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Guangdong province has diverse local goose breeds with unique characteristics, but there is limited
research on their genetic diversity, formation history and breed-specific genes. This study uses whole-
genome sequencing to analyze 120 local geese representing four officially recognized breeds and two
lines of the folk breed Sanzhou Black goose, as well as five museum goose samples in the region,
combined with 56 geese whole genome data from NCBI, with the aim of understanding the genetic
diversity and relationships of Guangdong geese, identifying the history of breed formation, and
discovering genes linked to various traits in these geese. The results show a considerable degree of

genetic diversity in Guangdong local geese. The museum Sanzhou Black goose exhibit multiple
ancestral components, and the Magang goose may be derived from the Sanzhou Black goose.

A multitude of genes have been identified as related to various functional phenotypes in different
Guangdong geese, such as fat deposition (ACERS3), feather color (ACTA2), skin pigmentation (GDA),
and body growth and development (ARHGAP21), collectively defining the distinctive attributes of
indigenous breeds. These results provide a way to study the history of breed formation and a basis for
selective breeding or utilization targeting goose breeds in Guangdong.

Geese, domesticated in China for over 7000 years and currently one of the
most widely used farm animals', have long played a significant economic
role. Both artificial and natural selection have resulted in the develop-
ment of a wide range of phenotypes and traits in domestic geese. China
is home to a considerable number of domestic goose breeds, with 30
native breeds currently identified. Among these, Guangdong province
alone is home to five distinct local goose breeds, each exhibiting sig-
nificant phenotypic differences. Guangdong local goose breeds have
rich and diverse phenotypes, including different body size’, plumage
colors and fat deposition’. Additionally, as a representative of short-day
breeding animal, the Magang goose (MQG) is frequently employed to
examine the influence of light on reproductive activity in seasonally
breeding animals*. Therefore, the study of breed characteristics of
various Guangdong local goose breeds is important for genetic

improvement of domestic geese and conservation of germplasm
resources.

The assessment of genetic diversity, structure, and relationships is
crucial for optimizing conservation strategies and sustainable breeding
programs. Recent genomic studies have provided insights into Chinese
goose breeds. For example, Zheng et al. found that the Lingxian White goose
exhibited a lower genetic diversity and a higher inbreeding coefficient than
the Guangfeng White goose and the Fengcheng Gray goose using whole
genome sequencing’. Jing et al. studied the genetic diversity and genetic
structure of domestic geese and found that the genetic diversity of Chinese
geese was higher than that of European geese, and verified the accuracy of
the classification of Chinese goose germplasm resources’. However, sig-
nificant gaps remain in our knowledge of Guangdong’s indigenous genetic
resources. Notably, current investigations have predominantly focused on
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selective sweep analysis of mainstream Guangdong breeds™. Additionally,
there are a number of additional folk breeds in Guangdong, including the
Sanzhou Black goose (SZH) and Yangchun white goose (YCB), which
warrant further investigation. Consequently, there remains a paucity of
systematic exploration of the overall genetic diversity and structure of
Guangdong goose breeds.

The temporal dynamics of indigenous breed formation have emerged
as a focal subject in domestication studies. The integration of temporal
genomic perspectives through historical samples has emerged as a trans-
formative approach for reconstructing domestication histories, particularly
in resolving long-standing debates about breed origin. This methodology
has successfully elucidated key domestication transitions in chicken,
including the discovery of domestication centers® and the fixation time of
domestication gene TSHR’. Similarly, the analysis of historical samples from
Bronze Age samples has confirmed that all ancient domestic cattle in
northern China belonged to the taurine cattle'’. Furthermore, research into
ancient DNA has revealed the history of cattle being introduced to the
Americas". Using historical samples, researchers found that contemporary
breeds may have been formed in recent centuries”’. In the case of the
Guangdong goose, the MG was historically attributed to SZH/Yangjiang
goose crosses but lacked molecular validation. Therefore, the genomic
information of museum geese samples is expected to elucidate the structural
changes and breed formation within these populations.

Despite the outstanding germplasm characteristics of the Guangdong
local breeds have received great degree of attention, particularly the well-
characterized Shitou goose (ST), critical gaps persist in understanding the
broader genetic diversity, genetic structure, and genetic relationships of local
breeds. In addition, the breed-specific genetic traits in this region remain to
be thoroughly examined, which hinders the precise identification and
conservation of germplasm resources. In this study, we perform whole-
genome sequencing on 120 modern samples and five museum samples. The
modern samples including four officially recognized local breeds (ST,
Wuzong goose (WZA), MG, YCB), two lines of the folk breed SZH
(Maojing (M]) and Gaoyao (GY)). And the five museum samples repre-
senting the one Swan goose (G), two Shitou geese (G-ST), and two Sanzhou
Black geese (G-SZH). To comprehensively understand the genetic structure
and breed formation history of Guangdong geese, these data were com-
binedly analyzed with the extant data of 47 modern domesticated geese and
nine modern wild Swan goose in public databases. The breed-specific
related single nucleotide polymorphisms (SNPs) and Fixation index (Fgr)
analysis were used to determine genomic SNPs and genes related to char-
acteristics of the goose, which will contribute to further genetic and breeding
research on goose breeds of Guangdong.

