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Ancient latrine sediments, which contain the concentrated collective
biological waste of past whole human communities, have the potential to
be excellent proxies for human gastrointestinal health on the population
level. A rich body of literature explores their use to detect the presence of
gut-associated eukaryotic parasites through microscopy, immunoassays
and genetics. Despite this interest, a lack of studies have explored the
whole genetic content of ancient latrine sediments through consideration
not only of gut-associated parasites, but also of core community gut micro-
biome signals that remain from the group that used the latrine. Here, we
present a metagenomic analysis of bulk sediment from medieval latrines
in Riga (Latvia) and Jerusalem. Our analyses reveal survival of microbial
DNA representative of intestinal flora as well as numerous parasites.
These data are compared against parasite taxon identifications obtained
via microscopy and ELISA techniques. Together, these findings provide a
first glimpse into the rich prokaryotic and eukaryotic intestinal flora of
pre-industrial agricultural populations, which may give a better context
for interpreting the health of modern microbiomes.

This article is part of the theme issue ‘Insights into health and disease
from ancient biomolecules’.
1. Introduction
Studies of ancient parasites and ancient human gut microbiota in palaeofaeces
and latrine sediments have provided a window into past population health,
dietary practices and movement. Recent studies have identified eukaryotic
parasites through microscopy [1–6], immunoassays [5–9] and genetics
[10–20]. These studies have demonstrated the antiquity of many eukaryotic
parasites in human populations and have led to proposals of coevolutionary
relationships in many cases [21–26]. Investigations of the gut microbiome in
palaeofaeces are limited to genetic approaches, and comparatively few studies
have been published on this subject [27–30]. By contrast, genetic investigation
of latrine sediments has the potential to permit evaluations of whole commu-
nity gut microbial profiles for both commensal organisms and pathogenic
eukaryotic parasites in tandem.
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Figure 1. Map indicating locations of the two archaeological sites considered in this analysis. Precise locations of the latrines are shown with bordered red
rectangles.
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Here, we incorporate ancient DNA (aDNA) with pre-
viously published palaeoparasitology investigations at the
University of Cambridge Ancient Parasites Laboratory to
elucidate the human gastrointestinal microbiome at two
archaeological sites, in Jerusalem and Riga, Latvia (figure 1).
These two sites were chosen as they are of very similar dates
(fourteenth and fifteenth centuries AD) but are located in
different regions of the medieval world, and in cities of
different antiquity. Sediments from the latrine pits at each
site have previously been analysed for helminth eggs using
digital light microscopy, and for specific species of protozoan
eukaryotic parasites using enzyme linked immunosorbent
assays (ELISA) [5,6]. Samples from these sites were provided
for metagenomic screening to explore their genetic compo-
sition in order to determine the diversity of prokaryotes
and eukaryotes, and to compare this approach with the
analytical resolution offered by the previous microscopy
and ELISA analyses. We also report on possible library inhi-
bition and the results of subsequent template reduction,
α-diversity of the total metagenome from each site, estimated
source contributions, the presence of specific gut-associated
taxa and the preservation of eukaryotic parasite DNA.
Following the latter, we discuss similarities and differences
between the findings from the original palaeoparasitological
analyses and those from the genetic analysis, including the
benefits and limitations of the genetic methodology.

(a) Latrine sediment samples
The Jerusalem latrine was located in the Christian Quarter of
the Old City. The city had been continuously inhabited for
several thousand years. Chronological estimates obtained
through a combination of pottery analysis and radiocarbon
dating suggests the latrine was used during the fifteenth
century [5]. The cesspit was fed by two separate chutes from
separate latrines, suggesting multiple different users from
more than one household. Microscopic analyses of latrine sedi-
ment and 12 individual coprolites revealed eggs from the
helminths Trichuris trichiura (whipworm), Ascaris lumbricoides
(roundworm), Taenia sp. (tapeworm) and Dibothriocephalus
sp. (fish tapeworm). The protozoans Entamoeba histolytica and
Giardia duodenalis were identified by ELISA [5].

The city of Riga was founded in the twelfth century. The
latrine discussed here was located in the Liv Quarter of the
city. The wooden structure of the latrine was dated to 1356
CE by dendrochronology [6]. The latrine was located close
to a public street, and appears to have been for the general
use of the town population. Eggs belonging to the helminths
T. trichiura, Dibothriocephalus sp., A. lumbricoides and Oxyuris



Table 1. Eukaryotic parasites previously identified at the Jerusalem and Riga latrine sites through non-DNA methods.

taxon description Jerusalem Riga

Ascaris lumbricoides causative agent of ascariasis; roundworm; occupies small intestine in host microscopy microscopy

Dibothriocephalus sp. causative agent of dibothriocephaliasis; fish tapeworm; occupies small intestine microscopy microscopy

Entamoeba histolytica causative agent of invasive amebiasis; protozoan parasite; occupies lumen of colon

or cecum, may infect other tissues

ELISA ELISA

Giardia duodenalis

(aka Giardia intestinalis)

causative agent of giardiasis; protozoan parasite; occupies small intestine in host ELISA NA

Oxyuris equi horse pinworm; occupies large intestine in horses NA microscopy

Taenia sp. causative agents of taeniasis; beef (T. saginata), pork (T. solium) or Asiatic

(T. asiatica) tapeworm; occupy small intestine in host

microscopy NA

Trichuris trichiura whipworm; can occupy large intestine, caecum and appendix in host microscopy microscopy

Table 2. qPCR fragment numbers for pre-indexed libraries. The libraries built from 2 µl of extract have as many or more DNA fragments as measured via qPCR
after the ligation of Illumina adapters, but prior to indexing and amplification.

