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SUMMARY

Recent studies have demonstrated the potential to recover ancient human mito-
chondrial DNA and nuclear DNA from cave sediments. However, the source of
such sedimentary ancient DNA is still under discussion. Here we report the
case of a Bronze Age human skeleton, found in a limestone cave, which was
covered with layers of calcite stone deposits. By analyzing samples represent-
ing bones and stone deposits from this cave, we were able to: i) reconstruct
the full human mitochondrial genome from the bones and the stones (same
haplotype); ii) determine the sex of the individual; iii) reconstruct six ancient
bacterial and archaeal genomes; and finally iv) demonstrate better ancient
DNA preservation in the stones than in the bones. Thereby, we demonstrate
the direct diffusion of human DNA from bones into the surrounding environ-
ment and show the potential to reconstruct ancient microbial genomes from
such cave deposits, which represent an additional paleoarcheological archive
resource.

INTRODUCTION

Ancient DNA (aDNA) has become a powerful tool to study the ancestral history, not only of hominins, but
also other animals, plants, and even microbes (Capo et al., 2027; Epp et al., 2015). In addition to the skeletal
and mummified remains also sedimentary materials were recently identified as a promising source of
aDNA, that still containing Pleistocene Neanderthal and Denisovan mitochondrial DNA and nuclear
DNA (Gelabert et al., 2021; Slon et al., 2017; Vernot et al., 2021). There were different postulations on
the source of such sedimentary ancient DNA (sedaDNA), e.g., macrofossils, small bone fragments, excreta,
and decayed soft tissues (Haile et al., 2007; Slon et al., 2017; Willerslev et al., 2003). However, we still miss a
case where we see a direct link between the human sedaDNA and its source.

Here we report the finding of human skeletal remains (1306-1017 calBCE) dating back to the Urnfield cul-
ture of the late Bronze Age within the underwater river cave named either Wimsener Hohle (Straub, 2006;
Straub and Lehmkuhl, 2009) or Friedrichshéhle near Hayingen (Swabian Alb, Baden-Wurttemberg,
Germany, Figure 1). The discovery of an unburned skeleton itself is remarkable because the
predominant tradition of Urnfield Cultures is cremation of the deceased. The finding of contemporary
pottery and other human bone fragments in the entrance lake of the cave suggest the possibility of
a cultic site (Straub and Lehmkuhl, 2009). Similar finds from other caves in the Swabian Alb point to a
religious phenomenon of the Late Bronze Age, namely burials or ritual acts in caves (Rebay-Salisbury,
2010).

The commingled skeletal remains were found covered with heavy layers of calcite deposits, as a result
of continuous water dripping from the cave ceiling, forming bulges toward the direction of the gravity
(Figures 2A and 2B). Because most of the skeleton was heavily covered by calcite deposits, only a sample
of the more accessible tibia was taken (Figure 1D). To further investigate this archeological
finding molecularly, we used a slice of the tibia sample with the surrounding calcite layer (Fig-
ure 2B). Different parts of the bone and stone were subsampled and subjected to
metagenomic sequencing (Table S1, Figure 2, and STAR Methods). On these remains we could demon-
strate the diffusion of ancient human and microbial DNA from the skeleton to the surrounding
environment.
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Figure 1. Skeleton finding site

(A) Location of the Wimsener caves in Baden-Wirttemberg, Germany.

(B) Longitudinal section of the first 200 meters of the Wimsener caves; the scale bar refers to the cave length.

(C) Cross section of the “Schatzkammer”; the red star refers to the location of the tibia.

(D) Photograph showing the difficult accessibility of the finding site; the red arrow indicates the protruding part of the sampled tibia.

