
Article https://doi.org/10.1038/s41467-025-63743-1

Ancient DNA reveals the population
interactions and a Neolithic patrilineal
community in Northern Yangtze Region

Tingyu Yang 1,2,9, Jianing He3,9, Chunmei Li 1,4,9, Chao Ning 3,9,
Tianming Zhang1, Jincheng Wang 1, Hai Zhang 3, Guanbo Wang 1,5,
Xiaowen Jia3, Chi Zhang3 , Shi Yan6, Xiannian Zhang 1, Fan Wu 1,
Chaodong Wu 7, Xiaohong Wu 3 , Yuhong Pang 1 &
Yanyi Huang 1,2,5,8

The scarcity of ancient genomes of early rice cultivators has hindered our
understanding of their genetic profiles and dynamic interactions with millet
cultivators. In this study, we analyzed 58 ancient genomes from Baligang, a
long-term settlement situated on the northern rimof theMiddle Yangtze River
Basin, spanning from the Middle Neolithic to the Late Bronze Age. This
chronostratified genetic dataset offers comprehensive genomic insights into
populations engaged in early rice cultivation, enhancing our understanding of
East Asian demographic history. Our study revealed that Baligang experienced
successive waves of admixture over time, with ~4,200 BP as a critical transition
point, marked by a significant genomic influx of southern East Asian popula-
tions. We also identify the detailed kinship relations within multi-generational
secondary burial and the existence of patrilineal communities dating back five
millennia, offering fresh perspectives on early social structure in pre-
historic China.

In East Asia, the YangtzeRiver Basin in the south andYellowRiver Basin
in the north served as two primary loci of population expansion in the
Holocene1–3. Their distinct geographic, climatic, and land conditions
led to divergent agricultural practices, cultural development, and
demographic transition throughout prehistoric and historical
periods4,5.

In the north, the Neolithic Yangshao (YS, ~7000–5000 years
before present (BP)) and Longshan (LS, ~4500–3800 BP) cultures,
based onmillet agriculture, maintained a long-standing and influential
presence in the middle Yellow River Basin6–10 (Fig. 1a). In contrast, in
the south, societal complexity developed alongside rice cultivation,

following the crop’s domestication in the middle and lower Yangtze
River Basin and its subsequent establishment as a staple3,11. Two main
cultures emerged in this region—Qujialing (QJL, ~4900–4500 BP), and
Shijiahe (SJH, ~4500–4200BP), which also left a profound influence on
the genesis of social structure, evidenced by large-scale religious cer-
emonies andmeticulously organized cities, from the Qujialing cultural
period onward12,13 (Fig. 1a). Previous research has indicated a patternof
ongoing interaction and overlapping territories in the region bridging
the Yellow River and Yangtze River, where cultural transformations
were closely entwinedwith agricultural development10,14. However, the
details of population interplay remain largely uncharted since no
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ancient human genome has been obtained from the Yangtze River
region so far.

In this paper, we focus on Baligang (Fig. 1a–c), a Neolithic-Bronze
Age archaeological site spanning approximately 8500 to 2500 BP,
located on the northern edge of the middle Yangtze River Basin. This
region marks an intermediate zone between the Yellow River and
Yangtze River Basin5,15–17. Stratified archaeological evidence suggests
that Baligang underwent alternating transitions influenced by both
northern and southern cultures5,17. Baligang provides an ideal context
for broadening our understanding of Neolithic East Asia for several
reasons. Firstly, Baligang provides a unique opportunity for extracting
genomic components associated with ancient rice cultivators of the
Yangtze River Basin. Secondly, as a continuous human settlement
since the Middle Neolithic, Baligang allows us to explore the dynamic
interplay between population movements, cultural transitions, and
agricultural dispersal over time. Furthermore, the site features several
large-scale secondary burials dated to the late Yangshao cultural per-
iod (~5000 BP), where the remains of all individuals were exhumed
from their primary graves and reburied collectively. The motives and
social organization underlying this widespread burial practice of the
period remain to be explored through archaeogenomic approaches.
Moreover, given the relative sparsity of studies on ancient kinship
structure in East Asia18, genetic kinship analysis of the secondary bur-
ials containing multiple generations of individuals at the Baligang
site15,19–21, may provide valuable insights into the Neolithic social
organization in the region.

In our study, we elucidate population dynamics through the
genomic analysis of 58 ancient individuals from the Baligang popula-
tion, spanning from the Middle Neolithic to Late Bronze Age. The
analyzed individuals display multiple cultural affiliations associated
with both Yellow River societies in northern East Asia and Yangtze
River societies in southern East Asia. Ourfindingsdemonstrate how the
Early Neolithic East Asian populations contributed to the Baligang
gene pool, revealing sustained bidirectional gene flow between
northern and southern ancestral components throughout this exten-
ded temporal framework. These genetic interactions likely facilitated
the concurrent transmission of agricultural practices and material
cultures across regions. Furthermore, we provide kinship information
for large-scale secondary burial practices and the existence of a
patrilineal social structure in East Asia dating back to approximately
five thousand years ago.

Results
The Baligang site and its ancient genomes
The Baligang (BLG) site, situated on the northern periphery of the
middle Yangtze River region, is a village-sized ruin nestled beside the
Tuan River, which is part of the Han River water system, the largest
tributary of the Yangtze River (Fig. 1a–c). Ongoing excavations since
1991 have revealed that Baligangwas a longstanding human settlement
dating back to the early Neolithic era (~8500 BP). Baligang comprises
six major cultural deposits (pre-YS, YS, QJL, SJH, LS, and Zhou), span-
ning the Early Neolithic (EN), Middle Neolithic (MN), Late Neolithic
(LN) and Late Bronze Age (LBA) periods in the order of time. Human
skeletons (>700 individuals) were unearthed from the top five cultural
deposits. Rice was identified as the main crop in the Neolithic period
based on Baligang archaeobotanical evidence, and the carbon isotopic
analysis also showed a preference for a high proportion of the C3 diet
in the pre-LS cultural period (Fig. 1d; Supplementary Fig. 1).

An intriguing development during the Late Neolithic period
(around 5000 BP) is the appearance of well-organized, suite-like
housing complexes and large secondary burials, may indicate specific
patterns of social customs such as descent organization, community
cohesion and ritualistic burial practices. Notably, among the second-
ary burials at Baligang, grave M13 stands out as the largest, containing
the remains of over 90 individuals15. The purposeful accumulation of

pig lower jaws in grave M13 suggests that this might be tied to a
Neolithic spiritual event; thus, obtaining the demographic structure of
M13 community through ancient genomic analyses could provide
insights into social organizations.