Results

Sequencing and data quality

A total of 24.87-27.27 Gb raw base was obtained for each modern
sample, with an average depth between 19.41-21.28x across populations
(Supplementary Table S1), providing sufficient data for subsequent
analysis. Extant 7 ST, 10 MG, and 10 ZI genome sequencing data

(10.10-10.11 Gb raw base for each sample) were obtained from the
public database (National Center for Biotechnology Information
(NCBI)) (Supplementary Table S1). Additionally, whole genome
sequencing data (10.12--17.57 Gb raw base for each sample) for ten
Roman goose (RM), ten Hortobagy goose (HT), and nine wild Swan
goose (HY) was also downloaded and deployed for joint analysis (Sup-
plementary Table S1). The results of the agarose gel electrophoresis for
the museum samples indicated that the DNA extracted from the
museum samples was predominantly distributed below 100 bp. In some
cases, such as for the G-F (Also known as G) sample, no gel band was
detected, suggesting that the DNA concentration was too low for
detection (Supplementary Fig. S1). The museum specimens yielded 3.12-
-16.39x average sequencing depth for each sample (Supplementary
Table S1).

Genomic variation of all modern goose breeds

By combining with the extant dataset in GenBank, a total of 15,071,551
high-quality SNPs were detected among the 176 modern goose genomes.
To gain the distribution of SNPs across all modern breeds, the SNP
densities were displayed in a 1 Mb window across the entirety of the
genome. Among all chromosomes, chromosomes 8, 23, and 24 exhibited
the lowest density of SNPs, while chromosomes 25, 26, and 27 exhibited
the highest (Supplementary Fig. S2).

Genetic diversity analyses

The genetic diversity analysis of the Guangdong local breed was carried
out on the dataset obtained in present study. Individual SNPs were
extracted for Guangdong local goose breeds and resulting in 7,936,429 to
9,235,160 SNPs. The lowest number of SNPs was found in the ST, while
the highest number of SNPs was found in the YCB (Table 1). The results
indicated that the observed heterozygosity (Ho) and the expected het-
erozygosity (He) for each Guangdong goose breed were found to be
0.321-0.335 and 0.322-0.331, respectively. In addition, the inbreeding
coefficient (F) for each breed was found to be 0.012-0.030 based on
genome SNPs, while they were 0.259-0.318 based on the runs of
homozygosity (ROH). All Guangdong geese exhibited low F, with the MJ
population of SZH exhibiting the highest F (0.030) and WZA exhibiting
the lowest F (0.012). However, their interbreed genetic distances were low
(0.272), indicating a high linkage disequilibrium (LD) distance
(R*03)=712.053). A synthesis of the results of the number of SNPs
(NSNP), F, the inbreeding coefficient based on ROH (Froy), and LD
revealed that the ST exhibited the lowest genetic diversity, while YCB
exhibited the highest genetic diversity (Table 1).

Furthermore, the LD decay of each breed was plotted, and it was
observed that the LD distance of each breed gradually increased as R®
decreased (Supplementary Fig. S3). These findings were consistent with
those regarding genetic diversity, as ST had the greatest distance at R* = 0.2,
while YCB exhibited the lowest distance. This further demonstrated that the
ST was the least genetically diverse of the goose breeds in Guangdong. The
YCB, in contrast, exhibited a high level of genetic diversity.

Table 1 | Genetic diversity among five goose breeds

Breed Number NSNP Ho He F DST(1-ibs) FroH R?.3(bp)
SZH(GY) 20 8,911,094 0.326 0.323 0.01 0.27 0.28 670.19
SZH(MJ) 20 8,832,779 0.321 0.323 0.03 0.272 0.297 677.67
MG 20 8,923,068 0.326 0.323 0.02 0.271 0.283 672.65
WZA 20 8,394,738 0.335 0.331 0.01 0.272 0.311 712.05
YCB 20 9,235,160 0.325 0.322 0.01 0.269 0.259 647.8
ST 20 7,936,429 0.329 0.327 0.02 0.273 0.318 747.64

Abbreviations: SZH(MJ): Miaojing line of Sanzhou Black goose, SZH(GY): Gaoyao line of Sanzhou Black goose, MG: Magang goose, WZA: Wuzong goose, YCB: Yangchun White goose, ST: Shitou
goose.NSNP:the number of SNPs, Ho: The observed heterozygosity, He: The expected heterozygosity, F: The inbreeding coefficient, DST: The intraspecific genetic distances, Fgon: The inbreeding
coefficient based on runs of homozygosity, R? 0.3(bp): linkage disequilibrium (LD) distance when R?=0.3.
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Fig. 1 | Genetic relationships among 167 modern domesticated geese.
A Neighbor-joining tree; B Principal component analysis (PC1 and PC2);
C Principal component analysis (PC3 and PC4). Abbreviations: MG: Magang goose,
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ST: Shitou goose, SZH(M]): Miaojing line of Sanzhou Black goose, SZH(GY):
Gaoyao line of Sanzhou Black goose, YCB: Yangchun White goose, WZA: Wuzong
goose, HT: Hortobagy goose, RM: Roman goose, ZI: Zi goose.

Population structure

To gain further insight into the population structure of the geese in
Guangdong, a joint population structure analysis of our dataset with the
extant genomic data of European domestic geese (RM and HT) and non-
Guangdong geese (ZI) from GenBank was carried out. The results of the NJ
tree (NJ-tree) and principal component analysis (PCA) demonstrated that
the individual breeds were distinct from one another, with the exception of
the MG and SZH (MJ and GY), which exhibited indistinguishable char-
acteristics (Fig. 1). The results of the Ancestral Component Analysis were
consistent with those of the NJ-tree and PCA (Fig. 2). When K = 2, domestic
geese were divided into two distinct lineages, in which the Chinese geese
formed one ancestral component, including SZH (M] and GY), MG, WZA,
YCB, ST, and ZI, and the European geese formed another ancestral com-
ponent, including HT and RM. It is noteworthy that the ZI component
included European domestic geese. When K = 3, which was the optimal K
value (cross-validation error = 0.3647), the ST formed a separate lineage. As
the value of K increased from four (cross-validation error = 0.3652) to five
(cross-validation error = 0.3654), which were close to the optimal K value,
the ZI and WZA were gradually divided into independent lineages. The

YCB consistently demonstrated a component of the ST pedigree from K =3
to 5, which is consistent with the distribution observed in the NJ tree. YCB
was identified as an independent ancestral component until K = 6. Mean-
while, the two populations of the SZH (M] and GY) and the MG had
consistently exhibited the same ancestral composition, suggesting their close
genetic relationship. Therefore, we do not subsequently analyze the SZH
(MJ and GY) for breed-specific related SNPs and genes.

