces and Beijing Municipality in north
central China (fig. 1a) (Zheng 2015). These areas have
undergone continuous anthropogenic perturbations for the
last 40,000 years (40 ka) (Shang et al. 2007; Barton et al. 2020).
The capitals of the Qin (221–207 BC), Ming, and Qing (AD
1368–1912) dynasties were situated in Shaanxi and Beijing.
Massive deforestation occurred during these periods to
accommodate the construction of palaces and houses. The
Travels of Marco Polo and other literature sources recorded
the use of C. mantchuricum tail feathers to decorate the
official hats of generals. This extended period of
exploitation and habitat destruction may have restricted
the distribution of C. mantchuricum and caused its low
nuclear and mitochondrial genetic diversity (Wang et al.
2017). Thus, the extensive threatened history of
C. mantchuricum makes this species suitable for
investigating the genomic consequences incurred by
populations under long-term threat.

The Blue eared pheasant (C. auritum) is a sister species of
C. mantchuricum and native to northwestern China (Zheng
2015; Wang et al. 2017). It is distributed in Qinghai, Ningxia,
Gansu, and Sichuan Provinces. The C. auritum is allopatrically
distributed with C. mantchuricum within the geographic
desert barriers of the Loess Plateau (Zheng 2015). Hence, a
recent gene flow between these species is unlikely. Historical
gene flow between these species was documented and might
have been associated with their relatively late divergence
(�0.11 Ma) (Wang et al. 2017). The C. auritum populations
are stable and this species is of no conservation concern
according to the IUCN Red List (BirdLife International
2016b). Multilocus nuclear data revealed high genetic
diversity in C. auritum, unlike C. mantchuricum (Wang et al.
2017). Therefore, C. auritum is suitable for comparison with
C. mantchuricum in terms of conservation genomics and we
can apply a comparative population genomic approach to
investigate the consequences of population decline in
C. mantchuricum.

Here, we assembled and annotated a de novo reference
genome for C. mantchuricum. We resequenced the genomes
of 40 individuals from three isolated wild C. mantchuricum
populations and 11 C. auritum individuals. We then investi-
gated the genomic diversity, relative role of purifying selection
and genetic drift, historical demography, and genetic conse-
quences of population declination, that is, level of inbreeding
and genetic load in C. mantchuricum. The analyses herein
clarified the genomic legacy of a threatened bird species
and could facilitate its conservation management.

Results

Genome Assembly and Annotation
The draft genome assembly comprised 2,416 scaffolds with a
total length of 1.01 Gb and 1.3% gaps and constituting 96.06%
of the genome length (1.05 Gb) estimated by Kmer spectrum
analysis. The chicken (Gallus gallus) genome was 1.06 Gb long
(GRCg6a; GenBank: GCA_000002315.5) and was, therefore,
similar in size to the C. mantchuricum genome analyzed here.
The genome sequence had 40.5% GC content. The scaffold
and contig N50 were 3,632.75 and 112.76 kb, respectively. This
draft genome covered 95.1% of all avian single-copy orthologs
(supplementary fig. S1 and data set S1, Supplementary
Material online) and was, therefore, highly contiguous. We
annotated 19,304 coding genes using the combined evidence
of homologous and RNA sequences and ab initio prediction.
This gene set was comparable to most published vertebrate
genomes (Sackton et al. 2019) and covered 89.6% of all avian
single-copy orthologs. Moreover, 94.2% of its genes had AED
<0.5. More than 76.6% of the proteomes produced by this
coding gene set had recognizable domains (supplementary
fig. S2, Supplementary Material online). The foregoing statis-
tics suggest that this genome annotated to a high standard
(Holt and Yandell 2011).