We screened bone samples of 103 individuals from Baligang,
dated between 6100 and 2500 calibrated years before present (cal BP)
and retrieved genome-wide aDNA data for 80 individuals. Among
them, 58 individuals with preserved endogenous human DNA
exceeding 1% were selected for deep sequencing, with depths ranging
from 0.01 to 1.39× and the authenticity confirmed (Supplementary
Data 1). We generated pseudo-haploid genotypes for these individuals
by randomly sampling a single high-quality base of 1.24million variants
for downstream population genetic analyses22,23 (Supplementary
Data 2) and estimation of genetic relationships. Using qpWave24

(Supplementary Fig. 2a), we observed that individuals from all periods
were genetically consistent with individuals from the same time per-
iod, except four individuals that did not clusterwith others of the same
period: BLG-M13-17 (LN-YS_o1) and BLG-M13-39A (LN-YS_o2) from LN-
YS, BLG-M208 (LN-SJH_o) from LN-SJH, and BLG-M198 (LBA-Zhou_o)
from LBA-Zhou (Supplementary Fig. 2b). Based on this result, we
divided the individuals into six groups according to their respective
chronological and archaeological contexts: MN-YS (n = 9), LN-YS
(n = 30), LN-QJL (n = 2), LN-SJH (n = 3), LN-LS (n = 6), and LBA-Zhou
(n = 4), with the four abovementioned individuals treated as separate
outliers in the subsequent analyses. Besides, three individuals of LN-YS
group (M13-76, M13-88, andM13-89) were excluded from group-based
population genetic analyses due to close kinship (first-degree relat-
edness) and relatively lower autosomal coverage.

Genetic structure of Baligang individuals
Principal component analysis (PCA)25,26 was conducted on current
human populations, specifically focusing on 39 contemporary East
Asian populations22,27,28, and the ancient genomes were projected onto
the dominant variations (Fig. 2a; Supplementary Fig. 3a). Baligang
individuals primarily clustered within the modern Han variation and
were positioned nearest to the Neolithic populations in themiddle and
lower reaches of the Yellow River region29, but showed a distinct
southward shift. Considering Baligang’s location in the pan-Yangtze
River basin, we also applied a PCA oriented towards the spectrum of
contemporary southern East Asian diversity. The results indicate that
Baligang individuals cluster alongside present-day Hmong-Mien and
Sino-Tibetan speakers (Supplementary Fig. 3b).

Pairwise comparison of outgroup-f3 values22,30 affirms that,
despite the genetic affinity between the ancient Yellow River popula-
tions and the Baligang individuals, the latter show higher allele sharing
with southern East Asians, which was also confirmed by F4 statistics
(Fig. 2b; Supplementary Fig. 3c; Supplementary Fig. 4). Unsupervised
ADMIXTURE31 analysis also suggests that Baligang individuals gen-
erally carry a higher proportion of southern East Asian components
than ancient Yellow River populations, especially after the LN-SJH
period (Fig. 2c; Supplementary Fig. 5). Additionally, these analyses
collectively identify the presence of the four outliers, thereby corro-
borating our initial qpWave results.

Chronological interplay between Northern and Southern Neo-
lithic East Asians
Baligang documents the continuous change in human population
genetics at a specific location over approximately four millennia,
forming 3–4 meters of sediment with multiple physically stacked lay-
ers of northern (YS and LS) and southern (QJL and SJH) cultural arti-
facts. Utilizing F4 statistics32, we explored various sources (Fig. 2d;
Supplementary Fig. 6) to analyze gene flow directions between suc-
cessive periods, and further employed qpAdm24 modelling to estimate
ancestry proportions in Baligang individuals (Fig. 3a; Supplementary
Fig. 7; Supplementary Data 3).
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Fig. 1 | Geographic placement and chronology of Baligang subjects. a The
locations of the Baligang (BLG) site and previously published individuals. The
map also highlights the primary regions where Yangshao (YS), Longshan (LS), and
Shijiahe (SJH)/Qujialing (QJL) cultures predominated. The base map was obtained
from theWord Terrain Base domainmap dataset (https://www.arcgis.com/home/
item.html?id=c61ad8ab017d49e1a82f580ee1298931) and created with ArcGIS pro
v3.0. Sources: Esri, USGS, NOAA. b Geographical setting of Baligang and its sur-
rounding areas, including the regions flanking the Yellow River and the Yangtze
River, as well as the significant rivers that connected Baligang to the Yangtze
River. The basemapwas plotted using the open-source data “SRTMDEM 90-meter
resolution original elevation data”, The data set is provided by Geospatial Data
Cloud site, Computer Network InformationCenter, Chinese Academy of Sciences.
(http://www.gscloud.cn). c The current satellite image of the Baligang area,

situated on the southern bank of the Tuan River, a tributary of the Han River. The
map is provided by National platform for common geospatial information ser-
vices (https://www.tianditu.gov.cn). d The principal architectural features of
excavated Baligang ancient dwellings, portrayed on a map that includes four
sedimentary layers: one from the Middle Neolithic (MN), two from the Late
Neolithic (LN) period, and one from the Late Bronze Age (LBA). The map also
marks the sample names and locations of each thoroughly sequenced individual,
with explicitly identified biological sex information. The radiocarbon dating of
Baligang individuals sampled in this study is displayed in chronological order,
supplemented by representative cultural artifacts, significant climate indicators
(oxygen levels, temperature, precipitation)39, and the distribution and size of
agricultural types (the pie chart size corresponds to the number of unearthed
crop remains)17.
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Our distal qpAdmmodelling results reveal the presence of north-
south admixture as early as the MN-YS period (6000 cal BP). From the
LN-YS (5000 cal BP) to the LN-QJL period (4700 cal BP), the Baligang
population experienced genetic influence from the north. Then, dur-
ing the LN-SJH period (4300 cal BP), the gene flow predominantly
reversed, with the southern East Asian (sEA) component, represented
by Fujian_EN33, rising to 35% of the ancestry proportion. However,
during the LBA-Zhou period (2700 cal BP), the gene influx subtly
shifted to the north again, diminishing the sEA component to 24%
(Fig. 3a; Supplementary Fig. 7a). The proximal qpAdm modeling con-
trasting adjacent periods also corroborates this fluctuating pattern of
gene flows (Fig. 3a; Supplementary Fig. 7b).

Interestingly, these dynamic genetic changes did not entirely
synchronize with the cultural or agricultural changes. For instance,
during the LN-QJL period, the unearthed rice remains were reported to
significantly increase to 88%, from 42% in the preceding LN-YS period.
During this transition, although the elevation of rice cultivation hap-
pened simultaneously with the northern-southern cultural change, the
influx of sEA ancestry was not identified in LN-QJL individuals but
delayed to the subsequent LN-SJH period.