Genetic relationships between museum and modern samples

To ascertain the changes in genetic structure and the evolutionary trajectory
of Guangdong goose throughout the breeding formation in the last several
decades, museum samples and modern samples were subjected to a com-
bination of analyses. Considering the presence of wild swan goose in the
museum samples, we added nine modern wild swan geese from public
databases to the dataset. By retaining SNPs present in both modern and
museum samples, we obtained 2,814,728 high-quality SNPs for subsequent
museum sample analyses. The NJ tree indicated that when European
domestic geese were employed as the root, the historical SZH samples were
situated at the root of the WZA, MG, and modern SZH (M] and GY)

Communications Biology | (2025)8:1132


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08550-6

Article

Fig. 2 | Genome-wide population structure ana-
lysis of 167 modern domesticated geese. Colors
represent different ancestral components. Abbre-

K=2
viations: K: The number of ancestral components,
MG: Magang goose, ST: Shitou goose, SZH(M]):
Miaojing line of Sanzhou Black goose, SZH(GY):
Gaoyao line of Sanzhou Black goose, YCB: Yang- K=3
chun White goose, WZA: Wuzong goose, HT:
Hortobagy goose, RM: Roman goose, ZI: Zi goose.
K=4
K=5
K=6

branches. The historical ST samples were intermingled with the modern ST
branch, while the historical swan goose samples were identified as being at
the root of the modern swan geese branch (Supplementary Fig. S4A). The
PCA analysis of the museum samples and modern Chinese geese was
consistent with the results of the NJ tree, with the historical ST clustered with
the modern ST, the historical swan goose clustered with the modern swan
goose, and the historical SZH being more closely related to the WZA, MG
and modern SZH (MJ and GY) (Supplementary Fig. S$4C, D). The popu-
lation structure analysis yielded identical results to the modern sample
analysis, with the different breeds gradually diverging as K increased from 2
to 5 (Supplementary Fig. S4B). Both the historical ST and the swan goose
constituted an ancestral component alongside their respective modern
samples. Notably, the historical SZH exhibited multiple ancestral compo-
nents even after the modern groups had diverged into a single ancestral
lineage (Supplementary Fig. S4B).

Gene flow

A total of 253 combinations of f3 statistics were evaluated among all modern
domesticated goose breeds. The findings revealed statistically significant
gene flow between YCB and other Guangdong geese (Z < —3), as well as
between HT and RM. Conversely, no significant f3 statistical values were
observed for the remaining breeds (Supplementary Table S2). This result
aligned with the outcomes of the population structure analysis, suggesting
YCB as a mixed breed. The D statistic was found to be comparable to that of
{3 statistic. The analysis revealed that significant gene flow occurred between
YCB and other local goose breeds (Supplementary Table S3). These findings
are supported by the Treemix analysis, which demonstrated the gene flow
within the Guangdong goose breeds. When setting the gene flow event to
zero, the results of both the maximum likelihood tree and the NJ tree were
identical. Conversely, when setting the gene flow event as 1, the maximum
likelihood tree indicated a gene flow from the root of MG to YCB. Similarly,
when the gene flow event was set to 2, a gene flow from ZI to RM was
detected. When gene flow event was 3, we detected the gene flow from ST to
ZI (Fig. 3).

To assess Swan goose in the museum sample, we added nine modern
wild Swan goose samples to the analysis along with the museum sample. The
incorporation of the museum samples provided a response to the past status
and pedigree composition of the breed. The outgroup f3 statistics showed
that the museum swan goose shared a high proportion of its genetic com-
ponents with modern swan geese, followed by modern ST and other breeds.
And the results demonstrated that the historical SZH had the greatest
number of genetically shared components with the WZA, followed by the
MG, and the SZH (M] and GY), in accordance with the findings of the
phylogenetic tree. The historical ST exhibited the greatest degree of genetic

similarity with the modern ST. All museum samples in the present study had
the lowest f3 values with European and Zi geese, indicating a lack of sig-
nificant gene flow with non-Guangdong domestic geese (Supplementary
Table S4). The results of the D statistic were found to be consistent with the
outgroup f3 statistic (Supplementary Table S5).

Analysis and functional annotation of breed-specific

related genes

The SNP and genes related to breed-specific traits of Guangdong local
geese were identified by detecting breed-specific related SNPs for four
officially recognized breeds and ZI. A total of 213,518 to 1,100,759 SNPs
were identified for each breed, with ZI exhibiting the most specific SNPs
and ST exhibiting the least (Supplementary Table S6). Following filtra-
tion using Fsr, a total of 224-6,568 SNPs were obtained for each breed
(Supplementary Table S6 and Fig. 4). A total of 482 SNPs were obtained
from YCB, with the majority located on chromosome 15. 224 SNPs were
obtained from WZA, with the majority located on chromosome Z. 753
SNP were obtained from MG, with the majority located on chromosomes
5 and Z. 1097 SNP were obtained from ST, with the majority located on
chromosomes 1 and 5. Finally, ZI geese obtained 6568 SNPs, with the
majority located on chromosomes 1, 2, 3, and Z. It can be observed that
all of these regions exhibited high Fgr values, which indicate that they
were subject to strong selection during the formation of each breed.
Furthermore, the Z chromosome of different geese exhibited more spe-
cific SNPs and higher selection signals.

