





and which (combinations of) variants were important may be deci-
phered during the next decade by unravelling genetic trait architec-
ture¥. Importantly, the complete genomes of the ancient southern
Africans reveal distinct patterns of a large number of derived genetic
variants altering the amino acid sequence of proteins, and probably
also their function. The ancient southern African genomes contained
many such variants that were not found in any other group (ancient
or modern day). These observations are important for advancing our
understanding of genomic variation in humans, and combinations of
genetic variants that are key to Homo sapiens evolution.
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Methods

Detailed methods descriptions for each sectionare providedin the Sup-
plementary Information.

Archaeological sampling

The majority (22 out of 28) of ancient human remains analysed in this
study were housed at the National Museum of Bloemfontein at Floris-
bad Quaternary Research Station, Free State, South Africa, whereas the
remaining human remains were housed at the School of Anatomical
Sciences at Wits Medical School University of Witwatersrand, Gauteng,
South Africa. Sampling of teeth and bone elements was done onsite in
amobile clean-laboratory and the sampled elements were immediately
returned. The samples were transported to the Ancient DNA Laboratory
at Uppsala University, Sweden, for further analyses.

Radiocarbondating

In total, 20 human remains were sampled for accelerator mass spec-
trometry (AMS) radiocarbon dating and sent to Beta Analytic where
bone collagen extraction were performed for AMS radiocarbon dat-
ing and for stable dietary isotope analyses using isotope-ratio mass
spectrometry. Conventional radiocarbon dates obtained from Beta
Analytic were modelled using BetaCal 3.21and SHCal13 (ref. 51), whereas
radiocarbon ages for three previously dated individuals were modelled
using OxCal v.4.4 and SHCal20 calibration curves®*,

Ancient DNA retrieval

DNAwas extracted either as inref. 54 with modifications as described in
ref.55orref.56. DNA extracts were prepared from the 28 human remains
(between1-7 DNA extracts from eachindividual). One blunt-end library
was prepared for each DNA extract and sequenced for screening of
endogenous human DNA content and verification of ancient DNA using
deamination profiles™®, Authentic ancient DNA (and >1% human DNA)
was foundin 32% of the sequencinglibraries that were used for screen-
ing. For DNA extracts for which the proportion of ancient human DNA
was >2%, sequencing libraries were prepared using UDG treatment to
minimize post-mortem deaminations and increase the sequencing
depth®. For DNA libraries for which the proportion of human ancient
DNA was <2%, additional blunt-end libraries were prepared toincrease
the sequencing depth. Owing to low amounts of endogenous human
DNA, some of the libraries were enriched using MY-bait African Human
Whole Genome Capture Kit (MYcroarray) according to the manufac-
turer’sinstructions (MYbaits manual v.2.3.1) and amplified as described
previously*. All libraries were sequenced on either the HiSeq X10 or a
NovaSeq 6000 (SP flow cell) llluminasequencer with either 100 bp or
150 bp paired-end chemistry.

Data processing and authentication

Adapters and low-quality bases were trimmed from the sequencing
data and paired-end reads were merged if an overlap of at least 11 bp
was detected between the forward and reverse read, using either the
script MergeReadsFastQcc.py® or AdapterRemoval (v.2.1.7)%%. The
reads were then mapped against the human reference genome build
37 (hs37d5) using bwa aln®>%*, BAM files from resequenced libraries
were merged using Samtools merge (v.0.1.19)%* before PCR duplicates
were identified and collapsed using a slightly modified version of Fil-
terUnigeSAMCons.py*°. Non-UDG and UDG-treated libraries were
then separately merged per individual and reads shorter than 35 bp
and with <90% consensus with the reference sequence were filtered
out using percidentity_threshold.py®. Mitochondrial contamination
was estimated using two different methods—Green and contamMix®%’,
Additional contamination estimates were performed onallindividuals
with genome-wide coverage >2x using VerifyBamID®, Contamination
estimates were generally low for both the nuclear and mitochondrial
genome (Supplementary Dataland 5).

