
Contents lists available at ScienceDirect

Human Microbiome Journal

journal homepage: www.elsevier.com/locate/humic

Tetracycline-like resistome of ancient human guts

Tasha M. Santiago-Rodrigueza,1,⁎, Gino Fornaciarib,c, Stefania Lucianid, Gary A. Toranzose,
Isolina Marotad, Valentina Giuffrab,c, Naseer Sangwanf, Raul J. Canof,⁎

a ATCC-Center for Translational Microbiology, Institute for Life Science Entrepreneurship, Union, NJ 07083, USA
bDepartment of Translational Research on New Technologies in Medicine and Surgery, Division of Paleopathology, University of Pisa, Pisa 56126, Italy
c Center for Anthropological, Paleopathological and Historical Studies of the Sardinian and Mediterranean Populations, Department of Biomedical Sciences, University of
Sassari, Sassari 07100, Italy
d Laboratory of Molecular Archaeo-Anthropology/Ancient DNA, School of Biosciences and Veterinary Medicine, University of Camerino, Camerino 62032, Italy
e Environmental Microbiology Laboratory, Department of Biology, University of Puerto Rico, San Juan 00932, PR, USA
f The BioCollective, Denver, CO 80216, USA

A R T I C L E I N F O

Keywords:
Ancient microbiome
Gut microbiome
Mummies
Resistome
Tetracycline-resistance

A B S T R A C T

Tetracyclines were discovered over 70 years ago and their use resulted in the emergence of tetracycline-re-
sistance microorganisms; however, it has been hypothesized that tetracycline-resistance may have originated in
the environment, and that determinants were transferred to the human gut microbiota. Ancient microbiomes
represent an opportunity to explore the transmission of tetracycline-resistance determinants from the environ-
ment to humans. In the present study, tetracycline-like resistomes of three pre-Inca/Inca (10–15th centuries),
and five Italian nobility (15–16th centuries) mummies were characterized using high-throughput sequencing.
Sequences exhibited low homology to present-day determinants. Results may aid in the understanding of the
evolution of tetracycline-resistance.

Introduction

Tetracyclines were discovered over 70 years ago as the first class of
broad-spectrum antibiotics, and result from the secondary metabolism
of soil microorganisms [1]. Given that tetracycline-resistance has been
hypothesized to have an environmental origin, it is feasible to hy-
pothesize that environmental microorganisms have co-evolved re-
sistance to tetracycline in order to avoid auto-toxicity, and/or being
targeted by other microorganisms [2]. It remains a matter of further
speculation how these genes were then transferred from the environ-
ment to the human microbiota. Tetracycline-resistance determinants
are usually identified and characterized through PCR amplification [3];
yet, with the increasing availability of high-throughput sequencing
technologies, and curated databases, it is possible to characterize tet-
racycline-resistance determinants altogether [1]. This group of tetra-
cycline-resistance determinants in a sample is known as the tetracycline
resistome [1].

While the relative abundance of the global tetracycline-resistome
was reported in a previous study, the present study took advantage of
the publicly available gut metagenomes of three pre-Inca/Inca

(10–15th centuries) and five Italian nobility (15–16th centuries)
mummies and further broke down the data to specifically identify po-
tential putative bacterial hosts at the phylum and species level and
associated tetracycline-resistance determinants, as well as to provide
insights of the evolution of several of the identified determinants [4].
Mining for antibiotic-resistance genes from metagenomic data is com-
plex when characterizing ancient gut microbiomes. High similarity
percentage hits (≥97%) are usually searched to avoid false positives;
however, it is feasible to hypothesize that sequences predating the
antibiotic therapy era may share low similarity percentages to present-
day sequences because these may have diversified with the increase use
of tetracyclines in the last few decades. Metagenomic data from ancient
human guts may provide insights into the identity of earlier tetra-
cycline-resistance determinant sequences. In the present study, it is
hypothesized that ancient humans harbored a tetracycline-like re-
sistome that may share resemblance to present-day tetracycline-re-
sistance determinants.
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Materials and methods

Permission to collect samples from the mummies was acquired from
the Department of Paleopathology at the University of Pisa. Description
of the pre-Inca/Inca and Italian nobility mummies has been done pre-
viously [5–14]. The pre-Inca/Inca mummies, namely FI3, FI9, and FI12,
were preserved in funerary crypts and did not go through the process of
decomposition aided by soil microorganisms (Supplementary Table 1).
Italian nobility mummies, namely NASD3, NASD14, NASD22, NASD27
and NASD29, were preserved in empty spaces and were also not buried
(Supplementary Table 1).