The SNPs with the strongest selection signal were then subjected to
annotation and yielded 36-720 genes from different goose breeds,
including 36 genes from the WZA, 55 genes from the YCB, 96 genes from
the MG, 76 genes from the ST, and 720 genes from the ZI (Supple-
mentary Table S6). Subsequently, the gene set for each breed was then
submitted to the Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis in order to gain further insight into the
potential functions of the identified candidate genes (Supplementary
Table S7 and Supplementary Table S8). As a result, six significant
pathways emerged as significantly enriched by the breed-specific related
genes of ST, comprising glutamatergic synapse, cell adhesion molecules
and ubiquitin-mediated proteolysis, in which the genes CASR, GLS,
CD86, CD99, and CNTN3 were mainly involved. The GO analysis of
breed-specific related genes in ST showed significant enrichment in eight
GO terms, including L-glutamate transmembrane transport, T cell
costimulation and negative regulation of Ras protein signal transduction,
among others. A total of 18 significant pathways, including arrhyth-
mogenic right ventricular cardiomyopathy and regulation of actin
cytoskeleton were enriched by the breed-specific related genes of YCB.
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of Sanzhou Black goose, SZH(GY): Gaoyao line of Sanzhou Black goose, YCB:
Yangchun White goose, WZA: Wuzong goose, HT: Hortobdgy goose, RM: Roman
goose, ZI: Zi goose.

Among these pathways, SGCB, CDH4, EZR, GIT1 and ACTA2 were
involved. The GO enrichment analyses of YCB were significantly enri-
ched in four GO terms, including protein binding, collagen binding,
extracellular matrix binding, and receptor complex. For MG, 11 path-
ways were identified as significantly enriched by DPYD, HMGCSI, NOS1,
IL1IRA, PIGH, GPHN, NFS1, AHCYL2, HRH3, NR3Cl, PRLR,
NPBWR2, PTGER4, ILI11RA, SYCP3, RAD5IB and so on, including
metabolic pathways, neuroactive ligand-receptor interaction, galactose
metabolism and homologous recombination. The GO enrichment ana-
lyses of MG enriched in iron-sulfur cluster binding, protein binding, and
ATP hydrolysis activity, among others. Furthermore, four pathways,
including thermogenesis, cell adhesion molecules, and citrate cycle (TCA
cycle), were significantly enriched by the breed-specific related genes of
WZA. Among these pathways, GDA, SMARCCI, PTPRT and OGDH
were involved. The GO enrichment analyses of WZA were significantly
enriched in dephosphorylation. The breed-specific related genes of ZI

were found to be significantly enriched to 31 pathways, including the
calcium signaling pathway, cell adhesion molecules and oxytocin sig-
naling pathway. Among these pathways, CHRM3, CHRM5, GRM2,
GRIN2B, ATP2B2, PDEIC, GNAL, PHKAI1, PDGFRB, ERBB4, CAC-
NAIB, PLCB4, VDAC2, MYLK3, TNNC2, RYR3, ADCY1, CACNA2D3,
GNAI2, CACNA2D4, ERBB4, GNAL, CACNA2D2, PLCB4 ADCY],
RYR3, MYLK3, RCAN2 were identified as key genes. The GO enrichment
analyses of ZI were significantly enriched in 38 GO terms, including
protein binding, postsynaptic membrane, intracellular signal transduc-
tion, among others.

To further validate the role of varietal breed-specific related genes and
SNP loci in different Guangdong breeds, we performed haplotype analyses
of the SNP loci linked to these genes. The results showed that there were
typical correlations between SNP loci and breeds, such as the loci 6193485
and 215817703 in CMO046214.1, associated with ACER3 and AHCYL2,
showed significant variation in the MG goose (Fig. 5 and Table 2).
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Discussion

The investigation of the genetic structure and genetic diversity of different
breeds in a specific geographic region can facilitate the genetic evaluation,
utilization, and conservation of genetic resources. Mitochondrial® and
genome-wide™"* studies have demonstrated that Chinese geese exhibit high
genetic diversity. The present study aimed to analyze the genetic diversity of
five local goose breeds in Guangdong. The genetic diversity of the Guang-
dong local geese was observed to be high, with a considerable number of
SNPs, heterozygosity, and low inbreeding coefficients (Table 1), which were
in accordance with the findings of a previous genome-wide genetic diversity
study on ST and MG". In comparison to other geese which were considered
to have high genetic diversity such as Xingguo Gray goose (F=0.06 + 0.04,
From=1099 + 307, RX03)(kb)=145 Ho=028, He=028) and
Guangfeng White goose (F=0.11 % 0.03, Froy =10.09 + 2.62, R*(0.3)
(kb) = 1.21, Ho = 0.25, He = 0.26)°, the Guangdong local geese exhibit lower
inbreeding coefficients, LD distances, and higher heterozygosity (Table 1).
When the observed heterozygosity was less than the expected hetero-
zygosity, inbreeding or selection had occurred in the population”. The
observed heterozygosity was higher than or equal to the expected hetero-
zygosity for all Guangdong geese except for SZH(M]J) (Table 1), which

suggested potentially targeted artificial selection on the desirable traits
during the long-term conservation and utilization. The Frop was con-
sidered to be closer to the true inbreeding coefficient'®. Contrary to the
results of NSNP, He, Ho and F, Froy was higher in Guangdong local goose
breeds than in Xingguo Gray goose and Xingguo Gray goose, so the timing
of inbreeding occurrence in Guangdong local goose breeds should be further
investigated to unravel the reasons for the discrepancies. The observed
reduction in genetic diversity of the ST relative to other Guangdong geese
may be attributed, at least in part, to its status as the most renowned and
widely utilized large-bodied goose in China, which has been subjected to
extensive human attention and selective breeding™"’.