extract library ID library type
mean fragments
per µl

standard/reduced
fragment number
proportion

expected standard/
reduced fragment
number proportion

Jerusalem A 1 10 µl template (standard) 1.24 × 107 1.00 1

2 2 µl template 1.84 × 107 1.49 0.2

3.1 2 µl templatea 1.99 × 107 1.61 0.2

3.2 2 µl templatea 1.37 × 107 1.11 0.2

3.3 2 µl templatea 2.03 × 107 1.64 0.2

3.4 2 µl templatea 1.86 × 107 1.51 0.2

3.5 2 µl templatea 2.19 × 107 1.77 0.2

B 1 10 µl template (standard) 3.32 × 107 1.00 1

2 2 µl template 4.62 × 107 1.39 0.2

3.1 2 µl templatea 3.08 × 107 0.93 0.2

3.2 2 µl templatea 3.20 × 107 0.97 0.2

3.3 2 µl templatea 3.35 × 107 1.01 0.2

3.4 2 µl templatea 2.35 × 107 0.71 0.2

3.5 2 µl templatea 2.89 × 107 0.87 0.2

Riga A 1 10 µl template (standard) 2.82 × 108 1.00 1

2 2 µl template 4.95 × 108 1.76 0.2

B 1 10 µl template (standard) 2.84 × 108 1.00 1

2 2 µl template 3.74 × 108 1.32 0.2
aThe Jerusalem A3.1–5 and B3.1–5 libraries were constructed with 2 µl of template per library, then combined after the indexing step.
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equi (equid pinworm) were identified via microscopy in the
Riga latrine sediment, and the protozoan E. histolytica was
identified by ELISA analysis [6] (table 1).
2. Results
(a) Library inhibition
DNA was extracted from two subsamples of sediment each
from the Jerusalem and Riga latrine sites obtained from the
same bulk samples that underwent microscopy analysis for
parasites. The eluate of the Jerusalem extracts was observed
to have a brown tinge. As such discolorations can be indicative
of enzymatic inhibition [31], we opted to build one set of Illu-
mina sequencing libraries for Jerusalem using 10 µl of DNA
extract (standard for our laboratory) and one set using 2 µl of
DNA extract (see Methods). For extracts absent of inhibitory
chemicals that could impair enzymatic function, we would
expect the libraries built with 10 µl of extract to contain
approximately five times as many molecules as the libraries
built from 2 µl of extract, as measured by qPCR after ligation
and fill-in of Illumina adapters, but prior to indexing and
amplification. However, we found that all Jerusalem libraries,
regardless of DNA input volume considered here, had
approximately the same number of DNA fragments (table 2).
This indeed suggested an influence of enzymatic inhibition
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on detectable DNA quantity, at least for the high-template
(10 µl) library. Five additional low-template volume libraries
were created for both Jerusalem extracts and carried forward
to approximate the complexity that would come from a 10 µl
template library with reduced inhibition. All low-template
libraries yielded consistent levels of quantifiable DNA. These
libraries were subsequently combined for post-indexing pro-
cessing steps, and formed the basis of all downstream analyses.

Despite the reduced discoloration of the Riga libraries,
two low-template libraries were produced from these extracts
for comparison. As with Jerusalem, both Riga low-template
libraries were indeed richer in quantifiable DNA than the
corresponding 10 µl template libraries, thus suggesting the
action of enzymatic inhibition here as well (table 2).
il.Trans.R.Soc.B
375:20190576
(b) α-Diversity
Species-level α-diversity was evaluated for each library pool
with species richness (count of species) and Simpson’s diver-
sity index (see Methods). Simpson’s diversity index was
selected over Shannon’s diversity index due to the assumption
by Simpon’s index of sampling from a population of unknown
size and its valuing of more common/abundant species over
uncommon/rare species. We assessed these metrics for each
individually sequenced library pool, and for computationally
combined libraries representative of each site. For the in silico
combined libraries, we calculated diversity including and
excluding human reads (see Methods; electronic supplemen-
tary material, figure S1). We used the taxonomic binning tool
MALT [32], as implemented in the HOPS pipeline [33], to gen-
erate metagenomic profiles for each library. MALT output was
visually assessed with MEGAN6 [34], which was then used to
produce taxon tables with species-level counts of assigned
reads (normalized across the Jerusalem and Riga combined
libraries) for all taxonomic groups combined—Bacteria,
Archaea, Eukaryota and Viruses.

The extraction batch or quantity of extract used to construct
each library does not appear to have played a role in the total
number of species identified in the metagenome (figure 2a;
electronic supplementary material, table S1) or the value of
the Simpson’s diversity index (figure 2b; electronic supple-
mentary material, table S2). The Simpson’s index values for
species of all taxonomic groups do not differ substantially
between high-template and low-template libraries, with the
Riga libraries appearing slightly less diverse than those from
Jerusalem. We find the computationally combined libraries,
while having increased species richness, do not consistently
lead to increased diversity across all taxa. As Simpson’s
index considers evenness, andweights common ormore abun-
dant species over rare species [35], we would likely not be
missing the ‘core biome’ of the sample by taking any one of
the non-combined libraries. We can infer that all species
below detection in a single non-combined library from either
site are represented by few reads in the dataset, and are thus
difficult if not impossible to validate in downstream analyses.
The possibility, therefore, remains that consideration of only
single non-combined libraries could potentially prevent gen-
etic detection of a historically or archaeologically relevant
organism (e.g. a pathogen or dietary item), which might be
identified via a targeted enrichment approach (e.g. [36,37]).

Despite the overall consistency of the Simpson’s index
values for all taxa, the diversity of different libraries is surpris-
ingly dynamic when analyses are restricted to eukaryotic
species. For Jerusalem, eukaryotic diversity is stochastic across
library type. For Riga, there appears to be a pattern of increased
diversity for eukaryotes in the low-template libraries compared
to the standard template libraries. Furthermore, diversity in the
Riga combined library increases substantially when readsmap-
ping to the human reference genome are removed. This is likely
due to an abundance of Homo sapiens DNA present in the Riga
combined library compared to other eukaryotic organisms. Of
the 76 531 reads summarized to the Eukaryota node in the
Riga combined library, 43 330, or approximately 57%, were
assigned to H. sapiens. By removing all reads that map to the
HG19 human reference genome, the evenness of species
representation likely increased among eukaryotes. In compari-
son, H. sapiens had reduced representation in the Jerusalem
combined library, with the 8123 reads assigned to the species
node making up approximately 12% of the total reads (69 110)
within Eukaryota.

The most striking difference between sites in terms of
α-diversity is the overall reduction in archaeal diversity in
Riga compared to Jerusalem (figure 2b).

(c) Estimated source contributions to bacterial and
archaeal diversity

Reads summarized to the genus level were exported to a taxon
table from themetagenomic profiles of the combined Jerusalem
and Riga libraries with human reads removed using MEGAN6
[34] (electronic supplementary material, table S3). The taxon
table was modified for compatibility with SourceTracker2 [38],
a tool that produces Bayesian estimates of source contribution
to a given metagenome. We modelled source contribution
using datasets to represent hunter–gatherer human gut
[39,40], industrialized human gut [39], sewage/wastewater
[41] and soil/sediment microbiota [42–44] (electronic sup-
plementary material, tables S4 and S5). Human reads were
also removed from the source datasets.