Strong Structuring among Fragmented Populations
We identified the three allopatric C. mantchuricum popula-
tions as Brown-W, Brown-C, and Brown-E. These represented
the Shaanxi (Western), Shanxi (Central), and Hebei & Beijing
(Eastern) populations, respectively (fig. 1a). Blue was used as
an abbreviation for C. auritum. The admixture algorithm
supported four clusters when it was run with cross-
validation (fig. 1b and supplementary fig. S3, Supplementary
Material online). The principal component analysis (PCA)
also supported four clusters (fig. 1c and supplementary fig.
S4, Supplementary Material online). Its first three eigenvectors
separated Blue, Brown-W, Brown-C, and Brown-E with
66.81% variance in the explained single-nucleotide polymor-
phism (SNP) data. Evidence from the haplotype network and
phylogeny relationships was consistent with the results of the
admixture algorithm and the PCA (supplementary fig. S5,
Supplementary Material online).

Low Magnitude of Genetic Diversity and Elevated
Level of Genetic Drift in C. mantchuricum
We calculated the genetic diversity of C. mantchuricum and
C. auritum using the proportions of heterozygous SNPs per
callable base per species. Among bird species for which
genome-wide estimates are available, C. mantchuricum had
lower genetic diversity than the White-tailed eagle (Haliaeetus
albicilla), the Crested ibis (Nipponia nippon), and the
Dalmatian pelican (Pelecanus crispus) (fig. 2a and supplemen-
tary data set S2, Supplementary Material online). The genetic
diversity values of C. mantchuricum and C. auritum were
9.60� 10�5 (SD¼0.03� 10�5) and 8.25� 10�4

(SD¼0.6� 10�4), respectively. What was worse, there was
minimal variation in the genetic diversity values across the
genomes of C. mantchuricum (fig. 2b).
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To map C. mantchuricum heterozygosity, we calculated its
population genetics summary statistics (pairwise nucleotide
diversity, Hp, and Watterson’s theta, Hw) for synonymous 4-
fold degeneration variants. Brown-W had the lowest Hp

(0.09� 10�3, 95% CI¼8.64� 10�5–8.68� 10�5) and
Hw (0.07� 10�3, 95% CI¼6.89� 10�5–6.92� 10�5).
Brown-C had higher Hp (0.17� 10�3, 95%
CI¼17.19� 10�5–17.24� 10�5) and Hw (0.14� 10�3, 95%
CI¼14.15� 10�5–14.18� 10�5) than Brown-W and Brown-

E. All three isolated C. mantchuricum populations had lower
Hp and Hw than Blue (fig. 3a and b; supplementary data set
S3, Supplementary Material online). The low diversity pattern
in C. mantchuricum was reflected in its nonsynonymous
mutations (fig. 3c and d; supplementary data set S3,
Supplementary Material online). This finding aligned with
the relative differences among species in terms of genomic
variation (fig. 2). To identify whether C. mantchuricum accu-
mulated missense mutations, we computed the Hp (0-fold

FIG. 1. Distribution and genetic population structure of Crossoptilon mantchuricum and C. auritum. (a) Distributions of C. mantchuricum and
partial C. auritum populations and sampling locations in the current study. N is number of samples. Pictures at upper right and upper left show
C. mantchuricum and C. auritum, respectively. The two portraits were from Wang et al. (2017). (b) Genetic structure estimated using clustering
algorithm ADMIXTURE. Cross-validation supports existence of four genetic clusters (K¼ 4) corresponding to C. auritum and three geographical
C. mantchuricum populations. (c) Top three principle component axes of genetic variation. Percentage variation explained by each principle
component indicated in brackets. Blue is C. auritum. Brown-W, Brown-C, and Brown-E indicate Western, Central, and Eastern C. mantchuricum
populations, respectively.
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degeneration variants)/Hp (4-fold degeneration variants) ra-
tio. It was higher for all three C. mantchuricum populations
than it was for C. auritum (fig. 3e and supplementary data set
S3, Supplementary Material online). For all comparisons
among C. mantchuricum and C. auritum populations, the
nonadjusted P< 10�3.