Guangdong is home to five different local goose breeds, which play a
pivotal role in the regional economy and the conservation of genetic
resources associated with local breeds. All the Guangdong domestic geese
used in this study exhibit distinct characteristics. The ST, the largest goose
breed in the world, has a significantly faster growth rate compared to other
local breeds in Guangdong'®. The WZA is notable for its more pronounced
black feathers than other Guangdong local geese. The MG, a medium-sized
breed, is recognized for its early maturity and tendency to fatten easily,
making it highly popular in the market. The YCB is the only white-feathered
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Fig. 5 | Haplotype analysis of breed-specific
related genes. The horizontal axis represents dif-
ferent breeds and the vertical axis represents dif-
ferent gene regions. The Shitou goose genome was
used as the reference genome, with 0 (green)
representing a pure genotype identical to that of the
ST, 1 (black) representing heterozygous, and 2 (red)
representing homozygous mutation mutation. The
colors at the top represent different breeds. Abbre-
viations: MG: Magang goose, ST: Shitou goose, YCB:
Yangchun White goose, WZA: Wuzong goose.
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goose breed in Guangdong, valued for both its meat and feather char-
acteristics. The phenotypic diversity and full range of utilization directions
of Guangdong local goose breeds allowed us to use them as a model to
analyze in depth the genomic differences between different types of local
goose breeds and to identify breed-specific related SNPs and functional
genes. The Chinese native geese in this study exhibit a similar genetic
composition and are clearly distinguished from the European domestic
counterparts, which originated from distinct wild geese””’. Our findings
indicate that MG and SZH (MJ and GY) may share a common ancestry
(Fig. 1, Fig. 2 and Supplementary Fig. S4), which is consistent with the
document record of SZH as the genetic parent of MG’'. This may also be the
consequence of cross-utilization of breeds during the past few decades. As a
direct result, the gander of SZH increased from 2950 g* in 2008 to 3373 g at
present at the 7 weeks of age. In addition, the body weight at 90 days-old of
SZH is 4.89 kg, suggesting SZH is larger than the medium sized geese MG™
1. The above results further confirmed the genetic differences between the
museum and modern SZH from both MJ and GY. YCB exhibits ancestral
components derived from several breeds of geese (Fig. 2), which may have
been the source of its white feather, to be included in its pedigree.
Museum samples have been proposed as a valuable resource for the
traceability of breeds and the resolution of pedigree composition™. A
noteworthy finding is the observation that the G-ST and G can be effectively
clustered together in their contemporary modern samples (Supplementary
Fig. S4A), indicating that modern samples were subject to early selective
breeding and did not exhibit significant group stratification. This suggested
that the formation of ST predates the museum sample date of 1980, and
showed continuity with modern populations, which was consistent with the
documented history of ST formation’’. Moreover, the G-SH exhibited
multiple ancestral components (Supplementary Fig. S4B), suggesting that
the remaining breeds esp. MG may be derived from SZH, a conclusion that
aligns with the historical record on these two breeds”. The gene flow
between the SZH (M] and GY), MG and WZA suggests (Supplementary
Table S2, S3) that both the MG and WZA in this study were influenced by
the SZH (MJ and GY) in their breeding processes. These results supported
that MG and WZA introduced the SZH during breeding and subsequently
fixed it through selective breeding. Our results confirmed for the first time at
the molecular level the history of the formation of the Guangdong domestic

goose. In addition, we discovered gene flow between domesticated geese and
wild Swan geese as well as domesticated goose breeds'’, proving detailed
evidence for the complex history of the formation of geese in China.

The Guangdong local geese show displays a remarkable range of
phenotypic variation. The ST, for instance, stands as the largest local goose
breed in China and globally, with an average weight of over 9 kg’. The MG,
on the other hand, belongs to the medium-sized goose category, while the
WZA represents the small-sized goose’. Furthermore, there is a discernible
distinction in coloration between the various breeds. Consequently, the
specific SNP may be associated to the most typical characteristics of the local
breeds. Given that ZI goose is known for its high egg production, a range of
signaling pathways related to reproduction and neuroendocrinology were
identified, such as biological process, the calcium signaling pathway, the
oxytocin signaling pathway, the estrogen signaling pathway, and the GnRH
signaling pathway, which were found to contain genes that may affect egg-
laying traits”. The MAPK signaling pathway, the PI3K-Akt signaling
pathway, and other signaling pathways previously validated to be related to
egg production in geese™ were also identified. The results of the GO
enrichment analysis showed that only a few GO terms were significantly
enriched, but all breeds were consistently associated with protein binding
terms (Supplementary Table S8). This suggests that the development of their
distinct traits is linked to the molecular function of protein binding.