Both Jerusalem and Riga were estimated to have contri-
butions from all sources we modelled (figure 3a). However,
SourceTracker2 could not estimate 47% of source contribution
to the Jerusalem dataset and 70% to Riga. This could be due to
either a large number of taxa in Jerusalem and Riga that are
shared between multiple source models or insufficiently repre-
sentative source models. The gut contribution estimates are
similar between Jerusalem and Riga, when the hunter–gatherer
and industrialized gut categories are taken together. However,
Jerusalem and Riga differ in their relative proportions of contri-
bution by each category. This could indicate differences in the
gut microbiota between the two communities or differences in
the microbial dynamics of the environment surrounding the
latrines. We generated a principal coordinate plot (PCoA) using
the Bray–Curtis dissimilarity to further explore similarities
between the latrine metagenomes and those from the model
sources (see Methods; electronic supplementary material, figure
S2 and table S6). The latrines occupy a liminal space between
the sources, falling most closely to soil/sediment and sewage/
wastewater. The overall taxonomic compositions of the samples
at the phylum level show greatest similarity to soil and are
largely dominated by Actinobacteria. By contrast, the gut
source models are dominated by Firmicutes and the sewage/
wastewater source models are dominated by Proteobacteria
(electronic supplementary material, figure S3 and table S7).

In addition to using SourceTracker2 to explore the different
sources of microbial diversity in our samples, we employed a
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manual species-sorting approach. For this analysis, we
exported the MALT-generated species-level read counts from
the Bacteria and Archaea nodes to taxon tables using
MEGAN6 [34]. For both sites, we categorized all bacterial
and archaeal species that received greater than 100 reads
according to a hierarchical classification scheme reflecting
their likely source environment (electronic supplementary
material, tables S8 and S9). We determined the likely source
environment by conducting a PubMed literature survey,
using the species name as the search term. Uncultured bacteria
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were excluded from classification, and for recently renamed
taxa, the homotypic synonyms were used as the search
terms (e.g. Mycolicibacterium smegmatis and Mycobacterium
smegmatis). Species were sorted into three major categories:
environmental, animal-associated and human-associated. The
animal-associated and human-associated categories included
obligate pathogens and commensal microbiota. Species exclu-
sively or predominantly isolated from gastrointestinal sources
were specifically categorized as ‘animal gut’ or ‘human gut’
taxa (figure 3b). If species were considered normal constituents
of human microbiota, but had the potential to cause disease,
they were further categorized as pathobionts. The Riga sedi-
ments had a substantially higher representation of human
gastrointestinal species than Jerusalem by this measurement.

We more closely assessed the gut microbiome signature
by comparing the bacterial species present in our metage-
nomic analysis (i.e. species name present in taxon tables for
the Jerusalem and/or Riga combined libraries) with those
included in the Human Gastrointestinal Bacterial Genome
and Culture Collection (HBG and HBC) [45]. Of the 153 bac-
terial species from the HBG list present in the Jerusalem and
Riga combined libraries, 125 were present in the metagen-
omes from both sites (electronic supplementary material,
table S10). Among the 28 species that only appeared in one
of the combined libraries, none received greater than 15
assigned reads. Of the species on the HBG list, Bifidobacterium
angulatum has the highest representation in assigned reads for
both Jerusalem and Riga. Bifidobacterium species constituted 6
out of the top 11 most highly represented gut bacteria species
in Riga. The top species in Jerusalem represented more
diverse genera, including Micrococcus, Anaerostipes, Rumino-
coccus and Escherichia, though Bifidobacterium was the most
abundant. The abundance of Bifidobacterium species in both
datasets likens the community gut profiles at Jerusalem and
Riga to those of modern urban populations. In multiple
studies, Bifidobacterium has been identified as a genus enriched
in industrialized populations and depleted or absent in
hunter–gatherer populations [46,47] (electronic supplementary
material, table S10). We also identified abundant Treponema
succinifacens among other treponemal species (electronic sup-
plementary material, table S6), which are typically enriched
in hunter–gatherer groups and seem to have been lost in
industrialized populations [39,46]. Notable absences from the
latrine samples are Alistipes putredinis and Eubacterium rectale,
which are among the top three most frequently identified
metagenome-assembled genomes across 11 850 human gut
microbiomes based on a recent study [48]. Themost frequently
identified species in the study, Ruminococcus bromii, appears to
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be preserved in both the Jerusalem and Riga latrines (electronic
supplementary material, table S10).

(d) Eukaryotic pathogens
We screened Jerusalem and Riga for eukaryotic pathogens
through the HOPS pipeline [49], using a customized list of
target taxa (electronic supplementary material, table S11). We
included all taxa identified in samples from Jerusalem and
Riga previously by microscopy and ELISA assay [5,6], includ-
ing species within genera when identifications were made at
the genus level, and close genetic relatives of the identified
taxa. We also included known human-infecting parasites as
listed in Ash and Orihel’s Atlas of Human Parasitology [50].
The list was curated such that all taxon names matched those
in NCBI. For each species, we included classifications on the
taxonomic path up to the phylum level (e.g. forA. lumbricoides,
we includedAscaris, Ascarididae, Ascaridoidea, Ascaridomor-
pha, Spirurina, Rhabditida, Chromadorea and Nematoda).
Thus far, no in silico testing has been published to establish
the specificity of simulated aDNA reads from eukaryotic
pathogens as has been done for bacterial pathogens [49].

To have confidence in the authenticity of an aDNA align-
ment, one must evaluate the sequencing read’s specificity to
a reference sequence and the presence of damage typical of
aDNA [49,51]. The former can be assessed in part through
counting the number of mismatches between a sequencing
read and the reference sequence to which it is aligned, called
edit distance [51]. The latter can be assessed through counting
specific mismatches between the read and reference sequence.
Hydrolysis deaminates cytosine bases to uracil, which is
read by sequencers as thymine. Cytosine-to-thymine (C > T)
transitions occurring near the 50 ends of fragments (and
guanine-to-adenine (G >A) transitions near the 30 ends)
create a consistent pattern by which we may distinguish truly
aDNA from modern contaminants [52–55]. HOPS provides
automated assessment of DNA authenticity by calculating
the distribution of edit distances of reads aligning to a given
reference sequence or set of reference sequences (in the case
of reads being assigned to a taxonomic node above species-
level) and detecting the presence and distribution of cytosine
deamination along the reads. The results of these assessments
are communicated through three levels of criteria: (i) edit
distance distribution of all reads, (ii) presence of C > T tran-
sitions near the 50 ends of reads, and (iii) edit distance
distribution of all reads with C > T transitions.