Determining sex, uniparental haplogroups

Genetic sex was determined using the X/Y coverage ratio®. Mitochon-
drial haplogroups were inferred for all individuals with Haplogrep
and Phylotree Build 17 (refs. 70,71). Y-chromosome haplogroups were
assigned by using Samtools (v.1.3)** mpileup to call single base substi-
tutions from Phylotree” from BAM files mapped to the hs37d5 (hgl9)
reference genome. Sites with a mapping quality and base quality of
at least 30 were extracted. Indels, transitions and A/T and C/G SNPs
were excluded to avoid potential mix-up with deamination damage
and strand misidentification.

Analysis of pseudohaploidized data

To investigate population stratification and genetic affinities among
individuals, we compiled agenome-wide dataset of all ancient southern
Africansin this study (Extended Data Table 1) merged to comparative
modern-day individuals (Supplementary Data 8) and published ancient
Africanindividuals (Supplementary Data 7). Variants from the Human
Genome Diversity Project” lifted to the hgl9 reference genome were
selected as known variants to call genotypes from the ancient DNA data
(Extended Data Table1and Supplementary Data 7). For individuals with
only non-UDG-treated sequencing data, all transition sites were coded
as missing data to avoid effects of post-mortem damage. For those
individuals for whomwe had both UDG-treated and non-UDG-treated
libraries, aread fromeither of the two libraries was randomly sampled
fortransversionsites, and only reads from UDG-treated libraries were
sampled from transition sites. At each SNP site, a random read with a
minimum mapping and base quality of 30 was drawn and the allelic
status at that read was coded to be the hemizygous genotype of the
individual. Sites showing more than two alleles or indels were removed
from the data. Published ancient African sequencing BAM files were
downloaded and processed using the same pipeline as described above,
while comparative modern-day whole-genome sequencing datawere
processed as follows: all-site VCF files were downloaded where avail-
able. The datawerelifted from hg38to hgl9if applicable, and positions
that switched chromosomes or ended up as duplications were removed
from further processing. The data were filtered for 10% missingness
and Hardy-Weinberg equilibrium with a P value of 0.000001. The
all-site VCF files from ref. 7 were additionally filtered for quality and
10% missingness before processing. The final genome-wide dataset
was filtered using PLINK v.1.9 (www.cog-genomics.org/plink/1.9) for
aminimum allele frequency of 10% and linkage-disequilibrium pruned
using command --indep-pairwise 50 5 0.4. Allmodern-day individuals
were further pseudohaplodized before analyses.

Analyses of population stratification were conducted using both
PCoA with PLINK --pca and principal component analyses (PCA) using
smartpca from the Eigensoft package’™”. The PCAs were performed
both as unprojected and projected (with parameter Isqproject: YES)
with the non-default parameters r2thresh: 0.7 and shrinkmode: YES.
The program ADMIXTURE (v.1.3.0)” was used for unsupervised esti-
mation of ancestry components. A total of 25 iterations was run for
each value of assumed number of clusters (K), with Kranging from 2
to10. The program popstats’ was used to estimate f, statistics and f;
statistics (using the -f3vanilla option). To minimize bias introduced by
ascertainment when performingf-statistics, only sites that are polymor-
phicbetween the Altai Neandertal and Denisovan were investigated™
(approximately 500,000 sites).

Population continuity among ancient southern Africans was inves-
tigated using the approach developed previously’. This method
conditions on heterozygous sites in an ‘anchor’ individual (the oldest
high-coverage individual, Matjes River 1) and counts the proportion
of derived alleles occurring at those sites in more recent individuals.
This statistic, forward in time from the anchor population/individual, is
unaffected by genetic drift, but decreases with gene flow from a geneti-
cally differentiated population.