Genetic components and transmission of ancient rice farmers
The LN-SJH period is found to be a critical division point of
genetic continuity based on our F4 statistics analysis. We conducted
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pairwise comparisons across various periods and discovered a sig-
nificant difference in the composition of southern East Asian ancestry
before and after the LN-SJH period (Fig. 3b; Supplementary Fig. 8).
PCA kernel fitting (Supplementary Fig. 3d) also revealed a clear chan-
ge between the LN-QJL and the LN-SJH periods, around 4200 BP,
further supporting a significant influx of southern East Asian genetic
components. Interestingly, parallel genetic changes were also detec-
ted in contemporaneous Late Neolithic Yellow River populations29.
Additionally, we calculated the pairwise genetic differences between
Baligang sub-groups and found that individuals from the LN-
SJH period exhibit the highest genetic diversity (Fig. 3c). Con-
sistently, the effective population size (Ne), estimated using the length
distribution of Runs of Homozygosity (ROH) of 4–20 cM, is the largest
in the LN-SJH period (Fig. 3d), indicating that a substantial degree
of population mixing might have occurred during this time.
Additionally, the outgroup f3-statistics and f4-statistics results showed

one outlier individual (LN-SJH_o) with particularly higher content
of southern East Asian ancestry (Fig. 3e; Supplementary Data 4; Sup-
plementary Fig. 9). We speculate the prevalence of sustained high
proportion of rice planting during the LN-SJH period might be
associated with the migration of rice farming-related populations
into the Baligang site and its surrounding areas around that time.
The ancestral information embedded in Baligang genomes may
provide a unique dataset for exploring the expansion of rice
cultivation.

Insights into social structure in neolithic East Asia
Secondary burials within the Yangshao culture, exemplified by grave
M13, possibly originated from a ritual conducted by the living com-
munity. Nevertheless, the interrelations among these buried indivi-
duals, spanned around two hundred years (5100–4900 cal BP,
Supplementary Data 1), has long been debated.
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Fig. 3 | The migration and dispersal of rice farmers in Baligang and the sur-
rounding region. a The Sankey diagram illustrates the temporal admixture model
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proximal model. Shandong_EN (red) and Fujian_EN (blue) represent the northern
and southern East Asian genetic components, respectively, while purple indicates
the earlier period component in the proximal model. The height of each period
(corresponding to the right axis scale) reflects the proportion of the northern East
Asian component (Shandong_EN) in the distal model, which models the admixture
between northern (Shandong_EN) and southern (Fujian_EN) East Asian genetic
component. b The details of genetic shifts in Baligang populations. The heatmap
displays the genetic affinity to southern East Asian populations (Test) comparing
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Mbuti), Each cell in the heatmap indicates the count of southern East Asian
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f4 statistic results for each specific H1-H2 combination are presented in Supple-
mentary Fig. 9b. c The genetic diversity within each group of Baligang inhabitants,
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within each period. Boxplots show themedian (centre line),first and third quartiles
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the hinges, the mean values are marked with hollow circles. Pairwise comparisons
between groups were performed using the two-sided Games–Howell test, which
adjusts for unequal variances and multiple comparisons through Welch-
Satterthwaite degrees of freedom, with significance levels denoted as ***p <0.001,
**p <0.01, and *p <0.05. d Effective population size estimates for each group were
determined using hapROH. Technical replicate values from 15 genotyping runs
displayed as dots, and bar plot data represent mean values ± SEM. Source data are
provided as a Source Data file. e The outgroup-f3 statistics are formulated as
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Information of northern (n = 22) and southern (n = 22) populations were listed in
Supplementary Data 4.
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Since many individuals randomly sampled from grave M13 have
low genomic coverage, we used a machine learning-based model to
accurately identify their biological sexes. More than two-thirds of
these individuals (52 out of the 75) could be identified as 35 males and
17 females (Fig. 4a; Supplementary Fig. 10; Supplementary Data 1),
indicating amalemajority in this grave. Analysis of uniparental genetic
characteristics of grave M13 individuals revealed that majority mtDNA
macro haplotypes (82%) belonged to haplogroups D,M, A, and R (34%,
23%, 14%, and 11%, respectively), suggesting a diverse maternal rela-
tionship had already been established in Neolithic Baligang commu-
nity. However, the Y haplotypes of grave M13 males were
concentrated, with all lineages falling under the branch of Oβ-F46
(Supplementary Fig. 11a; Supplementary Data 1), which also persis-
tently existed in the Baligang site from 6000 to 4000 BP and
accounted for 82% (23/28) of Baligang males.

Kinship analysis was conducted on 30 individuals of grave M13
with coverage of 0.1X and above, revealing three first-degree, five
second-degree, and five third-degree relationships (Fig. 4b; Supple-
mentaryData 5). According to themtDNAhaplotypes results, two first-
degree relationships were identified as father-daughter pairs with one

daughter approximately 15 years old and another daughter aged 18–25
years as identified throughphysical anthropology; anotherfirst-degree
relationship was between a set of brothers. We further utilized a
modified version of CREST34 to identify two pairs of second-degree
relationships as paternal half-siblings (M13-75 & M13-7, M13-4 & M13-
86), and two pairs as patrilineal avuncular relationships (M13-75 &M13-
90, M13-7 & M13-90, Supplementary Fig. 12; Supplementary Data 6).
The genetic relationships among M13-75, M13-7, and M13-90, corro-
borated by their uniparentally inherited haplogroup data, provide
compelling evidence for a pedigree which was organized through
patrilineal lineage (Fig. 4c), while new mtDNA lineages were con-
tributed by the incoming females in each generation, suggesting a
pattern of female exogamy.

Furthermore, using ancIBD35, we conducted a thorough analysis
of the distant genetic relatedness between all paired individuals,
identifying numerous third to sixth-degree pairs sharing a cumulative
IBD exceeding 100 cM (Supplementary Fig. 11b–d; Supplementary
Data 7). The results showed the prevalence of closer kinship between
adult males compared to adult females, with the latter showing a
nearly entire absence of close relatedness (Fig. 4d), further suggesting
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a prevailing patrilineality. This is also supported by the uniformity of Y
haplotype among grave M13 males contrasted with the high diversity
of mtDNA haplotypes36.

However, due to constraints in sampling rate and aDNA pre-
servation, as well as the uncertainty on how the human remains in
graveM13 were selected for burial, direct inference of detailed kinship
structures appears exceptionally difficult. Therefore, we conducted
simulations of populations under various kinship structure scenarios
and assessed the similarity of IBD-sharing profiles between the sam-
pled individuals from simulated populations and the actual data from
M13 (Supplementary Fig. 13a). Among various kinship structure set-
tings, simulated populations demonstrating the highest similarities
with the M13 dataset consistently display higher centralities indicative
of near-single lineage structures (Supplementary Fig. 13b). This implies
that M13 individuals may come from a population composed of a
dominant single lineage. Furthermore, we quantitatively estimated the
M13 population to bewith a centrality >0.8 at a posterior probability of
>78% (Supplementary Fig. 13c–d), favoring the assumption that the
population consists of a dominant single lineage. In addition, our
simulation results generally favor the assumption that M13 individuals
likely come from a population of over 200 persons, with an estimated
posterior probability exceeding 87% (Supplementary Fig. 13e–g).