RESULTS

Bone and stone contain ancient human DNA of the same individual

Analysis of the human DNA (Table S2), by comparing the DNA against the human reference genome hg19
(Rosenbloom et al., 2015), revealed the presence of human DNA reads, not only in the bone samples, but
also in all stone samples. The human DNA of the stones accounted for ~1% of the human DNA found in the
bone samples (Figure 2C and Table S2). In general, the human DNA fragment lengths of the stone samples
were higher than the bone samples (Figure 2D), with comparable DNA damage levels, i.e., percentage of
terminal cytosine deamination to thymine (Figure S1). In addition, the ancient human DNA in the stone and
the bone displayed the same molecular sex (male, XY), which would not be possible with classical anthro-
pological investigations. To further confirm that the human DNA in stone belongs to the skeleton, we en-
riched it for mitochondrial DNA using a hybridization capture assay (STAR Methods). This enabled us to
reconstruct the mitochondrial genome from the stone samples, with > 7x coverage (Tables S2 and S3),
revealing the identical mitochondrial haplotype of the bone samples (i.e., J1C1). Further and to gain a
glimpse into the origin of the individual, we performed principal component analysis (PCA) against
selected modern Eurasian individuals and other Bronze Age individuals (Mittnik et al., 2019). The PCA anal-
ysis showed our individual falls within the European diversity similar to other Bronze Age individuals from
the same region (Figure S2). Overall, we could confidently demonstrate that the human DNA diffused from
the bone into the stone and preserved in the calcite for millennia.

Ancient microbial genomes reconstructed from the bone and stone

Based on the human DNA results, we assumed that such calcite deposits could represent a time capsule
and still contain ancient molecular information other than human DNA. Therefore, we extended our anal-
ysis to the microbial communities of both samples, by performing general microbial profiling and de novo
assembly of the short metagenomic reads into longer contigs to reconstruct metagenome-assembled
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Figure 2. Metagenomic analysis of human and microbial DNA of cave human bone and its surrounding stone deposits

(A) On-site sampling of human tibia covered with a layer of calcite deposits.

(B) Close-up cross-section of sampled tibia slice, indicating the sampling locations for DNA analysis; the black arrow refers to the direction of gravity.

(C) Number of metagenomic reads of each sample mapped to the human autosomal DNA (Ref genome hg19).

(D) Mean read lengths of the mapped reads against the human genome (hg19).

(E) Heatmap showing the abundance of different metagenome-assembled genomes (MAGs) in different samples (genome copies per million reads). The
color intensity indicates row z-scores.

(F) Mean read lengths of the mapped reads the MAGs. For the (E and F) the names of MAGs refer to the source of the MAGs (stone or bone) e.g., “Stone_1"
means that this genome was assembled from the stone sample.

genomes (MAGs) (See STAR Methods and Table S4). In general, the microbial profiles of the bone and
stone were similar with a high richness of Archaea and Actinobacteria which is typical for cave environments
(Figure S3). The bone and stone samples were then pooled independently for de novo assembly, which re-
sulted in three high-quality and four medium-quality prokaryotic MAGs, from both samples (three ge-
nomes from the bone and four from the stone, please refer to Table S4 and Figure 2E). All reconstructed
MAGs displayed DNA damage, except for one MAG from the bone samples (Figure S4). Similar to what was
observed with human DNA, the presence of the MAGs in both the bone and stone indicate microbial DNA
diffusion. It was also observed that the read lengths were longer in general in the stone compared to bone
(Figures 2F and S4). These genomes represent microbes that may have been involved in initial postmortem
decomposition and initiation of secondary stalactite formation. For instance, members of Clostridium and
Streptosporangium are reported among the most abundant postmortem bone degraders (Eriksen et al,,
2020; Philips et al., 2017). Moreover, Streptosporangium has also been implicated in bone tunneling in
waterlogged environments (Eriksen et al., 2020; Kim et al., 2020; Turner-Walker, 2009). Although other mi-
crobes, like Stentrophomonas and Rhodococcus, have been shown to crystalize calcium carbonate in cave
environments (Enyedi et al., 2020), which may suggest a potential role in stalactite formation (Pacton et al.,
2013).

DISCUSSION

In this case study, we took bone and calcite stone deposits from a Bronze Age human skeleton and sub-
jected them to DNA analysis. We recovered well-preserved ancient human DNA and microbial DNA
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from the stone and bone, enough to determine the sex of the individual, and to reconstruct human mito-
chondrial- and microbial genomes.