To determine whether genetic drift relaxed purifying se-
lection strength in C. mantchuricum, we calculated the
genome-wide Tajima’s D and estimated the folded site fre-
quency spectrum (SFS) of unlinked autosomal SNPs. The
Tajima’s D values were positive and significantly higher in
three populations of C. mantchuricum than C. auritum
(fig. 3f), indicating balancing selection and population con-
traction. Crossoptilon mantchuricum also exhibited deficiency
in low-frequency alleles but had excess of medium-frequency
alleles. In contrast, folded SFS displayed a “L-shaped” in
C. auritum, illustrating an excess of singletons (supplementary
fig. S6, Supplementary Material online). Hence, both Tajima’s
D and folded SFS suggested an elevated level of genetic drift
and no sign of purifying selection in threatened
C. mantchuricum as compared with its sister species with
least conservation concern.

Genetic Signatures of Inbreeding
There were substantial differences between C. mantchuricum
and C. auritum in terms of genome-wide linkage disequilib-
rium (LD) (fig. 4a). The average distance for the LD to decay
until R2¼0.2 was>500 kb for C. mantchuricum. In contrast, it
was only �36.5 kb for C. auritum. The fraction of runs of
homozygosity (ROH) was far greater for the autosomes of
C. mantchuricum than C. auritum (fig. 4b and supplementary
fig. S7a, Supplementary Material online). The ROH fractions
in the three C. mantchuricum populations were 90.39%
(Brown-W, SD¼1.53%), 83.37% (Brown-C, SD¼1.19%), and
88.93% (Brown-E, SD¼1.62%), respectively. For Blue, however,
it was only 20.78% (SD¼5.16%). The ROH length indicates the
relative timing of inbreeding as haplotype blocks become
fragmented after successive recombination events. ROHs
>0.5 Mb reflected recent inbreeding and comprised approx-
imately �50% of the C. mantchuricum genome (Brown-W:
68.9463.95%; Brown-C: 49.3862.23%; Brown-E:
67.9364.10%) (fig. 4b). However, the same fraction in
C. auritum was only 2.9661.34% (fig. 4b). Short ROHs reflect
ancient inbreeding and had relatively larger fractions in
C. mantchuricum (Brown-W: 21.4562.67%; Brown-C:

FIG. 2. Comparison of genetic diversity among species differing in conservation status. (a) Crossoptilon mantchuricum exhibits lowest level of
genetic diversity among bird species based on available estimates from genome-wide sequencing data. Genetic diversity was measured as
proportion of heterozygous SNPs per base pair and plotted in rank order for 23 bird species including C. auritum and C. mantchuricum (bold
text and asterisk). Colored bars indicate 2020 IUCN Red List threatened species status. References for each species provided in supplementary data
set S2, Supplementary Material online. (b) Nucleotide diversity in 100-kb windows with 25-kb step size across chromosomes. Number under
abbreviated name indicates average nucleotide diversity marked by dotted line.
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34.0061.45%; Brown-E: 20.9962.76%) than C. auritum
(17.8264.54%) (fig. 4b). The extensive genome-wide LD and
high ROH fraction in C. mantchuricum may be the results of
population bottlenecks and recent and ancient inbreeding.

The inbreeding coefficient, Fis also indicated that
C. mantchuricum underwent a higher level of inbreeding
than C. auritum (supplementary fig. S7b, Supplementary
Material online).