Besides, combined with individual buried locations, no dis-
cernible spatial organization pattern was observed in the placement of
genetically related individuals within the pit, (Fig. 4e), implying that
the exact lines of genealogymay be either unknown or unimportant in
this secondary funerary practice. Additionally, from the ROH dis-
tribution, we also found evidence of consanguineous marriage,
although not common, indicating that there might not have been a
mechanism in place to strictly prevent reproduction between closely
related individuals during that time (Fig. 4f).

Discussion
Previously published ancient genome data have suggested that the
north-south separation of ancient East Asians occurred no later than
the Early Neolithic33,37. However, this genetic differentiation has sig-
nificantly diminished in present-day East Asians due to extensive
mixture between northern and southern East Asian ancestries. Our
chronological data indicated that the wide-ranging occurrence of
genetic mixing between northern and southern East Asian ancestries
had at least reached the northern periphery of the middle Yangtze
River basin at as early as the Middle Neolithic age. The genetic profile
observed in Baligang individuals suggests that there has been no sig-
nificant population replacement events seen in contemporaneous
Europe38. However, coinciding with the highest population diversity,
therewas anobvious genetic shift towards southern East Asians during
the LN-SJH period around 4200 years ago. One possible speculation
may be related to an unusual period of climate anomalies, although
there still exists paleoenvironmental debate39–44, that led to various
extreme climate events and long-term significant landscape
transformations45–48, and greatly influenced crop cultivation and
human activities. The δ18O record from stalagmites and precipitation
data surrounding the Baligang site (31°–36.5°N in China) indicate a wet
phase climate around 4200BP46 (Fig. 1d),making the area potentially a
suitable destination for massive migration of rice farmers from the
Yangtze River basin. The parallel changes supported by the genetic
evidence of an influx of southern East Asian ancestry into ancient
Yellow River populations around the Late Neolithic29, may suggest the
widespread climatic impacts on environmental andmigration patterns
at that time. Furthermore, the significantly higher southern East Asian
ancestry in LN-SJH_omaysuggest that this outlier individual represents
an early southern immigrant. More explorations of ancient environ-
mental research and associated archaeological studies are needed to
clarify the interaction between environmental effects and human
behavior. In addition,weacknowledge a limitation in our study that the

LN-QJL period is represented by only a small number of analyzed
individuals. More archaeogenomic evidence from this region in the
future will help to draw more definitive conclusions about the transi-
tional period.

Archaeological evidence suggests that northern and southern
cultures alternated at different time periods of Baligang site, with
corresponding fluctuations in the proportion of rice cultivation. Our
genetic data complement this pattern, revealing a coherent trajectory
of population dynamics. It is worth noting that evidence fromdifferent
fields may differ in timing and intensity. For instance, genetic changes
in LN-QJL and LN-LS periods appears to have a potential time lag
compared to cultural and agricultural changes, whichwarrants further
investigation, including limitations on sample size in certain periods.
Importantly, despite these subtle differences in timing, the overall
pattern of cultural, agricultural, and genetic transitions displays
remarkable consistency, strengthening our confidence in the overall
interpretation of the data.

Additionally, the archaeobotanical results indicate a significant
increase in the proportion of rice in the botanical assemblage at Bali-
gang site as early as the LN-QJL period, with a sustained high propor-
tion during the LN-SJH period, followed by a slight decline in the LN-LS
period (Fig. 1d). This supports the genetic change found in Baligang
population that the affinity toward rice farmers from south China
increased before 4200 BP. However, our isotopic analysis shows the
δ13C values remain relatively consistent between the YS and QJL-SJH
periods (Supplementary Fig. 1), which does not completely align with
the results from the archaeobotanical evidence. It is important to note
that the δ13C values for individuals in each pre-LS period, except for LN-
QJL period, exhibit a wide variation (ranging from −16‰ and −20.5‰).
This suggests that dietary compositions were diverse within each
period at Baligang site and may reflect individual preferences for dif-
ferent food sources. In contrast, the archaeobotanical results provide
an average representation of the botanical assemblage compositions
across the entire period and site, which may account for the observed
discrepancy. Further isotopic analyses of the animal and plant remains
at Baligang site would enhance the interpretation of the human
isotopic data.

The burial practices likely reflect the social patterns of living
individuals. Archaeological evidence indicates that secondary burial
was a common funerary practice during the Neolithic Yangshao cul-
tural period of Neolithic Age in China, with a long-time span, wide-
spread range, and phased and geographical characteristics19,20.
However, based solely on cultural artifacts or physical characteristics
of human remains, the motivation for such burial customs is still
unclear. Ancient genomic data from graveM13, representative of large
secondary burial in Baligang site, provide an essential clue for deci-
phering the relationships among the co-buried individuals and help
reconstruct the social organization in the Chinese Neolithic, however,
we emphasize that these interpretations may not be generalizable to
other time periods. There have been controversies in archaeological
and anthropological research regarding whether communities that
practice secondary burials are organized by patrilineal or matrilineal
lineage, and it also remains unclear whether all the human remains
collected for secondary burials are related by blood ties among the
residents of this settlement49. Our simulation results generally favor
the assumption that BLG-M13 individuals exhibit a patrilineal kinship
system, where family lineage and descent are traced through the male
line. These deliberately selected individuals were likely members of
specific patrilineal family based on blood relations, rather than a col-
lection of unrelated community residents. Several hypotheses have
been proposed to explain the practice of secondary burials in ancient
Chinese society, including but not restricted to residential migration,
religious beliefs, or the desire to reunite clan or family members after
death15,49. Combined with certain archaeological discoveries, such as
graves intentionally situated between two well-ordered housing
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complexes, meticulously arranged piles of human remains within the
graves, and the presence of ceremonial animal jaws and heads, our
genetic data of BLG-M13 individuals are more supportive of the
archaeological speculation that this secondary burial practice aimed at
reuniting deceased members of the family, thereby reinforcing the
cohesion of the community. Nonetheless, one limitation of our simu-
lationmethod is that data sparsity and unknownbiases in the sampling
process might significantly affect the accuracy of kinship structure
estimation. For instance, as observed in our analysis using simulated
data, our method often underestimates the total individual number at
lower sampling proportions, since randomly drawn samples tend to be
derived from small subsets of the actual population. For this reason,
we can only conclude that the M13 pedigree comprises over 200
individuals with a posterior probability of 87%. Furthermore, our
simulation captures only some general features of the population’s
kinship structure, whereas the real-world scenario is likely more
complex. This is illustrated by our discovery of two father-daughter
pairs in graveM13, where the daughters were near-adult or adult at the
time of death. This patternmay suggest that they remained unmarried
for specific reasons. Alternatively, it could indicate that female exo-
gamy was not strictly practiced in the Baligang community during the
LN-YS period, or that they had married into other patrilineal families
but were mistakenly selected for secondary burial. The actual cir-
cumstances remain unclear and warrant further investigation. Overall,
we provide innovativemethodologies for the ascertainment of kinship
and sex of individuals from complex burial sites, shedding light on the
study of societal structures and burial customs of ancient
communities.