We identified the same human DNA in both bone and stone samples and thereby demonstrated the direct
diffusion of human DNA from bones into the surrounding environment. This presents an additional expla-
nation model for the reported presence of ancient human DNA in cave sediments (Slon et al., 2017; Vernot
et al., 2021). Earlier, in 2003, Willerslev and colleagues reported the presence of Euryapteryx curtus DNAin
sand samples collected from the interior of a moa bone in New Zealand (Willerslev et al., 2003). Later in
2007, Haile et al. also demonstrated the potential post-depositional vertical migration of ancient DNA
across sedimentary strata (Haile et al., 2007). However, it is yet-to-be determined how the stalactite de-
posits can better preserve aDNA fragments from the past. In general, DNA can adsorb to different miner-
alogical elements because of its negative charge (Freeman and Sand, 2020). In addition, cave environments
maintain a constant temperature and humidity as well as aphotic zones which allow less exposure to con-
ventional DNA damages (Stahlschmidt et al., 2019; Zepeda Mendoza et al., 2016). It may also be possible
that the leached DNA gets less exposed to the postmortem microbial decomposition, because of the fact
that the bones are continuously degraded because of their content of organic substrates (e.g., proteins).

In this report we aim to bring attention to such valuable mineralogical deposits that are found attached to
archaeological findings in cave environments. We showed that they are not only representing mineralog-
ical deposits, but rather an extension to the archeological findings that retain and preserve its historical in-
formation in the form of aDNA. Currently these deposits are mainly used as dating proxies for archeological
findings that are beyond the limits of the radiocarbon dating (*C), e.g., using Uranium-Thorium dating (U-
Th). Considering our finding, these deposits could help to avoid future destructive sampling of similar ar-
cheological remains, offering an additional paleogenetic archive that can be used to reconstruct ancient
human genomes and ancient microbial communities. It remains to be explored how far such deposits
are capable of preserving, in addition, other ancient biomolecules, e.g., proteins or lipids.

Finally, our message to our community of archeologists and anthropologists is to consider innovative sam-
pling resources (e.g., sediments, mineralogical deposits, or water) during excavations, especially for mo-
lecular analyses that often involve destructive procedures.

Limitations of the study

The main limitation of the study is that it is based on a single individual from a single site, and it is also rare
to find ancient skeletal samples covered with such calcite stone deposits. In addition, the total amount of
human DNA reads obtained from the calcite stone deposits is two order of magnitude less than the bone.
This might suggest accompanying the DNA library preparation from similar samples a subsequent appli-
cation of a human nuclear/mitochondrial DNA capture approach.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Material availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o METHOD DETAILS
O DNA extraction and library preparation
O DNA sequencing and post-sequencing processing
O Human DNA analysis
O Microbial DNA analysis
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.103397.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Bone sample from the tibia 1 This study 3050.1

Bone sample from the tibia 2 This study 3050.6
Calcite deposit sample 1 This study 3050.3
Calcite deposit sample 2 This study 3050.4
Calcite deposit sample 3 This study 3050.5
Calcite deposit sample 4 This study 3050.7
Chemicals, peptides, and recombinant proteins

EDTA disodium salt dihydrate Carl Roth Cat #8043.2
Proteinase K Promega Cat #MC5005
Critical commercial assays

myBaits Mito — Human Daicel Arbor Biosciences Cat #303008.v4

Deposited data

Metagenomic shotgun datasets

1240K SNPs + Human origin datasets

This study

ENA: PRJEB47715

https://reich.hms.harvard.edu/datasets

Software and algorithms

Fastp

SeqKit
SequenceTools
EIGENSOFT
mapDamage?2

MetaPhlAn3.0

BWA
QualiMap
Schmutzi
DeDup tool

DamageProfiler

Molecular sex determination
SAMtools

HaploGrep2.0

bowtie2

SPAdes

MEGAHIT

MetaBAT2

MaxBin2
CONCOCT
metaWRAP
CheckM
GTDB-tk
R-Studio

(Chen et al., 2018)
(Shen et al., 2016)
N/A

N/A

(Jonsson et al., 2013)
(Beghini et al., 2021)

(Li and Durbin, 2010)
(Okonechnikov et al., 2016)
(Renaud et al., 2015)

N/A

(Neukamm et al., 2021)

Skoglund et al., 2013)
Li et al., 2009)

Weissensteiner et al., 2016)