FIG. 3. Summary of population genetics statistics. (a) Nucleotide diversity (Hp) on 4-fold degeneration sites. (b) Watterson’s theta (Hw) on 4-fold
degeneration sites. (c) Nucleotide diversity (Hp) on 0-fold degeneration sites. (d) Watterson’s theta (Hw) on 0-fold degeneration sites. (e)
Nucleotide diversity (Hp) of 0-fold degeneration sites over nucleotide diversity (Hp) of 4-fold degeneration sites. (f) Genome-wide Tajima’s D.
For each statistic, all three Crossoptilon mantchuricum populations were compared with the C. auritum population. Three asterisks mean
nonadjusted P< 10�3.
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Evidence of Genetic Load in C. mantchuricum
There were relatively more missense mutations in all three
C. mantchuricum populations than in C. auritum (fig. 5a). This
finding was consistent with the low genetic diversity (fig. 2),
strong genetic drift (fig. 3f), and extensive inbreeding (fig. 4)
observed in C. mantchuricum. Brown-E had relatively more
loss-of-function (LOF) variants than Blue (fig. 5a). However,
the number of LOF variants in Brown-C and Brown-W did
not significantly differ from those in Blue (fig. 5a). Though
C. mantchuricum accumulated more missense mutations
than C. auritum (fig. 5a), the test did not segregate the del-
eterious and neutral variants. Therefore, we calculated the
ratio of missense to synonymous mutations at the homozy-
gous and heterozygous sites. There were significantly more
missense mutation rates at the heterozygous than the homo-
zygous sites for all three C. mantchuricum populations
(fig. 5b). However, missense mutations occurred at equal rates
at the heterozygous and homozygous sites for C. auritum. As
lethal recessive genes are more likely to be heterozygous in
living organisms, this result suggests that all three
C. mantchuricum populations accumulated deleterious reces-
sive mutations whereas C. auritum did not.

We tested whether the inbreeding common to all three
C. mantchuricum populations caused the accumulation of
deleterious recessive mutations. For all three
C. mantchuricum populations, the ROHs had fewer homozy-
gous missense alleles than the other regions (fig. 5c). Hence,
inbreeding did in fact contribute to the accumulation of del-
eterious recessive mutations. We then compared the genetic
diversity values for various genomic regions of
C. mantchuricum and C. auritum. The functional genomic
regions (major histocompatibility complex, conserved non-
exonic elements, conserved introns, conserved intergenic

regions, and coding regions) and the nonfunctional regions
(putative nonfunctional regions, nonconserved introns, and
nonconserved intergenic regions) of C. mantchuricum had
less genetic diversity than the corresponding regions of
C. auritum (fig. 5d and supplementary fig. S8,
Supplementary Material online). This finding was consistent
with the observation that C. mantchuricum had the lower
genetic diversity (fig. 2). Taken together, these results indicate
that C. mantchuricum has a higher genetic load and lower
adaptive genetic variation.

We examined putatively functional genes in order to assess
the extent of the genetic load. We selected 308 genes accord-
ing to genome-wide dXY and genetic variation (p) (supple-
mentary fig. S9 and data sets S4 and S5, Supplementary
Material online). Two had derived LOF mutations and 121
had derived missense mutations. One of the derived LOF
variants was linked with DNA repair function and fixed in
all three C. mantchuricum populations. However, no derived
LOF variants were fixed in C. auritum (supplementary data set
S4, Supplementary Material online). Of the derived missense
mutations on the genes putatively under positive selection,
48 were fixed in C. mantchuricum. Nine were deleterious
according to their Provean scores. In contrast, only 27 derived
missense mutations were fixed on the putatively adaptive
genes in C. auritum and of these, six were deleterious (sup-
plementary data set S5, Supplementary Material online). The
genes putatively under positive selection were linked mainly
with digestion according to the KEGG pathway and GO en-
richment analyses. The average genetic diversity of these
genes in C. mantchuricum was lower than that for the corre-
sponding genes in C. auritum (supplementary data set S6,
Supplementary Material online). For C. mantchuricum, the
relatively high fixation rate for deleterious mutations on

FIG. 4. Genetic linkage disequilibrium (LD) and runs of homozygosity (ROHs). (a) LD decay is represented by change in average correlation (R2)
between SNPs among all individuals per population as physical distance increases between SNPs. (b) Percentages of ROH on autosomes. Integral
bars indicate fraction of all ROHs. Solid bars show fractions of long ROH�0.5 Mb. Blank bars show fraction of short ROH<0.5 Mb. Error bars are
61 SD. Blue indicates Crossoptilon auritum. Brown-W, Brown-C, and Brown-E are three isolated C. mantchuricum populations.
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potentially functional genes indicated low purifying selection
power.