http://www.cog-genomics.org/plink/1.9

Analysis of complete genomes

Diploid genotype calling on a per chromosome basis were performed
using snpAD”®. The raw VCF files were filtered so that only regions pass-
ing the following criteria were retained: unique mapability of 35 bp,
positions had a covering depth (DP)of >4 and a quality of >30. All of
the sample VCF files, on a per-chromosome basis, were then merged
and annotated using dbSNP v.142 using beftools annotate®®. The com-
mand LiftoverVCF implemented in picard v.3.1.1 and the chain file
‘hgl9ToHg38.over.chain.gz’ from UCSC were used to create a version of
the datasetin the GRCh38reference coordinate system. Positions that
switched chromosome were removed before downstream analyses. For
diploid analyses, we used two versions of the phase 3 datafromthe 1000
Genome project as comparative data. A filtered version of the dataset
in hgl9 coordinates was downloaded from https://hgdownload.soe.
ucsc.edu/gbdb/hgl9/1000Genomes/phase3/, whereas the CRAMfiles,
in GRCh38 coordinates, for eight randomly collected individuals per
population were downloaded from the European Nucleotide Archive.
Diploid genotype calling was then performed as described previously’.
Toretrieve the full spectra of genetic variationin present-day southern
African Khoe-San individuals, five populations from ref. 7 were also
used as comparative data.

ROH values were calculated using PLINK (v.1.9) and MSMC (v.0.1.0)®
was run per individual to estimate the effective population size as a
function of time (assuming a mutation rate of 1.45 x 1078 per bp per
generation, and a generation time of 29 years).

Summary statistics were estimated using Bcftools stats®. Per-
individual heterozygosity was estimated as the number of het-
erozygous genotype calls over the total number of genotype calls.
Per-chromosome genetic distance matrices were estimated using the
software VCF2Dis®2. Chromosome length differences were handled
by weighting each chromosome by its contribution to the autosomal
genome (chromosome length/total autosomal length).

Pairwise Fs; was computed using VCFTools (v.0.1.16)* using the
--weir-fst-pop parameter (set twice, one per each population in the
comparison), which estimates Weir and Cockerham’s® fixation index
onaper-site basis.

Estimates of population divergence time among individuals were
obtained using the two—-two-outgroup site-frequency-based methods®
using Denisovan and Neandertal as outgroups. A weighted block jack-
knife procedure with 5 Mb blocks was used to estimate the confidence
intervals of estimates. Torescale the estimated divergence times from
generations to chronological years, amutation rate of 1.45 x 1078 (per
bp per generation) and ageneration time of 29 years was used. VCF files
were filtered to pass only biallelic sites witha QUAL > 30 and areference
oralternative allele matching the ancestral state presentin three great
apes. For asite tobe considered informative, it must pass allele-depth
thresholds set by the lower and upper 5% of site coverage distributions,
and aminimum allele depth of 4 sequencing reads.

Biallelic SNPs (lifted to GRCh38) were annotated with SnpEff®¢ for
functional effect using the hg38kg genome supported by the program.
For eachset of populations, allele frequencies were estimated and the
ancestral state was determined for all variable sites by assessing the
genomes of three great apes (chimpanzee, gorillaand orangutan). Only
sites with data from at least one great ape and consensus among the
great apes were analysed further. We further restricted our analyses of
boththe full-genome spectra as well as the amino acid-altering sites to
where the four archaic genomes were fixed. For each group, we plotted
the SFS for derived variants that were fixed for the ancestral variant
among four archaic genomes. Gene Ontology termenrichment analyses
were performed by linking amino acid-altering variants to genes and
then query the genelist using the WEB-based Gene SeT Analysis Toolkit
(https://www.webgestalt.org), using the ‘Over-Representation model’
for Homo sapiens. As a functional database, we used Gene Ontology
for Biological Processes using the reference set ‘genome’. We used
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the default parameter settings except for changing ‘significance level’
from10to 15.

Ethics and inclusion statement

The sampling for this study was authorized by the various South Afri-
can heritage Resources Agencies (Supplementary Information 2.1)
and emerged from collaborations that involved local universities and
researchers—including).B., B.Z. and M.L—whose involvement in the
research design included the selection of archaeological material
for analyses as well as sampling supervision. The local relevance of
thisresearchis tied to the region’s history and it is locally relevant for
describing the human past in southern Africa. The study was under-
takento the highest standards of palaecogenomicresearch and relevant
research by local scholars was cited.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The called variants for the ancient individuals in this study are avail-
able at Zenodo® (https://doi.org/10.5281/zen0d0.17295109) and the
sequencing data for the complete genomes are available at the Euro-
pean Nucleotide Archive under the accession number PRJEB98562.
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Extended DataFig. 5| Pairwise differences for 15 complete ancient genomes.
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Extended Data Table 1| The 28 individuals whose genomes were sequenced in this study