(i) Jerusalem
Yeh et al. [5] identified the following taxa by microscopy or
ELISA assay in sediments and coprolites from Jerusalem:
T. trichiura, A. lumbricoides, Taenia sp., Dibothriocephalus sp.,
E. histolytica and G. duodenalis. Of these, we found evidence
of authentic aDNA for T. trichiura and A. lumbricoides.
Though T. trichiura passed the second HOPS threshold for
authenticity, only 21 reads were assigned to the node, and
nucleotide misincorporation lesions consistent with damage
were present only on 2 reads. The genus node of Trichuris
has 37 assigned reads and also passed the second level of cri-
teria. There may be authentic T. trichiura DNA in the sample,
and we would expect to find it given its previous microscopic
identification in disaggregated sediment from Jerusalem, but at
such low numbers and spread across multiple taxonomic
levels, it is difficult to fully evaluate. Ascaris lumbricoides
passed the third level of criteria according to HOPS at the
species and genus levels, and several higher taxonomic levels
had assigned reads which passed level two or level one criteria
(e.g. Chomadorea, Nematoda; figure 4a; electronic supplemen-
tary material, figure S4). Ascaris lumbricoides accumulated
sufficient assigned reads (n = 9389) to present a clear pattern
of C > T transitions consistent with damage. Due to this con-
vincing evidence for the presence of A. lumbricoides, we
mapped the metagenomic data of the Jerusalem combined
library directly to a single reference genome [56]. Approxi-
mately 0.26% of the Jerusalem combined library aligned to
the A. lumbricoides sequence (table 3).

(ii) Riga
From the combined library for Riga, three species-level nodes
passed the level two criteria: Enterobius vermicularis, Dibothrio-
cephalus latus and A. lumbricoides (electronic supplementary
material, figures S5 and S6). Ascaris and Dibothriocephalus sp.
had been identified previously to the genus level by
microscopy in the Riga sediments, and Ascaris presumed to
be the human species of roundworm (A. lumbricoides) as they
were found in a human latrine [6]. We proceeded to map the
combined Riga libraries to single references for both A. lumbri-
coides and D. latus. Approximately 0.09% of reads from the
combined Riga library aligned to A. lumbricoides and approxi-
mately 0.08% of reads aligned to D. latus (table 3). Of the taxa
identified by Yeh et al., there was no genetic evidence for Oxy-
uris equi; however, as only one eggwas identified in the sample,
and mechanical disruption of the sediment was not performed
prior to DNA extraction, the absence of its detection via aDNA
is not surprising. Reads aligning to T. trichiura passed the first
threshold of HOPS authenticity criteria. Alignments to
E. vermicularis, or humanpinworm, passed the second criterion
for authentication, though the species had not been identified
morphologically in prior investigations. This is not unexpected
as pinworm eggs are very fragile and frequently do not survive
in archaeological contexts. The low number of reads, however,
limits further authentication.

The A. lumbricoides and D. latus DNA identified in our
libraries exhibited less C > T damage than the reads aligned
to a human reference genome (figure 5). In the case of Jerusa-
lem, the human DNA itself was greatly reduced compared to
the A. lumbricoides DNA (table 3; electronic supplementary
material, table S14). These phenomena could be due to protec-
tion of the DNA by the parasite eggs.

3. Discussion
(a) Gut microbiome preservation and prospects

for regional comparisons
The SourceTracker2 results presented here indicate (i) a large
proportion of bacterial and archaeal DNA in Jerusalem and
Riga does not share an affinity with any of the source models
we used and (ii) Jerusalem and Riga contain approximately
the same proportion of DNA from the human gut, but show
slightly different proportions of the estimated human gut
input between ‘hunter–gatherer’ and ‘industrialized’microbial
profiles (figure 3). Though we used model soil/sediment data-
sets from diverse contexts [42–44], the unknown contribution
to Jerusalem and Riga could be due to our model sources not
being representative of bacterial and archaeal diversity in the
local soil at either archaeological site. The similarity in
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Figure 4. Eukaryotic parasite taxa with read alignments from latrine samples. (a) The taxon names to the right of the heatmap correspond to eukaryotic parasite
species. All taxon nodes listed here have at least one assigned read aligning to associated sequences from the MALT results of the Jerusalem and Riga combined
libraries (with reads aligning to the HG19 human reference genome removed). All taxa in this figure had assigned reads in at least one of the combined libraries,
and the assigned read count (not normalized) can be found in the respective cell in the heatmap. The colour of each cell indicates the HOPS criteria passed by the
alignments to that taxon. ‘No pass’—no criteria were passed, level 1—edit distance criterion was passed, level 2—damage criterion was passed, level 3—edit
distance of damaged reads criterion was passed. The red and blue microscope symbols indicate the taxon was identified by microscopy in samples from Jerusalem
and Riga, respectively. The red and blue antibody symbols indicate the taxon was previously identified by ELISA assay. (b) Radial trees representing the relationships
between taxa identified in the latrine libraries, spanning multiple levels of taxonomic classification. Tabular read count results for the latrine samples can be found in
electronic supplementary material, table S12, and results for negative controls can be found in electronic supplementary material, table S13.
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representation of gut bacteria between Jerusalem and Riga is
intriguing. Based on our cross-referencing of species present
in the libraries with the HBG list, there is no major bacterial
gut species represented at one site but not the other. The
SourceTracker2 analysis was performed on genus-level sum-
marized reads, so the minor difference between estimated
proportions of hunter–gatherer and industrialized gut in the
Jerusalem and Riga datasets may stem from different levels
of representation of certain genera. For instance,Bifidobacterium
species are more dominant in Riga than in Jerusalem. In both
sites, the presence of both abundant Treponema spp. and
Bifidobacterium spp. point to these historical community gut
microbiomes holding what in modern individuals would be
considered a contradictory gut, being enriched in taxa that
are often seen as trade-offs between more industrialized and
more hunter–gatherer-based dietary habits. It is important to
note, however, that these taxa represent the microbiomes of
more than one individual who used the latrine.