Methods
Ethics and inclusion statement
The samples were obtained from well-documented archaeological
excavations conductedby the school of archaeology andmuseology at
PekingUniversity, all necessary permits for the excavation and analysis
of the ancient human remains were obtained from relevant local
authorities. We ensured that all samples were ethically sourced and
that the excavation and analysis followed proper archaeological and
bioethical guidelines tominimize contamination and ensure respectful
handling of human remains. The study protocol was approved by the
ethics committee of the school of archaeology and museology at
Peking University.

Radiocarbon dating and isotope analysis
In this study, we examine 103 individuals from the Baligang site. Of
these, bone samples from 35 individuals underwent collagen
extraction50 and graphitization at the Radiocarbon Dating Laboratory,
School of Archaeology and Museology, Peking University. Radio-
carbon measurements were preformed using accelerator mass spec-
trometry (AMS) at the AMS Center, School of Physics, Peking
University (Supplementary Data 1). The half-life of radiocarbon (C-14)
is 5568 years. We present radiocarbon dates as years before 1950 (BP).
These dates were calibrated using OxCal v4.4.451 with the IntCal20
calibration curve52. All radiocarbon dates are reported with a credible
interval of 95.4%, corresponding to two standard deviations.

Stable isotope analysis was conducted on bone samples from 30
Baligang individuals to obtain δ13C and δ15N values. This analysis was
performed at the Stable Isotope Analytic Laboratory, School of
Archaeology and Museology, Peking University. Stable carbon and
nitrogen isotope values were measured using an IsoPrime100 mass
spectrometer coupled to a vario PYRO cube element analyzer. Cali-
brations were made relative to the Vienna Pee Dee Belemnite (VPDB)
and AIR scales, employing IAEA600 and USGS41 as standards. The
precision (1σ) of repeated measurements of in-house laboratory
standards under long-term monitoring in the lab was ±0.15‰ for δ13C
and ±0.20‰ for δ15N.

Ancient DNA processing
All of Baligang human samples were obtained from school of archae-
ology andmuseology at Peking University and processed in dedicated
ancient DNA laboratories at Biomedical Pioneering Innovation Center,
Peking University in Beijing. For petrous bone samples, dirt was first
removed from the surface with a single-use grinding blade at low
speed. Then the bone powder was obtained by drilling the densest
osseous materials around the cochlea with disposable ball cutters53.
For auditory ossicle samples, we directly decontaminated the surface
of them through a wash with 1% HClO and 95% ethanol then exposure
to UV irradiation for 10min on each side54. For other skeletal bone
samples, such as femur and tibia, we also first removed the surfacedirt.
Then, we applied a quick wash with 4% NaClO, ultra-pure water and
ethanol followed by irradiation under UV for 15min. Fine bone powder
was produced by the same drilling process as petrous bones.

DNA extraction was carried out from 50–100mg bone powder or
complete auditory ossicles in the PCR hood inside dedicated ancient
DNA room following the silica-based protocol55. Qiagen PB buffer
supplemented with sodium acetate, sodium chloride was used as
binding buffer, and large volume spin columns commercially available
from Roche (High Pure Viral Nucleic Acid Large Volume) was used for
DNA binding and purification, which resulted in 65 ul of DNA extract
per sample. A 30min pre-digestion step was implemented before DNA
extraction to remove surface contaminations56. At least one negative
control was also included through each DNA extraction process to
ensure no cross contamination.

Double-stranded library preparation method was used to DNA
extracts based on a single-tube strategy57 by NEBNext Ultra II DNA
Library Prep Kit for Illumina (NEB) with some optimizations as below:
(1) Y-shaped adapter at a final concentration of 0.1–0.4μM in 1/4
reaction system (10 times the original concentration) was used to
greatly improve ligation efficiency and save cost; (2) Two-round PCR
amplifications after adapter ligation was adopted without inter-
reaction purification until first round of amplification step in order
to reduce considerable DNA loss and adapter-dimers as well; (3) Short
PCR primers were designed for first round of amplification using
AmpliTaq Gold 360 master mix (Life Technology) followed by pur-
ification with VAHTS DNA Clean beads (Vazyme) to remove adapter-
dimers. The resulted short-length libraries were then converted to full-
length libraries for sequencing through second round of amplification
with double indexed P5-P7 primers using Q5master mix (New England
Biolabs). A negative control was included for each batch of library
preparation. We first used 5μl of DNA extract without Uracil DNA
Glycosylase (UDG) pre-treatment for library screening on Illumina
Nextseq 500 platform with paired-end 2 × 76 cycles. Samples with
terminal damage pattern of typical aDNA were then picked up for
further preparation of half-UDG-treated libraries from 10μl of DNA
extract58 except for some M13 individuals (Supplementary Data 1).
Lastly, libraries quantified by Fragment Analysis were sequenced on
Illumina Novaseq platform with paired-end 2 × 150 cycles or
HiSeq2500 platform with paired-end 2 × 100 cycles. Base calling and
filtering of exactly correct index sequences were performed with
CASAVA 1.8.2 and low-quality reads (average or 50% Phred quality
value ≤ 20) were discarded.

Mitochondrial DNA enrichment
RNA Probes targeted to human mitochondrial genome and reagents
for capture were all from iGeneTech Co. Ltd in China. DNA library of
500 ng was used for mitochondrial enrichment by one round of in-
solution hybridization following the manufacturer instructions that
thehybridization conditionwas set to 50 °C for 24 h. Subsequently, the
captured libraries were amplifiedwith P1-P2 primers for 12 cycles using
Q5 High-Fidelity Polymerase and purified by VAHTS DNA Clean beads.
Lastly, libraries quantified by Fragment Analysis were sequenced on an
Illumina Nextseq 500 platform with paired-end 2 × 76 cycles (2 × 8 for

Article https://doi.org/10.1038/s41467-025-63743-1

Nature Communications |         (2025) 16:8728 8

www.nature.com/naturecommunications


the indices) and CYGNUS S100 platform with 1 × 100 cycles (1 × 8 for
the indices).