Individual Lab Dating cal. Arch. Location Gen. mito. mt Y chrom. Karyo- Auth.
1D 1D BP (95.4%) context cov. cov. haplogr. haplogr. type DNA
Matjes River 6 flo006 10,255-10,155 Oakhurst W. Cape 5.67 361 L0d2bla Alblb2a XY 0.999
Matjes River 10 flo010 8175-7981 Wilton W. Cape 0.15 6 Lodlc - - 0.990
Matjes River 1 flo001 7845-7690 Wilton W. Cape 12.6 274 Lod2al female XX 0.985
Matjes River 5 flo005 6395-6280 Wilton W. Cape 0.01 30 L0d3bl - - 0.976
Matjes River 11 flo011 5600-5480 Wilton W. Cape 25.1 825 L0d3bl female XX 0.981
Matjes River 3 flo003 3976-3648 f LSA W. Cape 12.8 991 Lodlala female XX 0.975
Matjes River 9 flo009 3385-3235 f LSA W. Cape 0.002 14 L0d2c1 female XX -

Matjes River 2 flo002 3326-2882 f LSA W. Cape 0.26 34 LOdlala female XX 0.970
Gr. Brak Riv. Cave flo014 2355-2310 f LSA W. Cape 8.61 371 L0dlalb Alblb2a XY 0.983
Cape St Francis flo018 2310-2100 f LSA E. Cape 9.56 494 L0d2al Alblb2a XY 0.985
Molenhoek flo025 1890-1735 c/f LSA Free State 0.04 1 L0d2al female XX 0.971
Riet River flo026 1885-1725 c/f LSA Free State 4.36 275 Lod2ala female XX 0.982
Springbokvlakte flo023 1525-1365 c/f LSA Free State 7.21 424 L0d2ala female XX 0.992
Morokasvlug flo029 770-675 c/f LSA Free State 0.94 36 Lo0d2al female XX 0.981
Koffiefontein flo027 720-650 c/f LSA Free State 0.06 5 Lodlalal female XX 0.975
Houdenbek flo031 560-515 c/f LSA N. Cape 0.12 6 Lod2c2 female XX 0.968
Hartenbos flo015 550-505 c/f LSA W. Cape 0.22 11 Lod2al Elblbl XY 0.986
Alice District flo019 505-330 c/f LSA E. Cape 0.02 38 LOg - - 0.999
Bushveld flo034 500-325 c/f LSA Limpopo 0.49 24 L0d1b2b female XX 0.997
Blanco flo022 280->0 c/f LSA Free State 0.02 7 Lodlalbla - - 0.959
Vaalbank flo030 280->0 c/f LSA Free State 0.59 30 L0d3b1 female XX 0.998
Augrabies flo032 320-150 c/f LSA N. Cape 0.15 28 Lodlala - XY 0.998
Abrahamsdam flo033 300->0 c/f LSA N. Cape 0.16 22 Lod2ala Elblblb2 XY 0.996
Tobias Cave 1 tob001 545-650* c/f LSA N. Cape 0.02 153 LOa2a2al female XX 0.998
Tobias Cave 2 tob002 545-650* c/f LSA N. Cape 0.003 70 LoOa2a2al female XX 0.999
Tobias Cave 5 tob005 545-650* c/f LSA N. Cape 1.17 367 Lod2ala female XX 0.864
Plovers Lake 1 plo001 535-454 Iron A. Gauteng 0.01 7 L3dlalal - XY 0.828
Plovers Lake 2 plo002 504-326 Iron A. Gauteng 0.04 27 L3dlalal - XY 0.853

* Radiocarbon date of associated material

Key: mito = mitochondrial, cal = calibrated, BP = before present (present defined as 1950). Proportion of authentic DNA estimated from the mitochondria (Sl section 2.3, see Supplementary
Data 1&5 for additional quality statistics).
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All studies must disclose on these points even when the disclosure is negative.