To minimize false positives and he intensity of the screening of breed-
specific characterization genes or SNP, the ZI, a representative of the non-
Guangdong Goose, was added to the analysis. The annotated SNPs of
Guangdong local geese were found to be relate to a variety of traits (Sup-
plementary Table S7). The annotation in ST yielded genes related to body
weight, growth, and development, including ARHGAP2I, which was
identified as a gene associated with the body weight of Yangzhou geese™.
Furthermore, the enriched DOCKI was found to be associated with the
growth and development of chickens®, while FBRSLI was linked to the
increase in pectoral muscle weight of ducks’. Additionally, a number of
genes related to development were identified, including SSTR4'"®, STT3A%,
and TBCID4”, which may be involved in the unique large body trait
observed in ST. Multiple genes associated with growth traits have been
identified in ST that may be directly related to their larger body weights™ and
faster growth rates”. The MG, a local breed with a reputation for its
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Table 2 | Typical genes and snp loci related to Guangdong local breeds

Sample Gene Related Functions SNP Loci
Chr* Loc Ref Alt
MG ACER3 Fat metabolism CM046214.1 6193485 T C
AHCYL2 Fat metabolism CM046214.1 215817703 G A
ST ARHGAP21 Body weight, growth, and development CM046215.1 20598843 G A
TBC1D4 Development CM046214.1 47808460 T (¢}
TBC1D4 CM046214.1 47807789 C T
TBC1D4 CM046214.1 47807746 A (¢}
DOCK1 Growth and development CM046220.1 3079771 G (¢}
DOCK1 CM046220.1 3079971 Cc T
SSTR4 Development CM046216.1 117235070 G A
STT3A Development CM046238.1 411364 A G
STT3A CM046238.1 411674 T C
FBRSL1 Pectoral muscle weight CM046229.1 7638946 T A
FBRSL1 CM046229.1 7638831 T G
FBRSL1 CM046229.1 7637180 T G
FBRSL1 CM046229.1 7634400 C T
FBRSL1 CM046229.1 7633733 T C
FBRSL1 CMO046229.1 7630156 C T
FBRSL1 CM046229.1 7547139 G A
FBRSL1 CM046229.1 7546982 G A
FBRSL1 CM046229.1 7546618 G A
FBRSL1 CM046229.1 7543782 G A
FBRSL1 CM046229.1 7542939 o] T
FBRSL1 CM046229.1 7542832 T C
YCB ACTA2 Feather development CM046220.1 18419883 G A
ACTA2 CM046220.1 18419694 G A
PRDM16 Body size development CMO046233.1 9636208 A T
SEPSECS Beak development CM046217.1 19543213 C G
SGCB Body weight-related CM046217.1 28049036 A G
SGCB CM046217.1 28048848 Cc T
SGCB CM046217.1 28048845 T C
WZA GDA Skin pigmentation CM046253.1 49390178 C G
PTPRT Feather growth and maturation CM046231.1 12480021 T G
PTPRT CM046231.1 12487053 G A

*:The reference genome is Shitou goose reference genome (GCA_025388735.1). Abbreviations: MG: Magang goose, ST: Shitou goose, YCB: Yangchun White goose, WZA: Wuzong goose. Chr:

chromosome, Loc: The genomic location in base pairs (bp), Ref: reference allele, Alt: alternative allele.

exceptional ability to deposit fat, has been identified as containing several
genes that are known to be associated with fat metabolism including
ACER3*® and AHCYL2”. Meanwhile, the YCB were found to contain
genes associated with feather development (ACTA2)*, body size develop-
ment (PRDM16)**, body weight-related (SGCB)*', and goose beak devel-
opment (SEPSECS)*. These genes are representative of the characteristics of
YCB, a medium to large white-feathered goose breed in Guangdong. Breed-
specific related genes further indicate the existence of genes controlling body
size in YCB that differ from those found in ST. GDA is believed to be
associated with skin pigmentation in Huoyan geese”, and in the context of
the present study, it has been found to occur within WZA-specific genes,
which may be linked to their ebony skin color of head and foot. In addition,
it has been demonstrated that PTPRT is involved in feather growth and
maturation in ducks*. This may suggest that PTPRT could be a candidate
gene regulating the feather color of WZA. Consequently, genes linked to a
multitude of functional phenotypes have been identified in different
Guangdong geese, collectively constituting the distinctive characteristics of

local breeds. Haplotype analyses further validated that breed-specific related
SNPs can reflect the functional traits of the breed (Fig. 5 and Table 2),
highlighting significant variations between different breeds. These genes
and SNP loci may provide a foundation for subsequent selective breeding or
exploitation programs aimed at local goose breeds in Guangdong.

Conclusions

A comprehensive examination of genomic data indicates a considerable
degree of genetic diversity in the Guangdong local geese, as evidenced by a
substantial number of SNPs, high heterozygosity, and low inbreeding
coefficients. The museum SZH exhibited multiple ancestral components,
and the modern MG may be derived from the SZH, as it has been well
documented. A multitude of genes and SNP loci have been identified that
are associated with a variety of functional phenotypes in different Guang-
dong geese, collectively defining the distinctive characteristics of local
breeds. These findings provide a basis for subsequent selective breeding or
exploitation programs aimed at local goose breeds in Guangdong.
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Methods

Sample collection

120 whole blood samples were collected from four typical breeds, including
ST, WZA, MG, YCB and two conservations lines (M] and GY) of the folk
breed SZH in Guangdong province. For each breed/population, 20 whole
blood samples were collected from randomly selected individuals of both
sexes at ~90 days of age via the sub-wing vein and stored in EDTA-
anticoagulated (Ethylenediaminetetraacetic acid anticoagulated) tubes at
—80 °C until further analysis. We have complied with all relevant ethical
regulations for animal use. All experimental procedures used in this study
were approved by the Laboratory Animal Welfare and Animal Experi-
mental Ethical Inspection Board of Foshan University (FOSU202206-28).
Skin tissue or phalanx bone were collected from five museum samples made
in 1980s, representing one undomesticated Swan goose (G), two Sitou geese
(G-ST), and two Sanzhou Black geese (G-SH). In addition, we collected
resequencing data from 56 modern samples from public databases (NCBI,
http://www.ncbinlm.nih.gov/) for joint analysis, including ST**, MG*, ZI*,
RM*, HT* and HY®". Detailed sample information has been shown in
Supplementary Table S9. Different datasets were applied for the different
downstream analyses. In brief, 120 samples of Guangdong local goose
breeds collected in this study were used for the genomic diversity analysis of
modern Guangdong geese. 47 modern domesticated samples from public
database were incorporated in with 120 Guangdong geese for assessing
genetic structure and functional gene identification among modern breeds.
The nine modern wild Swan geese and the five historical samples were
included in the analysis of breed formation history.