Data analysis
Sequencing data analysis. The paired-end sequencing reads were
merged into a single sequence by at least 11 bp overlap between for-
ward and reverse read with no more than 2 mismatches, Low quality
reads in either end of the paired-end reads were discarded. The
merged reads between 35 and 189 bp length were used to align to the
human reference genome (GRCh37d5) by BWA-samse (v0.7.15-r1140)59

with seed disabled parameters (–l 16500 -n0.01 –o 2).Mapping quality
less than 30 were filterd by Samtools60 (v1.9). PCR duplications were
removed by Picard markduplicate(v2.21.8) (http://broadinstitute.
github.io/picard). We realigned the Indel region with GATK3.5 Indel-
Realigner and chose uniq-map reads for downstream analysis. For
mitochondrial DNA, the merged reads obtained from mitochondrial
capture sequencing were aligned to revised Cambridge Reference
Sequence (rCRS)61 using BWA aln/samse algorithm and next
CircularMapper62 (v1.93.4). Duplicate reads were removed using
Dedup 0.12.3 (https://github.com/apeltzer/DeDup) and the consensus
sequences were generated using Schmutzi v1.5.663. Terminal damage
patterns were calculated with mapDamage 2.1.064, our analysis
revealed that for nearly all libraries, the damage rate fell below 0.01
beyond the last 3 base pairs at the read ends (Supplementary Fig. 14),
so we masked the last 3 base pairs at both ends of the reads by con-
verting them to ‘N to remove the interference of damaged signal.

Genotyping and dataset integration. We randomly sampled a single
high-quality base from reads with base quality and mapping quality
over 30 as pseudodiploid genotypes using the pileupCaller (sequen-
ceTools, v1.2.2) program (https://github.com/stschiff/sequenceTools).
Then we combined our genotypes with published ancient individuals
(Supplementary Data 2). We further intersected the dataset with two
sets of world-wide genotype panels for downstream population ana-
lysis, one is based on the Affymetrix HumanOrigins Axiom Genome-
wide Human Origins array (“HumanOrigins”; 593,124 autosomal
SNPs)22 and the other integrates the panel of 1240k capture SNPs
(“1240K”; 1,233,553 autosomal SNPs) from the Simons Genome
Diversity Panel (SGDP)23 and the Human Genome Diversity Project
(HGDP)-shotgun data65 for higher distinguishability.

Authenticity and contamination estimation of aDNA. Firstly, ≥10% of
terminal damage rate calculated by MapDamage 2.0 was expected to
be potentially authentic ancient DNA signal66. Then, we applied two
criteria to estimate contamination rates. 1. We compared mtDNA
fragments of each individual with 311 mitogenome sequences from
worldwide populations using ContamMix67 (using 3 bp terminal trim-
med bams). If >5% of the fragments matched one of the worldwide
sequences better than the consensus, we treated those libraries as
contaminated. 2. We additionally evaluated the nuclear genome con-
tamination rate for males based on X chromosome data by ANGSD68

v0.920 which considers the sequencing errors and mismatches on
polymorphic positions.We considered those libraries as contaminated
if estimated contamination rate >5%.

Assignment of uniparental Haplogroup. To determine the mtDNA
lineages that our ancient individuals belong to, we employed
mtDNAble (http://www.mtdnacommunity.org/downloads.aspx), Pylo-
Treemt (http://www.phylotree.org) and Mitotool (http://www.
mitotool.org/index.html) to define their exact haplogroups, based
on phylogenetic tree build 1769 (http://www.phylotree.org). We also
referred toHaploGrep2 (v2.4)70 formtDNAhaplogroupdetermination.
Substitutions defining the assigned haplogroup were also manually
checked. We determined the male Y chromosome haplogroup by
examining a set of positions on the diagnostic positions on the ISOGG

database (www.isogg.org) using Y_leaf71 software, and assigned the
final haplogroups by the most downstream derived SNPs (Supple-
mentary Data 1).

Sex determination. The sex of Baligang individuals with high quality
was determined by the ratio of coverage on sex chromosomes to
autosomes. For individuals of low genome coverage, we proposed a
machine learningmodel tomake accurate sex determination based on
the number of aligned reads (mapping quality >= 30, q30) from shot-
gun DNA sequencing and PCA (Principal Component Analysis) classi-
fication. Unique size of each chromosome was calculated referring to
protocol described by Baslan et al.72. In brief, we generate the simu-
lation reads (50bp) uniformly from whole genome and align back
using BWA. The number of uniquely mapped reads on each chromo-
some is counted as the unique size.

We first established a training dataset for this model using the
shotgun sequencing data of known sex downloaded from National
Center for Biotechnology Institute, 1000 genome project and Eur-
opean Bioinformatics Institute, which includes 48 ancient73,74 and 19
present-day human samples74,75 (31 females and 36 males). The age of
ancient samples ranges from 70,000 years old (Neandertals) to 200
years old (original Australian sample). Then the ratios of q30 reads on
unique size of X chromosome to each autosome were calculated then
log2 transformed for each individual to form a matrix. PCA was per-
formed using R package to generate PCA scores which were finally
projected onto a two-dimensional spacewhere the PC1 and PC2 scores
were used for classification. The confidence interval (CI) for both sex
types was generated using multivariate normal distribution (solid ring
for 99% and dashed ring for 99.9%). The Support Vector Machine
(SVM) model, a learning model, was trained using svm function in
“e1071” R package with the PC1 and PC2 scores. An oblique dashed line
was built by SVM, producing a classifying boundary for male and
female, respectively.

We obtained shotgun sequencing data of 45 present-day humans
(22males and 23 females) fromProfessorWang in TsinghuaUniversity.
These sequencing libraries were constructed from blood DNA with
conventional method in the same batch. The ratios of q30 reads on
unique size of X chromosome to each autosome were computed then
log2 transformed, and PCAwas performed. PCA scores were predicted
using the PCA transformation model generated as above. By the same
strategy, the PCA scores of 30 Baligang M13 individuals were pro-
cessed and PCA was performed to determine their sex.

To evaluate the power of our method as a function of reads
number, we down sampled q30 reads from 10 male and 10 female
individuals out of 67 reference individuals to generate a set including
10,000, 8000, 4000, 2000, 1000 and 500 reads, among which Ire-8 is
a 5000 year old Neolithic Scandinavian male individual, RISE240 is an
early BronzeAge Eurasia female individual, andHG00096,HG00100 is
amodernmale and female individual, respectively. Thedown sampling
was carried out for 100 times.