Nurk et al., 2017)
Li et al., 2015)
Kang et al., 2019)

(Wu and Singer, 2021)
(Alneberg et al., 2014)
(Uritskiy et al., 2018)
(Parks et al., 2015)

(

Chaumeil et al., 2019; Zhou et al., 2020)

N/A

(
(
(
(Langmead and Salzberg, 2012)
(
(
(

https://github.com/OpenGene/fastp
https://bioinf.shenwei.me/seqkit/
https://github.com/stschiff/sequenceTools
https://github.com/DReichLab/EIG
https://ginolhac.github.io/mapDamage/

https://github.com/biobakery/MetaPhlAn/
wiki/MetaPhlAn-3.0

http://bio-bwa.sourceforge.net/
http://qualimap.conesalab.org/
https://github.com/grenaud/schmutzi
https://github.com/apeltzer/DeDup

https://damageprofiler.readthedocs.io/en/
latest/index.html

https://github.com/pontussk/ry_compute
http://samtools.github.io/
https://haplogrep.i-med.ac.at/
http://bowtie-bio.sourceforge.net/bowtie2/
https://cab.spbu.ru/software/spades/
https://github.com/vouten/megahit
https://bitbucket.org/berkeleylab/metabat/

src/master/
https://sourceforge.net/projects/maxbin2/
https://concoct.readthedocs.io/en/latest/
https://github.com/bxlab/metaWRAP
https://ecogenomics.github.io/CheckM/
https://github.com/Ecogenomics/GTDBTk

https://www.rstudio.com/
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RESOURCE AVAILABILITY
Lead contact

e Further information on materials, datasets, and protocols should be directed to and will be fulfilled
by the Lead Contact, Frank Maixner (frank.maixner@eurac.edu).

Material availability

e This study did not generate new unique reagents.

Data and code availability

® The metagenomic shotgun sequencing data have been deposited at ENA: PRJEB47715 and are publicly
available as of the date of publication.

® All codes used in this study and other previously published genomic data is available at the sources refer-
enced in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, we metagenomically analyzed samples of human skeletal remains (1306-1017 calBCE) dating
back to the Urnfield culture of the late Bronze Age within the underwater river cave named either Wimsener
Hohle or Friedrichshéhle near Hayingen (Swabian Alb, Baden-Wirttemberg, Germany). The bone samples
were found covered with layers of calcite deposits, which was also metagenomically analyzed.

METHOD DETAILS

DNA extraction and library preparation

Amounts of 20-100 mg of bone/stone were sampled at the locations indicated in Figure 2B (Please refer to
Table S1 for further details). EDTA/Proteinase K mixtures were added to the samples and incubated for 24 h
at 40°C, followed by purification and recovery modified protocol from Tang et al. (Tang et al., 2008). DNA
extracts were quantified using QUANTUS (Promega, USA), then 20 pl of each sample were converted into
double-indexed pair-end DNA libraries following a special protocol for highly degraded ancient DNA
(Meyer and Kircher, 2010). All previous steps were carried out in the ancient DNA laboratory of the institute
of mummy studies at EURAC research in Bolzano, Italy. Further, selected indexed samples were pooled and
enriched for human mitochondrial genome (myBaits®, https://arborbiosci.com), following the manufac-
turer’s instructions (Selected samples are indicated in Table S2).

DNA sequencing and post-sequencing processing

The indexed libraries were pooled and subjected to next generation DNA sequencing using HiSegX (2 x
150 pair end). After demultiplexing, we used the tool fastp (Chen et al., 2018) to trim the adapters and low
quality sequences, and to merge pair-end reads with at least 10 nucleotides overlap. The overall workflow is
described in the Figure S5.