Long-Term Population Contraction in
C. mantchuricum
To explore the population size dynamics of C. mantchuricum,
we inferred the long-term demographic history of the three

populations using multiple sequential Markovian coalescence
(MSMC). The effective population sizes (Ne) started to decline
�37.5 ka (fig. 6). The most recent (�0.5 ka) Ne of the three
C. mantchuricum populations were 1,420 (Brown-W), 24,041
(Brown-C), and 730 (Brown-E). Over the past
�1.64� 104 years, effective population sizes for
C. mantchuricum were always less than those for C. auritum

FIG. 5. Characterization of genetic load and extent of inbreeding depression in Crossoptilon mantchuricum. (a) Relative number of derived alleles at missense
(red) and LOF (orange) variations that are frequent in one population of C. mantchuricum but not in C. auritum (RA/B). Error bars represent 62 SD. (b) Ratio of
derived missense variants to synonymous variations in homozygous (circle) and heterozygous (square) tracts per sample. Horizontal bars represent average
values. P values for each population obtained from Kolmogorov–Smirnov tests comparing homozygous and heterozygous tracts. (c) Effects of inbreeding on
accumulation of deleterious mutations. Rnhom was calculated by dividing ratio of missense to synonymous counts of homozygous genotypes inside ROH by
corresponding ratio outside ROH. Upward-pointing triangles represent long ROH. Downward-pointing triangles represent short ROH. (d) Genetic diversity (p)
estimated for each population in different genomic regions. MHC, major histocompatibility complex region; CDS, coding region; CNEE, conserved nonexonic
elements; conserved introns; conserved intergenics; putative nonfunction regions; nonconserved intergenics; nonconserved introns. Error bars represent 95% CI
estimated from 1,000-bootstrap resampling.
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(fig. 6). This discovery is consistent with the genetic diversity
pattern (fig. 2). The bootstrap results of the Ne fluctuations
are shown in supplementary figure S10, Supplementary
Material online.

In addition, coalescent simulations run in fastsimcoal26
corroborated the population history inferred by MSMC
that long-term contraction inclusively occurred in the three
C. mantchuricum populations based on the empirical site
frequency spectra (supplementary data set S7 and fig. S11,
Supplementary Material online). In addition, there was no
gene flow between adjacent C. mantchuricum populations
suggested by the best model in fastsimcoal26, which is con-
sistent with gene flow estimation using Migrate-N (supple-
mentary data set S8, Supplementary Material online).

Discussion
To the best of our knowledge, this study is the first to perform
a population genomic survey of the C. mantchuricum. This
threatened species is now restricted to the Montane forests of
northern China. Here, we used a de novo genome and pop-
ulation genomic data from three fragmented
C. mantchuricum populations and one population of its sister
species, C. auritum. The present study elucidated the genomic
consequences of long-term population decline including ex-
tremely low level of genetic diversity and evidence of inbreed-
ing depression. The comparative analysis between a highly
threatened species and its demographically stable sister spe-
cies demonstrated that, genetic drift lower efficacy of natural
selection, and can lead the accumulation of deleterious

mutations in the endangered species. Together, this study
furnishes genomic resources that facilitate the conservation
management of C. mantchuricum.

The C. mantchuricum population started to contract dur-
ing the most recent glacial period �12.1–34.8 ka (fig. 6). The
population size trajectory of C. mantchuricum and
the Chinese Han population (CH) exhibited the opposite
trends (fig. 6). The latter began to expand �30 ka (Schiffels
and Durbin 2014) whereas the former began to contract si-
multaneously. Such a population trend of C. mantchuricum
also roughly coincided with long-term cooling of the central
Chinese Loess Plateau 34.8–12.1 ka (Song et al. 2007).
However, climate change was probably not the sole reason
for the long-term decline of C. mantchuricum. Unlike other
pheasant species such as the black grouse (Tetrao tetrix)
(Kozma et al. 2016), the population of C. mantchuricum did
not recover even after the temperature trajectory reversed
(fig. 6). The earliest record of human activity in the geographic
region of the present study is 39 ka (Shang et al. 2007; Barton
et al. 2020) and roughly corresponds to acceleration of the
decline in the C. mantchuricum population (fig. 6). Over the
past millennium, the human impact on C. mantchuricum
distribution has increased in the form of events such as the
construction of the Great Wall in Shanxi, Shaanxi, Hebei, and
Beijing during the Ming and Qing dynasties. Hence, recently
expanding anthropogenic activities such as deforestation,
land-use changes, and hunting may have contributed to
the steady population decline of C. mantchuricum. The strong
population genetic structure in isolated C. mantchuricum
populations (fig. 1) may have been the consequence of loss
and fragmentation of suitable habitats between them and
consequently blocking gene flow. Thus, the three isolated
populations with different Ne can be treated as independent
management units, separately.