Principal components analysis. We performed principal component
analysis (PCA) by smartpca (v13050) from EIGENSOFT25 (v7.2.1). The
eigenvectors were constructed by present-day populations listed on
the Supplementary Fig. 3a, b and the ancient individuals were pro-
jected with the lsqproject: YES option. The other options were set to
default except for numoutlieriter: 0, and autoshrink: YES to display all
the samples including the outlier. We included several datasets in the
present-day populations of principal component analysis: 26 popula-
tions from Human Origin (HO) SNP panel, southeast Asia individuals
from Lipson et al. 28. (Htin,Mlabri), and Han and Tibetan populations
from Lu et al.27.

Admixture. We use theModel-Based Estimation of Ancestry algorithm
ADMIXTURE31 (v1.3.0) to capture the genetic structure within the data.
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It performs an unsupervised clustering of large multilocus genotyping
datasets, each cluster represent a hypothetical ancestral component,
and each individual is a mixture of the probabilities of these assumed
ancestry proportions using a maximum likelihood estimate. The
number of cluster “K” which represent the number of “hypothetical
ancestral populations” is predefined by the researcher.

The dataset used in ADMIXTURE is from the 1240K platform,
assembling newly sequenced samples with 219 worldwidemodern and
ancient populations. Before ADMIXTURE analysis, the dataset was fil-
tered to 458582 SNPs with PLINK 1.9076 to remove SNPs with minor
allele frequency lower than 0.01 (–maf 0.01) and linked SNPs with
r2 > 0.4 (–indep-pairwise 200 25 0.4). We investigate values of K from
K3 to K10 running the Admixture with the flag –cv to evaluate a “cross-
validation error” for each K. We explore the structure in each K and
choose to concentrate on K = 6 because there was not significant
change in the ancestry components constitution of Baligang above 6,
and the higher values of K were not giving more information for the
studied population.

F statistics. We calculated F3 statistics using qp3Pop (v412) in
ADMIXTOOLS 4.1 package25, and F4 statistics by qpDstat (v712) with
parameter “f4 mode: YES”. Mbuti population was specified as an out-
group for all f-statistics analysis. SEs in F4 statistics were calculated
from the default block jackknife approach.

Kinship. We assessed the degrees of kinship for every pair of indivi-
duals newly reported in this study using KIN77 software, KIN is a hidden
Markov model (HMM)-based approach to detect patterns of shared
identity-by-descent (IBD) states along a pair of genomes. The kinship
degrees were classified to various types based on three IBD states
which refers to individuals share zero (k0), one (k1) or two (k2) chro-
mosomes IBD at any given position. Specifically, k0, k1, k2 for identical
twins are (0, 0, 1), for parent-child are (0,1,0), for siblings are (0.25, 0.5,
0.25), for second-degree relatives are (0.5,0.5.0), for third-degree
relatives are (0.75, 0.25, 0), for unrelated individuals are (1,0,0). To
detect IBD and infer kinship, for individuals with coverage above 0.1X,
using genome windows of 10Mb, we performed IBD inference of
relative pairs across a range of kinship categories including unrelated,
first through third degree relatives, as well as grandparent-grandchild,
avuncular, half sibling, parent-offspring, full sibling and identical twin
pairs. The likelihoods of multiple IBD sharing models were compared,
assigning each relative pair to themodelwith themaximum likelihood.
And we take results higher than 1.0 log likelihood ration as reliable
output (Supplementary Data 5).

To further validate KIN results and detect more distant con-
nections, we also estimated the genetic relatedness between those
ancient individuals by shared IBD pattern. The samples were imputed
using the software GLIMPSE278 and the data processing steps fol-
lowed the standard procedures outlined in the GLIMPSE2 tutorials
(https://odelaneau.github.io/GLIMPSE/docs/tutorials). To perform
imputation, phased haplotypes from the 1000 Genomes dataset
were used as a reference panel (http://ftp.1000genomes.ebi.ac.uk/
vol1/ftp/release/20130502/). The imputed and phased data were then
used as the input into the software ancIBD (v.0.3a1; https://pypi.org/
project/ancIBD/)35. All Baligang individuals with coverage of 0.15X
and above were used for IBD analysis using the default settings. We
collected summary statistics for each pair in which long IBD seg-
ments (>20 cM) was detected (Supplementary Fig. 11b–d; Supple-
mentary Data 7).

All unrelated individuals were kept for subsequent population
genetics analyses. For any pair of individuals identified as identical/
twins or first-degree relatives, we only picked the one with the higher
SNP number, therefore three individuals in M13 grave were excluded
which had first-degree relationship to another individual of the
same grave.

Admixture modeling with qpWave and qpAdm. We used qpWa-
ve(v400) from ADMIXTOOLS 4.1 with the parameter ‘allsnp: YES’ to
model our individuals and populations as mixtures of proposed clade
groups, setting a minimum threshold of 100,000 SNPs for individual
modeling. For this analysis, we used the following populations as
outgroup: the modern African Mbuti (n = 4), Levantine hunter-gather
Natufian (n = 6), Andamanese islanders Onge (n = 6), Neolithic Iranian
farmer Iran_N (n = 5), Mesolithic Eurasian hunter-gatherer Loschbour
(n = 1), Neolithic Anatolian farmer Anatolia_N (n = 24), native Central
American Mixe (n = 3), Ancient Taiwanese group Taiwan_Hanben
(n = 44), Russia native Kamchatka Peninsula group Itelmen (n = 1) and
40,000-year old Paleolithic early Asian Tianyuan (n = 1) to distinguish
ancestries related to different trajectories across East Asia. Addition-
ally, we conducted qpAdm(v650) analysis with the parameter ‘allsnp:
YES’ to identify the most probable ancestral sources and model the
ancestries of admixed populations. To investigate the admixture pat-
terns of northern East Asian and southern East Asian, a rotation strat-
egy was employed to determine the optimal model, with further
details available in Supplementary Data 3, and all the reference com-
binations were tested by qpWave to make sure they are distinguished
source under these outgroups.

Estimating population size by shared genomic segments. First, we
identified ROH within our ancient individuals newly reported in
this study using hapROH packages79 (version 0.1a8, https://pypi.org/
project/hapROH/) in python, which uses 5008 phased haplotypes of the
1000 Genomes Project dataset73 (Phase 3, release 20130502) as the
reference panel for HiddenMarkovModel (HMM). Referring to previous
simulation, we applied the method on ancient individuals on 1240K
panel to identify ROH longer than 4 cM. We used the default parameter
suited for 1240K ancient data. Then we sum up the distribution
and number of ROHs in different length of each individual (classified
into 4–8 cM, 8–12 cM, 12–20 cM, >20cM, respectively). Then we used
a maximum-likelihood inference method to estimate effective popula-
tion size (Ne) from ROH refer to the description in Fernandes et al.80.
It infers the Ne that maximized the likelihood for observed ROH
lengths in a given set of individuals (depth >0.15). 95% confidence
intervals were showed by the error bar which correspond to values
within 10 times replicates of the maximum of the log-likelihood
function.