Sample size Genomic and radiocarbon data from 28 ancient individuals from South Africa were analysed in this study. The sample size was dependent on
the availability of human remains dating to the Stone Age and Iron Age from southern Africa, with preserved and retrievable ancient DNA
sequences. These specimens are very rare, given the poor molecular preservation of human remains from this period in that region. Given the
millions of genetic variants analysed for each individual, information about the genetic history can be retrieved.

Data exclusions  Reads shorter than 35 base pairs (bp), with more than 10% mismatch from the Reference genome and mapping quality score below 30 were
discarded while preparing bamfiles for merged genomic libraries data. For samples not subjected to Uracil-Specific Excision Reagent (USER)
treatment, 10 bp at the reads ends were excluded. For samples with partial treatment (comparative dataset) 2 bp were trimmed off of the
reads ends. For analyses, minimum mapping and read qualities were set to 30. Pseudohaploid dataset was generated by randomly drawing
one read at each SNP site, and that allele assumed to be homozygous. LD pruning for ADMIXTURE resulted in a reduction of the number of
analysed SNPs (originally 6,116,165) to 5,616,975. When pairs of first-degree relatives (of comparative populations) were found, the individual
with lower genomic coverage of the pair was excluded from analysis. Diploid dataset was generated with samples with a minimum of 7.2x
genomic coverage. For MSMC's implementation of PSMC', minimum mapping quality of 30 and minimum genotype quality of 30 were used.
For phenotypic analysis, genotype likelihoods were computed based on minimum mapping and read quality of 30 and read depth of 5.

Replication 107 DNA extracts and 558 genomic libraries were generated (a detailed break-down per individual is reported in Supplementary Data File 1),
and 1296 rounds of sequencing were performed (a detailed break-down for each library is reported in Supplementary Data File 1) as
replication. All these sequencing replicates were successful. Data was merged for downstream analysis after confirming similar results, as
expected of different replicates of the same individual's genomic data, such as contamination estimates, mitochondrial haplogroup.
Thousands to millions of genetic markers were then analysed as an internal replication of the results. Detailed description of the methods
used, including samples included in the dataset, software employed and respective parameters is available in the Supplementary Information.
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Randomization  Randomization is not applicable to this study. Samples were grouped according to the archaeological site of origin and radiocarbon date.
Groups are validated by verifying genetic affinities among its several individuals.

Blinding Blinding is not applicable to this study. The archaeological context, including site location and estimated date, of each individual analysed is
known prior to sampling and analysis, as these are relevant for conceiving the study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

|:| Clinical data

XXOOX KX &

|:| Dual use research of concern

Palaeontology and Archaeology

Specimen provenance Samples (labelled "flo") from human remains were collected at the National Museum of Bloemfontein at Florisbad Quarternary
Research Station, Free State, South Africa. Permission to sample human remains were approved by Eastern Cape Provincinal heritage
Resources Authority (no. 2/2APM-PERMIT/15/03/002-) and Heritage Western Cape (no. 14120409GT0812E) and permission for
export and destructive sampling was approved by the South African Heritage Resources Agency (SAHRA no. 1987). Samples (labelled
"plo” and "tob”) were collected at the School of Anatomical Sciences at Wits Medical School University of Witwatersrand, Gauteng,
South Africa. Permission for sampling (SAHRA no. 1934) and export (SAHRA no. 1935) were approved by the South African Heritage
Resources Agency. Sampling was done on site and the skeletal remains were immediately returned.

Specimen deposition National Museum of Bloemfontein, School of Anatomical Sciences at Wits Medical School University of Witwatersrand

Dating methods All samples without prior radiocarbon date were directly radiocarbon dated using accelerator mass spectrometry (AMS) at the Beta
Analytic Carbon dating laboratory. Radiocarbon calibration was performed using OxCal v.4.4 and the IntCal20 dataset.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Sampling permits were obtained from the South African Heritage Resources Agency (SAHRA)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals n/a
Wild animals n/a
Reporting on sex The sex of the individuals for which archaeological remains were analysed was determined based on the ratio of coverage of the X

chromosome and Y chromosome relative to the autosomes.
Field-collected samples  n/a

Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.