Table 3. Mapping statistics for H. sapiens, A. lumbricoides and D. latus. Mapping statistics were reported in the EAGER report table [57]. Mapping was
performed in EAGER with BWA (see Methods). Mapped reads indicate the number of reads that align to the reference sequence following quality filtering and
the removal of duplicate reads. Cluster factor describes the average number of times one can expect a mapped read to be duplicated, and can be used to
assess redundancy in sequencing depth. Here, the presented cluster factors suggest the complexity of the libraries have not been exhausted. The mean coverage
describes the mean depth of reads across the entirety of the reference sequence. Full EAGER report tables for latrine samples and negative extraction and library
preparation controls can be found in electronic supplementary material, tables S14 and S15.

sample total sequenced reads mapped reads endogenous DNA (%) cluster factor mean coverage

H. sapiens Jerusalem 16 463 260 7211 0.073 1.041 0.0002

H. sapiens Riga 21 202 878 39 177 0.312 1.039 0.0009

A. lumbricoides Jerusalem 16 463 260 33 863 0.264 1.068 0.0087

A. lumbricoides Riga 21 202 878 1727 0.090 1.101 0.0004

D. latus Riga 21 202 878 1336 0.082 1.113 0.0002
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Figure 5. Cytosine-to-thymine mismatch plots calculated from direct alignments to H. sapiens, A. lumbricoides and D. latus genomes. Sequencing reads from the
combined libraries were aligned using BWA (Burrows-Wheeler Aligner) and mismatch frequencies for each alignment were calculated by DamageProfiler as
implemented in EAGER [57]. As the sequencing reads were extracted from latrine sediment, all alignments likely represent more than one individual of each species.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190576

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

30
 J

an
ua

ry
 2

02
3 
Recent efforts to characterize the unculturable component
of the human gut microbiome will likely soon lead to the
expansion of databases to include a broader range of taxa
[48,58]. This trend could lead to greater resolution of micro-
biome studies in the future as rarer and unculturable taxa
are characterized, and offer the opportunity to advance our
understanding of the Jerusalem and Riga data presented
here. In addition, future studies of ancient latrine deposits
with larger sample sizes, perhaps across geographical or
cultural gradients, could contribute to our understanding of
gut microbiome variation in the past.

In terms of the overall bacterial and archaeal content of
the latrine samples in comparison with the model sources
used for the SourceTracker2 analysis, we found the Jerusalem
and Riga combined libraries clustered closely with each other
in a principal coordinate analysis, and of the model sources
they clustered most closely with the soil/sediment dataset
(electronic supplementary material, figure S2). Curiously,
we also observed that the global sewage/wastewater
dataset aligns closely with industrial and hunter–gatherer
gut microbiome along PC1, but forms its own cluster in mul-
tiple dimensions (electronic supplementary material, figure
S2a,b). Importantly, the sewage/wastewater and latrine data-
sets considered here do not appear to be mere aggregates of
gut microbiota, but rather have formed based on the contri-
bution of microbial contents specific to their depositional
contexts. We furthermore note that the depositional context
in question for the latrine samples is one transformed by
hundreds of years of burial.

(b) Eukaryotic parasites: the promise and limitations
of ancient metagenomics

Of the eukaryotic parasites previously morphologically
identified in sediment and coprolites from Jerusalem and
Riga, confident genetic identifications of A. lumbricoides in
Jerusalem and A. lumbricoides and D. latus in Riga were poss-
ible. A small quantity of reads from each library was assigned
to the other previously identified eukaryotic parasites (or clo-
sely related taxa) with the exception of Oxyuris equi, though
these were not sufficient to allow authentication (figure 5).
The absence of O. equi from the metagenomic profiles gener-
ated here is unsurprising, given that only one egg was
identified in the latrine sediment [6]. Enterobius vermicularis
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received assigned reads from Jerusalem and Riga, and the 17
reads from Riga passed the second threshold of authentication
criteria determined in HOPS, meaning the assigned reads suf-
ficiently fit the preferred edit distance distribution from the
reference sequence, and some reads contained C > T damage
expected in authentic aDNA [49]. This is the only organism
that was not previously identified for which assigned reads
passed the second criteria. Its presence would be expected in
metagenomic datasets including human faecal material as
E. vermicularis and other specieswithEnterobiusmaintain reser-
voirs in humans and non-human primates [21,24]. Previous
research has found aDNA signatures of this fragile parasite
egg in archaeological sediment despite lack of preservation of
intact eggs being visible on microscopy [17].

The differences in identified species between the former
palaeoparasitology analyses and this genetic analysis are
likely due to the following reasons: (i) samples and sampling
methods; (ii) the metagenomic approach; and (iii) differences
in the availability of reference sequences between different
parasite taxa. For the Jerusalem latrine, 0.2 g of loose sedi-
ment and 12 semi-mineralized coprolites were analysed
using microscopy, and 1 g for ELISA [5]; for the Riga latrine,
1 g of loose sediment was analysed using microscopy and
ELISA [6]. In the analysis presented here, 100 mg of loose
sediment was used in total for each site to build all metage-
nomic representations, and the Jerusalem coprolites were
not studied. The extraction protocol used in this study was
designed to particularly preserve short (presumably ancient)
fragments of DNA from small samples of less than 100 mg of
material. The quantity of material analysed differs greatly
between the genetic, microscopy and ELISA methods
employed and referenced here, and the reduced amounts
used for DNA evaluation—up to 10-fold less than what has
been used for other analytical techniques—could account for
some of the differences we see in the species identifications
between the methods. We did not implement mechanical dis-
ruption prior to extraction, which may have limited our
ability to extract DNA from helminth eggs, though the strong
signal from A. lumbricoides suggests that this was not prohibi-
tive. Prior genetic investigations into ancient eukaryotic
parasites (largely dominated by A. lumbricoides) have been tar-
geted either through the direct extraction and sequencing of
identified and filtered parasite eggs or through amplicon
sequencing of specific genes belonging to a single species or
small selection of taxa [10,13–15,17–19,59]. Here, we extracted
aliquots of the bulk sample directly, foregoing filtration of the
sediments for eggs to both avoid potential contamination
during egg filtration and to gain a faithful metagenomic
approximation of the biological community in the latrine.
These measures support the integrity of our data in exchange
for high read abundances from all parasites present in the latrine.
Furthermore,wedid not limit this analysis by selective amplifica-
tion. An additional reason for why we see weaker genetic
representation from some of the taxa identified in the prior
studies for both sites could result from unbalanced represen-
tations of many eukaryotic parasite taxa in the NCBI nucleotide
database. It is plausible that DNA fragments of eukaryotic para-
sites in themetagenomic libraries used herewere not identifiable
using current databases, because they belong to portions of the
genome that have not yet been assembled.