We found that C. mantchuricum underwent inbreeding
during its population decline as there were LD patterns and
homozygous tracts in its genome (fig. 4). LD rapidly decays to
very low levels in wild bird populations (Poelstra et al. 2013;
Kawakami et al. 2014) as it did for C. auritum (fig. 4a). In
contrast, C. mantchuricum exhibited extremely high LD
(fig. 4a). Population decline and fragmentation in
C. mantchuricum might have increased inbreeding frequency
which, in turn, would reduce the effective population size
further still. ROH widely occurred in C. mantchuricum chro-
mosomes (fig. 4b). ROHs are the result of high rates of inher-
itance of chromosomal segments that are identical by
descent (Ceballos et al. 2018). All C. mantchuricum popula-
tions had several times more fractions of autosomal sequen-
ces within ROH than C. auritum (fig. 4b). At least half the
C. mantchuricum genome was contained in long ROHs and
its LD rate was extremely high (fig. 4). Both attributes are
genomic consequences of population decline and inbreeding,
which will reduce the genetic diversity and increase the ge-
netic load in wild populations.

The genomic signatures of reduction in genetic diversity
and accumulation of deleterious alleles were detected in
C. mantchuricum. Compared with numerous other bird spe-
cies studied using comparable data sets, C. mantchuricum has

FIG. 6. Demographic history of Crossoptilon mantchuricum and
C. auritum reconstructed from autosomes using the multiple sequen-
tial Markovian coalescence (MSMC) model. Inferred fluctuations in
effective population size (Ne) from 1 ka to 0.8 Ma based on the 2-year
generation time and 4.02� 10�9 per site per generation mutation
rate assumptions. Blue line represents estimated Ne of C. auritum
(blue). Purple, brown, and green lines represent Western (Brown-
W), Central (Brown-C), and Eastern (Brown-E) C. mantchuricum pop-
ulations, respectively. Red line represents Chinese Han population
(CH). Black line shows magnetic susceptibility (SI) of central
Chinese Loess Plateau. SI was a proxy for temperature.
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extremely low genetic diversity (fig. 2a). This discovery was
consistent with an earlier study using multiexon sequences
(Wang et al. 2017). In general, genetic diversity is negatively
correlated with population fitness (Frankham 2004). Hence,
together with low genetic diversity in the functional genomic
region of C. mantchuricum (figs. 3c and d and 5d), these
findings indicate that C. mantchuricum is at an increased
risk of extinction. Here, we found that C. mantchuricum has
accumulated more missense variants than C. auritum, and
Brown-E has more LOF than C. auritum (fig. 5a). The missense
variants are deleterious as the ratio of missense mutations in
the homozygous sites was significantly lower than that in the
heterozygous sites (fig. 5b). Therefore, these genomic signa-
tures suggest C. mantchuricum is likely suffering inbreeding
depression. The uncovered patterns are documented in some
endangered species with extremely low level of genetic diver-
sity, for example, Channel Island fox (Urocyon littoralis)
(Robinson et al. 2016), and snub-nosed monkeys
(Rhinopithecus spp.) (Zhou et al. 2016). An obvious question
arises, in small and highly inbred populations, whether puri-
fying selection is sufficient to purge deleterious mutations?