Modern sample information

The ST is distinguished by its large size, rapid growth, short feeding period,
tolerance of roughage, high feed conversion efficiency and strong
adaptability’. Nevertheless, the ST also exhibits comparable deficiencies,
including a decline in reproductive performance and inferiority in meat
quality’. The MG is a medium-sized goose breed that is renowned for its
rapid growth, resilience to roughage, early maturation, and proclivity for
rapid fattening. Adult MG exhibit distinctive cranial, cervical, dorsal, and
pedal traits, which are often collectively referred to as the ‘four crows™'. The
WZA is a small-sized goose species that produces meat of high quality,
characterized by its tenderness and flavor, as well as a high proportion of
unsaturated fatty acids and low cholesterol’. The breed is characterized by a
black beak, black fur, black feet, and a slender head, neck, and bones. Adult
WZA are also distinguished by a band of black feathers extending from the
base of the bill to the cervical vertebrae*'. The YCB is a newly discovered
local goose breed in Guangdong in year 2024, which is characterized by
medium to large body size, white feathers, and robust disease resistance.
YCB is the only white-feathered goose breed in Guangdong. SZH is a small
and medium-sized local goose breed. The whole body,y except the chest and
abdomen, are black. SZH has fine bones, high meat tenderness, and good
meat flavor™.

DNA extraction and genome resequencing

For modern samples, genomic DNA was extracted from blood samples
using the Ezup Column Blood Genomic DNA Extraction Kit (Vazyme
Biotech Co., Ltd, China) according to the kit instructions. The extracted
DNA was subjected to agarose gel electrophoresis to ascertain its
integrity, while the DNA concentration and purity were determined
using a NanoDrop. All qualified samples were used for library con-
struction and sequenced using the DNBSEQ-T7 platform (PE150). The
insert size of the sequencing libraries was the average length ~300 bp for
all samples. The average sequencing depth of the samples was greater
than 15x.

The DNA experiments conducted on museum specimens were per-
formed in the Ancient DNA Laboratory of Foshan University. In a pre-
liminary step, all equipment was subjected to an initial cleaning procedure
involving a 5% (v/v) sodium hypochlorite solution and a subsequent
washing with 75% (v/v) alcohol. Following this, all items were exposed to

ultraviolet radiation for a duration of one hour. The surface of the museum
specimens was meticulously cleaned by gently rubbing it with sandpaper to
remove any dust particles. Subsequently, the museum specimens were
subjected to a two-stage cleansing process. Initially, they were washed with a
5% (v/v) sodium hypochlorite solution, followed by a rinse with double-
distilled water. This was followed by a 30-minute exposure to ultraviolet
irradiation. The washed samples were then ground into a fine-grained
powder using an automatic quick-grinding machine. Subsequently, a
quantity of 100-200 mg of the sample powder was subjected to DNA
extraction in accordance with the previously described methodology”. A
final volume of 20 puL of DNA was obtained. Agarose gel electrophoresis was
used to initially characterize the quality of DNA from museum samples. For
each sample, 50 ng of initial DNA was utilized to construct the library with
the VAHTS Universal Plus DNA Library Prep Kit for MGI (Vazyme Bio-
tech Co., Ltd., China). In order to monitor contamination, several mock
extractions and library preparations were carried out alongside the samples
in the same manner. The qualified libraries were then subjected to circu-
larization with the VAHTS Circularization Kit for MGI (Vazyme Biotech
Co., Ltd.). Sequencing was performed using the DNBSEQ-T7 platform, with
read lengths of 100 bases (PE100). The insert size of the sequencing libraries
for the museum samples was more variable, ranging from 100 to 300 bp, due
to the degradation of the DNA fragments in these older samples. Each
sample yielded 15-68 Gb of raw base data.

Data filtering and SNP genotyping

The raw reads were subjected to filtration using fastp v0.20.0" based on
the following criteria: 1) those containing library adapter, 2) those with
low-quality bases exceeding 10%, and 3) those with N content exceeding
10%. The clean reads were then aligned to the most recent chromosome-
level ST reference genome (GCA_025388735.1)* using BWA v 0.7.17%
with default parameters. The mapped reads were sorted using the
SAMtools software® and the PCR duplicates were removed using the
Picard software (http://broadinstitute.github.io/Picardv2.22.9/). SNPs
were identified utilizing the RealignerTargetCreator and IndelRealigner
modules in GATK v3.5 software’ and the HaplotypeCaller, Combi-
neGVCFs, and GenotypeGVCFs modules within the GATK v4 software
suite”. INDEL in the dataset was removed using the SelectVariants
module in GATK 4.0. The SNP filtration was conducted using the
VariantFiltration module in GATK, with the following criteria: QD < 5.0,
MQ<40.0, FS>60, MQRankSum < —12.5, ReadPosRankSum < -8.0,
and a minimum of three SNPs in a 10 bp window. The SNP data was
filtered using awk software scripts to retain only biallelic in the SNP data.
Subsequently, the quality of the SNP data was further assessed utilizing
the VCFtools software™ with the following parameter settings: 1) The
removal of SNP loci with a SNP deletion rate greater than 90% (--max-
missing 0.9); 2) The exclusion of SNPs with a minimum allele frequency
less than 0.05 (--maf 0.05). The final SNP dataset was then phased and
imputed using Beagle 5.4™.