Given the extremely low coverage for even the most
strongly represented eukaryotic pathogens in this dataset,
what is the benefit of a metagenomics approach to
palaeoparasitology? Morphology is undoubtedly the most
reliable means of establishing the presence of helminths in a
population through analysis of palaeofaeces or latrine sedi-
ments, because there is little room for ambiguity regarding
identifications of species whose morphology is well estab-
lished. However, fine-grain taxonomic identification is not
possible for some groups where different species of the same
genus produce eggs of identical morphology (e.g. Taenia spp.
and Entamoeba spp.) and taphonomic processes may prevent
identification of protozoa and fragile helminth eggs such as
hookworm and pinworm [10,25]. Genetic data may offer
such fine-grain taxonomic identification for helminths and pro-
tozoa. In this case, a metagenomic sequencing coupled with a
lowest common ancestor taxonomic binning approach [19], as
opposed to amarker gene or amplicon approach [60],mayoffer
greater possibility of species identifications from degraded,
fragmentary DNA. Following relatively unbiased identifi-
cation of an organism, coverage may be increased through
either deeper sequencing or genomic enrichment. The resulting
data could then be thoroughly authenticated and used to eluci-
date the evolutionary history of a given parasite. However, the
full promise of palaeoparasitology bymetagenomics to answer
high-resolution questions of parasite phylogeny and evolution
cannot be fulfilled until more complete and reliable modern
reference databases are available. For instance, differentiating
betweenD. latus andDibothriocephalus dendriticum, two closely
related but distinct species of fish tapeworm, with low
coverage metagenomic data would likely bias for D. latus due
to the increased number of full genome entries available.
Groups such as the International Helminth Genomes Consor-
tium are working to fill existing database gaps [56]. Such
efforts are instrumental for realizing the full benefit of the
consilient approaches to ancient parasitology explored here.

(c) Template volume did not impact metagenomic
α-diversity

Despite the inhibition phenomenon we detected through our
quantitation of starting template number in the pre-indexed
libraries (table 1), we did not observe an impact on the
α-diversity measurements of the resulting metagenomes.
We can, therefore, infer that the 10 µl library preparation for
the Riga samples would not result in a meaningful decrease
in diversity (as calculated with the Simpson’s index) for all
taxa together—Bacteria, Archaea or Viruses. However, for the
Riga site, we do see an increase in Eukaryotic diversity for
the 2 µl libraries over the 10 µl libraries. The mechanism
behind this signature is unclear. In our example, no discernable
pattern emerged regarding the relationship between template
volume and α-diversity for the 2 µl and 2 µl × 5 libraries.
It is unclear whether this lack of relationship stems from
inhibition or sufficiencyof the low-template volume to produce
a representative metagenome for the sample; α-diversity
measurements could differ when similar approaches to library
construction are followed for highly complex, or more
molecularly diverse, extracts and further exploration of the
phenomenon of inhibition in other contexts iswarranted.How-
ever, the relatively low cluster factors (less than 2) we report in
our mapping statistics for A. lumbricoides and D. latus, which
provide an estimation of how many times individual reads
are seen in a given dataset based on the duplication rate of
mapped reads, indicate the combined sequencing depth for
each site has not exhausted the complexity of the libraries
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(table 3). A cluster factor of 2 or greater would indicate that
every molecule has been sequenced at least twice on average,
hence sequencing to this depth would be advantageous for
evaluating total metagenomic diversity. Regardless, the diver-
sity in terms of species richness for the libraries considered here
appears not to be impacted by reductions in sequencing depth.
lishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190576
4. Conclusion
This study demonstrates the preservation of DNA representa-
tive of human intestinal contents in ancient latrines from the
Medieval Period. Impressively, DNA preservation extends
beyondmolecules protectedwithin resilient physical structures
such as parasite eggs: signals of gut flora are detectable, though
microbial content is heavily influenced by depositional context.
Therefore, the archaeological latrine samples considered here
do not represent direct snapshots of the microbial community
in ancient waste management systems, but rather depict
microbial profiles that have been altered by many years of
exposure to environmental sources. While in use, a properly
functioning latrine permits decomposition of most organic
components, which will necessarily disrupt structure of the
host microbial community through degradation of some
bacterial species and proliferation of others. Observations
from coprolites that formed via rapid desiccation are presumed
to differ, where blooms of environmental bacteria and
disruption of community structure via overgrowth are less
likely. Regardless, DNA preservation in latrines does occur,
as demonstrated by our identification of well-known gut
microbiota and several parasite species. This work highlights
the value of ancient latrines as sources of biomolecular
information, and the benefits that come from the marriage
of complementary analytical approaches to develop an
understanding of past human health.
5. Material and methods
(a) Sampling and DNA extraction
Samples of latrine sedimentwere taken at the time of excavation by
archaeologists at the sites (Jerusalem and Riga). Each sample was
taken using a clean spoon and placed immediately into a small
plastic bag that was sealed, without touching human skin. This
bag was then triple-bagged to prevent any contamination from
outside, or leakage of samples from inside. The samples were
then sent to the Ancient Parasites Laboratory at Cambridge for
analysis. Subsamples were removed while wearing laboratory
gloves in a Class 2 Microbiological Safety Cabinet, prior to prep-
aration for microscopy (0.2 g samples) and ELISA (1 g samples)
[5,6]. The rest of the sample remained protected from the environ-
ment, triple-bagged. After completion of the parasite analysis, 3 g
subsamples from the original bags were removed in the microbio-
logical safety cabinet while wearing laboratory gloves, placed in
fresh bags, sealed and triple-bagged. These 3 g samples were
then sent to theMax Planck Institute for Science of HumanHistory
(MPI-SHH) in Jena, Germany. While it would have been helpful if
samples of sediment were available from outside the latrine dating
from the same time period that the latrine was in use, in order to
determine the normal soil microbiome, such samples were not
taken at the time of excavation.