Inbreeding exposes lethal recessive and detrimental par-
tially recessive mutations to purifying selection. In this way, it
reduces the frequency of detrimental mutation and the level
of inbreeding depression in populations (genetic purging)
(Lande and Schemske 1985; Garc�ıa-Dorado 2015). However,
this trend might not apply to extremely small populations.
According to the nearly neutral theory, alleles are invisible to
purifying selection when the selective effect is less than 1/2 Ne

(Ohta 1972; Akashi et al. 2012). Populations may decline until
purifying selection no longer purges deleterious mutations.
Previous studies showed that purifying selection efficiency
varies among wild populations. The Alpine ibex (Capra
ibex) has experienced numerous bottlenecks but few highly
deleterious mutations, which suggested selection has purged
deleterious mutations (Grossen et al. 2020). In contrast, there
was severe inbreeding depression and relaxation of purifying
selection by genetic drift in some cases. For instance, the
burden of deleterious alleles in two subspecies of mountain
gorilla (Gorilla spp.) increased after a prolonged population
decline (Xue et al. 2015). The results of the present study are
consistent with the gorilla case, which are indicative of strong
genetic drift in C. mantchuricum. These detrimental genetic
consequences can be strengthened if populations of
C. mantchuricum keep declining. Even if populations would
re-expand, signature of genetic erosion would still be persis-
tent (Kirkpatrick and Jarne 2000). In this regard, viable con-
servation strategies need to target at restoring effective
population size of C. mantchuricum (Peart et al. 2020).

Crossoptilon mantchuricum is currently listed as
“vulnerable” by IUCN Red List (BirdLife International 2016c)
and a first-class national protected animal in China (Zheng
2015). Thus, hunting is strictly prohibited for wild popula-
tions. To allow its long-term persistence, some recommenda-
tions are proposed based on our findings. As we show that
purifying selection is less efficient in all three isolated popu-
lations of C. mantchuricum, any measures aiding wild popu-
lation augmentation and restoration suitable habitats, are

most important as selection would be more effectively work-
ing on larger populations. Second, because we found evidence
of the relatively high fixation rate for deleterious mutations in
C. mantchuricum, monitoring population genetic health may
be a necessary means to reduce negative effects caused by
genetic erosion, and natural catastrophic events, such as dis-
eases and forest fire. This is probably more critical for the
western and eastern populations as they have a smaller geo-
graphical range and Ne, comparing the central population in
Shanxi. Hence, in case genetic rescue program, such as pop-
ulation translocation and reintroduction programs are
planned, the central population in Shanxi may be a source
population. The differences in genetic profiles among these
three populations also indicate refined conservation manage-
ment programs should be considered.

Materials and Methods

DNA Sample Collection
Tissue for de novo whole-genome sequencing was obtained
from a female C. mantchuricum. For genome resequencing,
tissue samples were obtained from 40 C. mantchuricum and
11 C. auritum individuals. For genome annotation, the tran-
scriptome of the C. mantchuricum individual used for de
novo genome assembly was also sequenced.

Genome Assembly and Annotation
Fragment and jumping libraries were constructed for de novo
genome sequencing. Low-quality data were removed and 1.37
billion reads (195.6� sequence coverage) were used for de
novo C. mantchuricum genome assembly in ALLPATHS-LG v.
52488 (Butler et al. 2008). Repetitive elements were identified
and an integrative approach was taken to identify a protein-
coding gene set of the repeated-masked genome in MAKER v.
2.31.8 (http://www.yandell-lab.org/software/maker.html).

Read Mapping and SNP Calling
Fragment libraries were constructed for genome resequenc-
ing and targeted >15� coverage per individual. Clean reads
in all fragment libraries per individual were mapped to the
C. mantchuricum reference genome with BWA-MEM v. 0.7.9a
(Li and Durbin 2009). Local realignment around indels, recali-
bration of base quality scores, and SNP filtering were per-
formed in the GATK v. 3.7 pipeline according to best
practice recommendations (McKenna et al. 2010).

Population Structure and PCA
Principal component analysis of the genotypes was per-
formed in GCTA v. 1.91.3 using a filtered set of 49,701 auto-
somal SNPs (Yang et al. 2011). The same SNP set was used to
infer the population structure in ADMIXTURE v. 1.3.0 with
cross-validation and 100 bootstraps (Alexander and Lange
2011).