Genetic diversity assessment

To clarify the genetic diversity of different Guangdong local breeds and
prevent discrepancies in genetic diversity as a result of differing
sequencing depth, only 120 modern geese obtained in this study were
employed to estimate the genetic diversity exhibited by the Guangdong
local breeds. The parameters in question were NSNP, Ho, He, F, the
intraspecific genetic distances (DST), From, and LD. The Ho and He were
estimated using the VCFtools software (--hardy), while the F was cal-
culated using the VCFtools software (--het). The DST was calculated
using the command “plink -distance square 1-ibs”. The Froy was cal-
culated based on a genome size of 1.29 G using the PLINK with the
parameter -homozyg -homozyg-snp 30 -homozyg-kb 30. The square of
the correlation coefficient (r*) was employed to qualify the degree of
linkage between SNP alleles, with this being estimated using PLINK (-r2-
1d-window-kb 500-1d-window-r2 0). The LD decay plot was generated
using the PopLDdecay software™.
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Population structure analyses

To objectively understand the genetic structure and genetic relationship of
local domestic geese in Guangdong, we added 47 modern samples of
domestic geese, including ZI, HT, RM, ST, and MG downloaded from
public databases, to the 120 samples of Guangdong domestic geese obtained
in this study for joint analysis. The imputed SNP dataset was filtered using
PLINK software™ with the parameter “--indep-pairwise 50 5 0.2” to identify
and exclude any linked SNP in the genomic data. The filtered data were then
used for subsequent ADMIXTURE analyses. The Neighbor-joining (NJ)
tree was employed to estimate the genetic relationships among different
breeds, which were calculated using PLINK software with the parameter
“--distance-matrix”. Then the NJ tree was constructed by MEGA X
software’” and visualized using Figtree v14.4 (http:/tree.bio.ed.ac.uk/
software/figtree/). PCA was carried out using GCTA software, and the
first four components were visualized using R. The ADMIXTURE
software™ was used to estimate the ancestral components of each individual.
The population structure of Guangdong domestic geese was evaluated by
inferring the number of different ancestral components (K).

Gene flow and phylogenetic analyses

To assess the genetic relationship and gene flow between domesticated
goose breeds, f3 statistics, D statistics, and Treemix were employed to
analyze the possible gene flow of all 167 modern samples. The f3 statistics
analysis was performed utilizing qp3pop module within the Admixtools
software”. The model employed for f3 statistics is (A, B; C) where C
represents the target breed and A and B are the source breeds to test whether
Cis affected by A and B. All possible combinations of different breeds were
tested. When the Z value was found to be significant (Z < -3), it can be
concluded that C was affected by A and B. The D-statistics analysis (ABBA-
BABA test) was performed using the qgpDstat module in Admixtools™. The
D-statistics was modeled as (A, B; C, D). When D is less than zero, the ABBA
model is obtained, indicating the presence of gene flow between BC or AD,
and vice versa. To elucidate the direction of gene flow, the Treemix
software® was employed to calculate the gene flow between different breeds,
with the European domestic goose serving as an outgroup and the assuming
of 0-3 gene exchange events.

When museum samples and wild Swan geese (HY) were incorporated
for analyzing the history of the formation of the Guangdong domestic goose,
only SNPs that existed in both modern and museum samples were utilized
to perform the same analysis as above. However, in this instance the
f3 statistics were replaced by outgroup f3 statistics. Outgroup f3 statistics
entail replacing population C in f3 statistics with a population that is not
related to A and B, thus enabling evaluation of the gene flow between A and
B. In this study, population C was designated as RM.

Breed-specific related genes identification and functional
annotation

Due to the uncertainty genetic background of SZH breeds, a comparison
was performed on the SNP data from five geese breeds native to Asia. The
BCFtools software® was employed to identify the breed-specific related
SNPs that were present in a single breed only, thereby allowing us to gain
insight into the unique genetic makeup of each breed. Additionally, selection
signature analysis was conducted on the specific SNPs of each breed. The top
1% SNPs were considered to be the most relevant to breed characterization.
The SNP loci obtained were then subjected to annotation via snpEff
software®. To determine the functions of genes corresponding to breed-
specific related SNP loci, the annotated genes were submitted to a custo-
mized database (goose database) for KEGG pathway enrichment analysis,
and to DAVID®** for GO analysis, with a statistical significance threshold of
raw P < 0.05 for both analyses.

The functions of the relevant genes were reviewed through the litera-
ture, and the SNP loci associated with the breed -specific characteristics were
subjected to haplotype analysis using the ST as the reference genome. The
haplotypes results were then visualized using OmicShare Tools*.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The datasets generated in this study have been deposited into the NCBI
repository under the accession number PRINA1286101. The data for 56
other domestic geese, ST, MG, Roman geese, Zi geese, Wild swan geese, and
Hortobdgy geese are available from NCBI (http://www.ncbi.nlm.nih.gov
BioProject IDs: PRINA722049*, PRJNA767757", and PRJNA678815°).
The uncropped and unedited gel images of Figure S1 is Obtained in the
Supplementary Information (Supplementary Fig. S5).
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