Further sample preparation, DNA extraction, Illumina library
preparation and sequencing were conducted at the dedicated
aDNA clean room (pre-PCR) and post-PCR facilities of the
MPI-SHH. Two spatially separate portions of approximately
50–80 mg of sediment were taken from each sample, and a total
of four extractions were performed. Extractions were performed
using a protocol optimized for use with archaeological bone [61],
and later adapted for sediment [43]. Each subsample was
immersed in 1 ml of 0.5 M EDTA and rotated overnight at room
temperature. After decalcification, the sample was centrifuged
and the supernatant was purified. Each sample was added to
10 ml of 5 M guanidine-hydrochloride binding buffer and 400 µl
sodium acetate, mixed by inversion and transferred to a High
Pure Extender column from the High Pure Viral Nucleic Acid
Large Volume kit (Roche). After centrifugation of the binding
buffer solution, the column was transferred to a 1.5 ml collection
tube and given a dry spin to ensure the silica membrane was free
of any excess buffer. Two washing steps were performed with
the kit wash buffer. Elution was performed using 100 µl of a
10 mM tris–hydrochloride, 1 mM EDTA (pH 8.0) and 0.05%
Tween-20 buffer (TET) for all extracts. The eluate from the Jerusa-
lem extracts had a dark-brown tinge, and that of the Riga extracts
had a very slight pale-yellow tinge, indicating impurities in the
extract. Two negative controls were included in the extraction
batch to detect reagent- and process-derived contamination.

(b) Library preparation
(i) Initial screening and inhibition test
Construction of double-stranded Illumina libraries was performed
according to a modified established protocol [62]. DNA overhangs
were removed and filled-in with a 50 µl reaction including 5 µl of
NEB Buffer 2 (New England Biolabs), 2 µl dNTP mix (2.5 mM),
4 µl BSA (10 mg ml−1), 5 µl ATP (10 mM), 2 µl T4 polynucleotide
kinase and 0.4 µl T4 polymerase. Four libraries (Jerusalem A1, Jer-
usalem B1, Riga A1 and Riga B1) were constructed using 10 µl of
DNA extract and 21.6 µl H2O. Two additional libraries (Jerusalem
A2 and Jerusalem B2) were constructed using 2 µl of DNA extract
and 29.6 µl H2O in response to the colouring of the Jerusalem
extracts. Wewished to test if chemicals remaining in the Jerusalem
extractswould inhibit downstreamPCR steps by lowering the tem-
plate volume and comparing copy number calculations after
quantitating the non-indexed libraries with a real-time qPCR
assay (Lightcycler 480 Roche; see below). Following the incubation
of the initial overhang repair reactions, they were purified over
MinElute columns (Qiagen) and eluted in 18 µl TET. Universal
Illumina adapters were ligated to the repaired fragments with a
reaction of 20 µl Quick Ligase Buffer, 1 µl Illumina adapter mix
(0.25 µM) and 1 µl of Quick Ligase. The reaction was then purified
as described above and eluted in 20 µl of TET. Adapter fill-in was
performed in 40 µl reactions, including 4 µl Thermopol buffer, 2 µl
dNTP mix (2.5 mM) and 2 µl Bst polymerase. Following incu-
bation at 37°C for 20 min, the enzyme was heat-deactivated with
an additional 20 min incubation at 80°C. Two negative controls
were included in the workflow to track contamination specifically
in the library preparation reagents and process. The resulting pre-
indexed libraries were quantitatedwith qPCR, at which point inhi-
bition in the Jerusalem libraries was evaluated (see Results). The
Jerusalem libraries built with 2 µl of template (Jerusalem A2 and
B2) were carried forward for further processing.

Later, five pre-indexed libraries were constructed from each
extract for Jerusalem using 2 µl of template each (Jerusalem
A3.1, A3.2, A3.3, A3.4, A3.5, B3.1, B3.2, B3.3, B3.4 and B3.5)
and one pre-indexed library was constructed from each extract
for Riga using 2 µl of template to test whether we had an
inhibition effect in the qPCR results for Riga as well.

(ii) Indexing, amplification and sequencing
All pre-indexed libraries that were carried forward for sequen-
cing were double indexed with unique pairs of indices in
100 µl reactions containing fewer than 1.5 × 1010 DNA fragments.
All libraries referred to as Jerusalem A3 were given the same
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indices. All libraries referred to as Jerusalem B3 were given the
same indices. Each reaction included 10 µl PfuTurbo buffer,
1 µl PfuTurbo Cx Hotstart DNA polymerase (Agilent), 1 µl
dNTP mix (25 mM), 1.5 µl BSA (10 mg ml−1) and 2 µl of each
indexing primer (10 µM). The master mix was prepared in a
pre-PCR clean room and transported to a separate laboratory
for amplification. All reactions belonging to the same library
were purified over MinElute columns. The indexed Jerusalem
A3 sublibraries and Jerusalem B3 sublibraries were combined
during purification. Indexed libraries were eluted in 50 µl of
TET. The indexing efficiency was assessed using a qPCR assay
targeting the IS5 and IS6 sequences in the indexing primers.
Approximately one-third of each indexed library was amplified
with Herculase II Fusion DNA Polymerase (Agilent). The pro-
ducts were MinElute purified and quantified using an Agilent
Tape Station D1000 Screen Tape kit. Jerusalem A2, Jerusalem
B2, Riga A1, and Riga A2 were sequenced on an Illumina Next-
Seq 500 using a paired-end, 75-cycle high-output kit to depths of
5–6 million paired reads each. Jerusalem A3, Jerusalem B3, Riga
A2 and Riga B2 were sequenced on an Illumina NextSeq 500
using a single-end, 75-cycle high-output kit to depths of 5–6
million reads each. Negative controls were sequenced separately
to avoid index cross-talk to a depth of approximately 1 million
reads each.

(c) Computational methods
Find a flow-chart illustrating the main computational analysis
pipelines used in this study in electronic supplementary material,
figure S1.

(i) Pre-processing and mapping to HG19
We pre-processed and mapped de-multiplexed reads for each
library using the EAGER pipeline [57]. Preliminary adapter-
removal and read filteringwas performed using AdapterRemoval,
enforcing a minimum read length of 30 and aminimum base qual-
ity of 20. Paired reads for JerusalemA2, Jerusalem B2, Riga A1 and
Riga B1 were also merged. All reads were mapped to the HG19
human reference genome using BWA [63] (as implemented in
EAGER) with a quality filter of 30, difference parameter (−n) of
0.01 and deactivated seed length filter (−l ). We performed this
mapping as a standard exploratory analysis of human DNA
preservation. In addition, we concatenated the fastq files from
libraries belonging to the same site and mapped these combined
files to the HG19 reference genome using BWA outside of the
EAGER pipeline in order to generate a fastq file with all human
reads extracted. We did this to test the impact of removing
human reads on the metagenomic profile of the latrines, as we
expect some genetic sequences from human-associated parasites
to be contaminated with human DNA. For this analysis, we
applied −n 0.1 and −l 32.