Genetic Diversity Estimation
To assess genetic diversity within and among
C. mantchuricum populations, the heterozygosity of each
sample was calculated and defined as the proportion of het-
erozygous sites in all callable sites across all autosomes. For
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each population or species, genetic diversity was defined as
the mean heterozygosity per individual per population or
species. Population genetics statistics (Hp and HW) were
computed on synonymous and nonsynonymous sites. To
test whether C. mantchuricum accumulated more missense
mutations than C. auritum, the Hp (0-fold)/Hp (4-fold) ratios
were determined for each population.

Genetic Drift Power Evaluation
To assess the roles of purifying selection and genetic drift in
C. mantchuricum, genome-wide Tajima’s D values were cal-
culated in ANGSD v. 0.930 (Korneliussen et al. 2014) for each
population. The window and step sizes were 100 and 25 kb,
respectively. To test whether the C. mantchuricum and
C. auritum populations significantly differed in terms of
Tajima’s D, nonpaired Welch two-sample t-tests were per-
formed. Genetic drift strength was also estimated from the
folded SFS in ANGSD v. 0.930 (Korneliussen et al. 2014) using
unlinked autosomal chromosome SNPs in the
C. mantchuricum and C. auritum.

Inbreeding Pattern and Genetic Load Estimation
To determine the genomic extent of inbreeding in
C. mantchuricum, genome-wide ROH, estimated LD, and in-
breeding coefficient (Fis) were identified for the three
C. mantchuricum populations and C. auritum.

Methods previously applied toward gorillas (Xue et al.
2015) were used to measure the genetic load. SnpEff was
used to identify LOF, missense, and synonymous variations
in coding regions (Cingolani et al. 2012). The relative numbers
of derived LOF and missense variants in each
C. mantchuricum population and C. auritum were estimated
and compared according to the formula of Xue et al. (2015).

Inbreeding depression was assessed by determining
whether ROH regions accumulate more homozygous mis-
sense mutations than the regions outside the ROH. The rel-
ative numbers of heterozygous and homozygous missense
mutations were compared. The genetic diversity of the func-
tional and nonfunctional regions between each
C. mantchuricum population and C. auritum were also
compared.

To establish whether purifying selection has power to re-
move deleterious mutations in C. mantchuricum, the genes
putatively under positive selection were inferred and the
Provean scores (Choi et al. 2012) of the derived missense
mutations were calculated. These values indicated whether
the derived missense mutations were deleterious to the genes
putatively under positive selection. The genetic diversity of
each candidate gene and the frequency of the derived mis-
sense mutations were also calculated. KOBAS v. 3.0 was used
to perform KEGG and GO enrichment analyses on those
genes (Wu et al. 2006).

Demographic History Reconstruction
The potential historical factors associated with the current
genetic status of C. mantchuricum were examined by recon-
structing demographic histories for each study population
with the MSMC2 model (Schiffels and Durbin 2014). The

mutation rate of C. mantchuricum and C. auritum was
4.02� 10�9 per site per generation based on the comparison
of the 4-fold degenerate sites among the Galliformes lineages
(Zhang et al. 2014) and the generation time was 2 years based
on field observation (Zheng 2015). The population history of
C. mantchuricum was compared with that of the Chinese Han
(Schiffels and Durbin 2014) and the Loess Plateau climatic
history (Song et al. 2007).

To investigate whether there was gene flow between ad-
jacent C. mantchuricum populations, Migrate-n v. 3.6.11 was
used in this study (Beerli and Felsenstein 2001). It performed a
Bayesian inference of the gene flow pattern. The simulation-
based framework fastsimcoal26 (Excoffier et al. 2013) was run
to infer the demographic history of all three C. mantchuricum
populations and distinguish whether the C. mantchuricum
populations continuously declined or simply remained small.
Full details of the materials and methods are presented in
Supplementary Material online.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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