Classification of 2nd degree relationship categories based on
multi-way IBD sharing. We derived a modified method based on the
foundational principle of CREST34 to attempt to classify 2nd degree
relationship categories—grandparent-grandchild (GP), avuncular (AV),
and half siblings (HS), utilizing multi-way IBD sharing with mutual
relatives of 3rd or more degree. Briefly, we categorized all potential
pedigree relationships that 2nd degree pairs may have with their
mutual relatives intomultiple cases (SupplementaryFig. 12a); Then, for
each mutual relative associated with a given 2nd degree pair, we
ascertained the occurrence probability of their IBD sharing statistics in
any of the defined cases (Supplementary Fig. 12b). Consequently, the
probability of the 2nd degree pair belonging to each specific type was
computed directly using a naïve Bayesian method, leveraging the
aforementioned occurrence probabilities.

To evaluate the power of our method to distinguish these 3
categories, we subjected it to a simulated test dataset and obtained the
precision rates of 77.8%, 70.9%, and 71.1% for GP, AV, and HS pairs,
respectively. Lastly, we applied ourmethod to infer themost probable
pedigree structure for the three BLG-M13 individuals (M13-7, M13-75
and M13-90). See supplementary notes for a detailed description of
this approach.

Kinship structure estimation based on total IBD length matrix
simulation. We developed a hypothesis-driven approach based on the
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overall IBD sharing pattern among randomly sampled individuals from
a population to estimate its kinship structure. We first employed
PEDSIM81 to generate simulated populations under various kinship
structure assumptions. From these populations, we randomly sampled
individuals and summarized pairwise total IBD length matrices. Sub-
sequently, by comparing the matrix similarities between sampled
individuals from simulated populations and target populations
(denoting real population BLG-M13 or artificially generated test
populations), key kinship structure properties of target populations
were approximated.

We focused on two main properties: centrality C (defined as the
proportion of individuals in the largest single lineage to the
total individual number) and total individual number N. Estimation of
centrality mainly aims to discern whether a population exhibits a
dominant single lineage (resembling a “family tomb” scenario) or a
combination of several largely independent lineages (akin to a
“public burial” scenario). Therefore, we simulated over 12,000
populations from different individual number intervals with a near-
uniform centrality distribution from 0.2 to 1. For each simulated
population, we randomly sampled 16 male and 8 female individuals
(matching the individuals with genomic depth > 0.15X in BLG-M13
for simplicity of application) and generated their pairwise total
IBD length matrices with IBD segments above 20 cM. The matrices
were separated by individual sex and clustered using the UPGMA
algorithm. Then we calculated the matrix similarity index between
the simulated and target population with a simple measurement
S(A,B) = 1-‖A-B‖/(‖A‖ + ‖B‖), where ‖M‖ represents the Forbenius norm
of a matrix M (Supplementary Fig. 13a). Subsequently, we computed
themean centrality of simulated populations with top andmedian 10%
mean matrix similarities, which are denoted as �Ctop10% and �Cmed10%,
respectively. A high value of �Ctop10% that significantly exceeds �Cmed10%

suggests that the target population exhibits a high centrality, namely a
dominant single lineage (Supplementary Fig. 13b). To quantitatively
evaluate the effectiveness of this method in classifying single or multi
lineage structure, over 4000 populations were independently simu-
lated as a test population dataset, and the true positive and false
positive rates under different thresholds (t1, t2) (where t1 define the
minimum threshold for �Ctop10% and t2 define the minimum threshold
for �Ctop10% � �Cmed10%) were summarized, yielding anROCcurvewith an
AUC of 0.727 (Supplementary Fig. 13c). Lastly, we applied this method
to the IBD matrix of BLG-M13 imputed by ancIBD, yielding
�Ctop10% =0:852 and �Cmed10% =0:547. Then, based on the precision rate
under thresholds (t1, t2)= (0.85,0.28), we estimated the posterior
probability that BLG-M13 population consists of a dominant single
lineage (Supplementary Fig. 13d).

Estimation of the total individual number N of a population pri-
marily involves assessing the size of the community and the extent of
community member included in the burial. Therefore, we simulated
over 4000 single-lineage populations for each of 6 size intervals from
[50,100) to [400,500). Sample extraction, matrix generation, and
similarity calculation were performed as described above. We identi-
fied the peak position of mean similarity corresponding to individual
number to offer an estimate of total individual number N in the target
population (Supplementary Fig. 13e). To obtain quantitative results of
BLG-M13 population, we ran the same procedure using independently
simulated populations spanning all the 6 size intervals as test popu-
lation dataset (Supplementary Fig. 13f), giving an estimate of the
posterior probability of total individual number N ranges (Supple-
mentary Fig. 13g). See supplementary notes for a detailed methodol-
ogy description.

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

Data availability
All studied human remains are curated in the School of Archaeology
and Museology, Peking University. Requests for access should be
directed to Prof. Chi Zhang, the co-author of this study. The raw
sequence data reported in this paper have been deposited in the
Genome Sequence Archive82 in National Genomics Data Center83,
China National Center for Bioinformation/Beijing Institute of Geno-
mics, Chinese Academy of Sciences (GSA-Human: HRA007922) that
are publicly accessible at https://ngdc.cncb.ac.cn/gsa-human. The
mitochondrial DNA sequences have been deposited in GenBase84 in
National Genomic Data Center83, Beijing Institute of Genomics, Chi-
nese Academy of Sciences/China National Center for Bioinformation,
under accession number C_AA111067.1 to C_AA111103.1 that is publicly
accessible at https://ngdc.cncb.ac.cn/genbase. All data needed to
evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. The previously reported ancient DNA
datasets used in this study are available in the Allen Ancient DNA
Resource v54.1 (https://reich.hms.harvard.edu/allen-ancient-dna-
resource-aadr-downloadable-genotypes-present-day-and-ancient-dna-
data). The dataset used for 14 C radiocarbon date calibration is
IntCal20 (http://intcal.org). The Genome Reference Consortium
Human Build 37 (GRCh37) is available through the National Center for
Biotechnology Information under the BioProject accession number
PRJNA31257. The revised Cambridge reference sequence is available
through the National Center for Biotechnology Information under the
Reference Sequence accession numberNC_012920.1. The basemap for
Fig. 1a was obtained from the Word Terrain Base domain map dataset
(https://www.arcgis.com/home/item.html?id=c61ad8ab017d49e1a82f
580ee1298931) and created with ArcGIS pro v3.0. In Addition, Source
data are provided with this paper.

Code availability
All relevant code and software applied in this work have been
acknowledged and corresponding citations are provided in the
Methods section. Code for the kinship structure analysis and result
visualization of the BLG-M13 grave presented in this study is available
at the GitHub repository https://github.com/MarcusKreol/BLG_M13_
analysis.
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