(ii) Metagenomic profiling and pathogen detection
We executed a broad screening of the total genetic content of the
shotgun-sequenced libraries using the HOPS pipeline [33]
which joins the taxonomic binning tool MALT [32] with MaltEx-
tract and a post-processing script which produces a heatmap
of putatively authentic taxon identifications based on edit
distance from a reference sequence and the presence of damaged
reads. As input, we used fastq files from the pre-processing step
above, including the original fastq files representing individual
libraries, the combined fastq files and the combined fastq files
with human-mapped reads extracted. For MALT (v. 040), we
used the NCBI full nucleotide database (‘nt’, October 2017) with
a 90% identity threshold. To analyse the overall bacterial and
archaeal content of the latrine samples in comparison to metage-
nomic datasets from known sources (electronic supplementary
material, table S5), we generated a series of read-depth
normalized taxon tables with MEGAN6 [34] from the raw
MALT results. The model sources represented hunter–gatherer
human gut [39,40], industrialized human gut [39], sewage/
wastewater [41] and sediment [42–44]. To explore the relative
proportions of different phyla, we generated a taxon table of
reads summarized to phylum nodes, normalized across a subset
of source models and the latrine samples (electronic supplemen-
tary material, figure S3 and table S7). We further explored the
relationship between the latrine metagenomes and those from
known sources through a PCoA generated using a Bray–Curtis
taxonomic distance matrix based on species-level assigned reads
(electronic supplementary material, figure S2 and table S6). The
dissimilarity matrix was calculated using the vegan package [64]
and plotted using the ggplot2 package [65] in R. For the Source-
Tracker2 analysis (figure 2), we extracted a taxon table of reads
summarized to the genus level among Bacteria and Archaea (elec-
tronic supplementary material, table S3) and reformatted it to be
compatible with the tool. To accompany this, we conducted a
non-inferential approach in which we generated donut plots to
explore the total metagenomic profile for the combined libraries
(excluding human reads) for Jerusalem and Riga using Krona in
terms of the quantity of reads assigned to individual species
which were classified according to likely source (electronic sup-
plementary material, tables S8 and S9). The nested classification
scheme divided the species belonging to the domains Bacteria
and Archaea, then into the categories of ‘environmental’,
‘human microbiome’ and ‘animal microbiome’. The environ-
mental taxa were then sorted according to whether or not they
were known opportunistic pathogens. The ‘human’ and ‘animal’
microbiome taxa were classified into whether they were specifi-
cally associated with the gastrointestinal system and whether
they were known to occasionally cause disease states as patho-
bionts. Classifications were made through evaluation of
PubMed literature available for each species present in the two
latrine metagenomes, using the species’ Latin binomial as the
search parameter. Uncultured and unnamed bacteria were
excluded from this analysis due to a lack of published metadata.

To identify and authenticate particular pathogenic and parasitic
taxa, we curated a taxonomy list designed to target (i) bacterial and
viral pathogens of broad interest, (ii) human-associated eukaryotic
parasites [50] and (iii) parasites previously identified by microscopy
in the Jerusalem and Riga latrine deposits [5,6]. The taxon names for
the eukaryotic pathogenswere checkedagainst theNCBIdatabase to
ensure nomenclature matched between the taxon list and the data-
base (electronic supplementary material, table S11). Taxonomic
levels up to phylum were included in the list for Eukaryotic
pathogens (e.g. for the target species A. lumbricoides, we included
Ascaris, Ascarididae, Ascaridoidea, Ascaridomorpha, Spirurina,
Rhabditida,Chromadorea,Nematoda,Ecdysozoa andProtostomia).

(iii) Community diversity
We calculated species richness and Simpson’s index of diversity
for each library with species-level taxon tables extracted using
MEGAN6 [34]. α-Diversity calculations were performed with
the vegan package in R [64]. The following taxon tables were
extracted: all terminal leaves (in all domains of life) at species
level, leaves below the Bacteria and Archaea nodes at species
level, leaves below the Eukaryota node at species level, leaves
below the Viruses node at species level, all leaves at genus
level, leaves below the cellular organisms node at genus level,
leaves below the Bacteria and Archaea nodes at genus level,
leaves below the Eukaryota node at genus level and leaves
below the Viruses node at genus level. Species richness was cal-
culated using the ‘specnumber’ function in the vegan R package
[64] (electronic supplementary material, table S1). Here, we
express Simpson’s index of diversity according to the formula
used by the vegan package in terms of D, where p is the pro-
portion of abundances between species i and the total
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abundance in the community. In this case, total reads aligning to
either a species- or genus-level node are the abundances

D ¼
X

p2i :

The resulting value D is then subtracted from 1 to yield diversity
values between 0 and 1, with values closer to 0 indicating less
diversity and values closer to 1 indicating more diversity. Simp-
son’s diversity results were reached by using the ‘diversity’
function with the ‘simpson’ choice as implemented in the vegan
R package [64] (electronic supplementary material, table S2).

(iv) Mapping to Ascaris lumbricoides and Dibothriocephalus latus
Following HOPS analysis, we mapped the combined libraries
for Jerusalem and Riga to genomic assemblies for A. lumbricoides
and D. latus with BWA [63] as implemented in the EAGER
pipeline (v. 1.92) [57]. As the reference for A. lumbricoides, we
used the genome available from WormBase as of 13 February
2019 [56,66]. As the reference for D. latus, we used the full geno-
mic assembly available under accession number PRJEB1206
[67]. For both organisms, we used the following mapping par-
ameters: −l 16, −n 0.01 and −q 37. Duplicates were removed
with MarkDuplicates, and damage profiling was performed
with mapDamage [54] (electronic supplementary material,
tables S14 and S15).
Data accessibility. The shotgun sequencing data generated as part of this
study can be accessed on the NCBI BioProject database under acces-
sion number PRJNA640385. Accession numbers for the model source
datasets can be found in electronic supplementary material, table S5.
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