Human DNA analysis

First, for each sample we used the tool SegKit (Shen et al., 2016) to deduplicate the merged sequences, and
to remove sequences shorter than 25 nucleotides. Next, we mapped these reads against the human refer-
ence genome (build hg19) (Rosenbloom et al., 2015) and the human reference mtDNA genome (rCRS) (An-
drews et al., 1999) using Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2010). SAMtools was used to filter
for minimum mapping quality of 30. We used QualiMap to generate basic mapping statistics (Okonechni-
kov et al., 2016). To check the authenticity of the mapped reads being of ancient origin and not modern
contamination we used the tool mapDamage 2.0 (Jonsson et al., 2013) to quantify the percentages of C
to T and G to A substitution. In the case of mitochondrial DNA, we additionally used option “~rescale”
to rescale the quality scores of the damaged mis-incorporated sites, and the tool Schmutzi to estimate
the level of contamination based on deamination patterns (Renaud et al., 2015). For haplogroup assign-
ment, we first converted the rescaled bam files into variant calling format (VCF) and then employed Hap-
loGrep 2.0 (Weissensteiner et al., 2016).
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To compare our sample to other individuals, we used SAMtools mpileup and pileupCaller (https://github.
com/stschiff/sequenceTools) to call the 1240K targeted SNPs (David Reich lab, https://reich.hms.harvard.
edu/datasets), with pseudodiploid method. Then, we used the EIGENSOFT tools “mergeit” to merge the
data and “smartpca” to perform the principal component analysis (PCA). Finally, our ancient sample as well
as selected Bronze Age individuals from Mittnik et al. (Mittnik et al., 2019) were projected to the modern
Eurasian and Middle Eastern individuals.

To determine the sex of the individual, we used the mapped human DNA reads to compute the karyotype
frequency of X and Y chromosomes, using a Maximum likelihood method (Skoglund et al., 2013).

Microbial DNA analysis

For general microbiome profiling, we applied MetaPhlAn 3.0 on the merged reads, with options of “~min_
mapgq_val 30" and "“—read_min_len 25" (Beghini et al., 2021).

Additionally, we used the quality-filtered unmerged reads to perform de novo sequence assembly,
following a co-assembly approach by combining samples into two groups, bone (n = 2) and stone (n =
4), and using the MetaWRAP pipeline (Uritskiy et al., 2018). In detail, we used the metagenomic assembler
MEGAHIT (Li et al., 2015) and SPAdes with “-meta” option (Nurk et al., 2017), to assemble the pair-end
reads into longer contigs. All contigs shorter than 1000 nt were excluded from downstream analyses.
We used three different metagenomic binning tools, MetaBAT2 (Kang et al., 2019), MaxBin2 (Wu and
Singer, 2021), and CONCOCT (Alneberg et al., 2014), to cluster the contigs into bins based on abundance
and kmer frequency. Then, we checked the completeness and contamination of the resulting bins using
CheckM (Parks et al., 2015), and kept only the high- (completeness > 90% and contamination < 5%) and
medium (completeness 50-90% and contamination < 10%) quality bins for further analysis. Further, we
used the “reassemble_bins" module to remap the raw reads against each of the bins, then reassembled
the mapped reads using SPAdes assembler. This step was proved to increase the completeness and
reduce the contamination of the bins. In order to assess the abundance of each bin in each of the samples,
we implemented the MetaWRAP module “quant_bins", which quantifies the abundance of each bin and
expresses it as a unit of “genome copies per million reads”.

To taxonomically classify each bin, we used GTDB-Tk v1.5.0 and the module “classify_wf’ (Chaumeil et al.,
2019; Zhou et al., 2020), which identifies 120 marker genes in bacteria and 122 marker genes in archaea,
performs a multiple sequence alignment of the markers, and finally assigns taxonomy based on the phylo-
genetic placement with known reference genomes. Average nucleotide identity (ANI)/relative evolutionary
divergence between reference genomes and metagenomic bins (henceforth referred to as metagenomes-
assembled genomes, MAGs) was also performed using GTDB-Tk.

Finally, to differentiate the MAGs of ancient origin from those modern ones, we used Bowtie2 (Langmead
and Salzberg, 2012) to map the quality filtered raw reads against these MAGs, then we sorted and indexed
the resulted bam files using SAMtools (Li et al., 2009), and implemented DamageProfiler (Neukamm et al.,
2021) to check for ancient DNA damage patterns, i.e. C-to-T and G-to-A substitutions, resulting from cyto-
sine deamination.

QUANTIFICATION AND STATISTICAL ANALYSIS

The abundance of MAGs in each of the samples were shown as row z-scores calculated and visualized, in
R-Studio (https://www.rstudio.com/) using the pheatmap package.
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