DNA was extracted from tissue samples collected from whole in-
ternal organs that were removed during the autopsy. Tissue samples
were stored aseptically in hermetic plastic containers placed in a dry
environment with silica gel at 18–20 °C to reduce any subsequent
contamination. All standard precautions for ancient DNA work were
employed as described previously [4]. DNA quality and integrity was
checked in agarose gels [14].

Sequencing was performed at Molecular Research Laboratory
(MRDNA) (www.mrdnalab.com; Shallowater, TX, USA), as described
previously [4]. Shotgun metagenomic sequencing, file processing and
sequence assembly were also performed as described previously [4,15].
The Comprehensive Antibiotic Resistance Database (CARD) was
downloaded from https://card.mcmaster.ca/ for an initial global re-
sistome screening. Briefly, contigs were screened against CARD using
the BLASTx tool in CLC Genomics Workbench 9.5.2 (Qiagen, Hilden,
Germany) with a minimum e-value cutoff of 1.0 e−5. For tetracycline-
resistance determinants, hits were filtered from the global resistome
using the filter option in CLC Genomics Workbench 9.5.2. Contigs were
extracted using CLC Genomics Workbench 9.5.2., and “reblasted” using
BLASTx and the NCBI database as reference. “Reblast” is the process of
blasting retrieved hits to a different database. Only hits sharing simi-
larity to present-day tetracycline-resistance determinants, as well as
associated groups were considered. The mode of action of each gene
was manually curated and classified into efflux pumps, ribosomal
protection proteins and enzymatic inactivation proteins. Putative host
hits at the phylum level were manually curated and classified as Fir-
micutes, Proteobacteria, Bacteroidetes, and Actinobacteria. Hits not
matching these phyla were grouped as “Unclassified”. Data normal-
ization was performed by dividing the total number of determinants by
the total number of contigs. A heatmap of the Euclidean distances of
normalized values was constructed as described previously [4]. The
total number of contigs corresponding to tetracycline-resistance de-
terminants was also used to construct a BIOM table using the script
biom convert (http://biom-format.org/documentation/biom_
conversion.html). The biom file was then used to construct a Prin-
cipal Coordinates Analysis (PCoA) using a proprietary script to visualize
beta-diversity based on Euclidean distances. For the phylogenetic ana-
lyses, contig sequences were converted to protein coding genes (within
one frame) using transeq function implemented in EMBOS software.

Multiple gene alignment was performed using MAFFT software. Max-
imum likelihood tree search with non-parametric bootstrapping was
performed using RAxML software set at following parameters; 10 ran-
domized parsimony starting trees, fixed empirical substitution matrix
(LG), empirical amino acid frequencies from alignment, 8 discrete
GAMMA categories, 200 bootstrap replicates.

Results

Before further analyses, authentication of the microbiomes was
previously performed using Bayesian microbial source tracker and
MapDamage, and no evidence of contamination with modern samples
was noted [4]. Sequence information of the mummies is shown in
Supplementary Table 2, and include the average read and contig length
(bp), and the percentage of assembled reads. Results also show the
percentage of the contigs that were classified as any putative antibiotic-
resistance gene (Total global-resistome hits), as well as those hits that
were specifically classified as part of the tetracycline-resistome (Tet-
racycline-resistome hits). Overall, the Pre-Inca/Inca mummies had, on
average, the highest number of putative antibiotic-resistance genes
compared to the Italian nobility mummies (0.83% and 0.37%, respec-
tively), and the highest number of hits classified as putative tetra-
cycline-resistance genes (0.17% and 0.044%, respectively).

PCoA of the beta-diversity of the tetracycline-resistome did not
show a significant separation of the samples based on time period
(10–16th centuries) (Fig. 1A) or culture (Supplementary Fig. 1).
Supplementary Fig. 1 also shows no separation based on time period
when modern samples are included. Modern samples included two
Amazonian and two modern Italian gut metagenomes, which were also
previously characterized [4]. The tetracycline-resistome was then
broken down to identify potential putative hosts at both the phylum
and species level. At the phylum level, the Proteobacteria contributed
the greatest number of sequences classified as efflux pumps; while the
Firmicutes contributed the greatest number of sequences classified as
having ribosomal protection activity. Only the Bacteroidetes con-
tributed sequences associated with enzymatic inactivation activity in
both the Pre-Inca/Inca and Italian nobility mummies (Fig. 1B). No clear
separation of the data was noted based on culture or mode of action.
When breaking down the data by potential putative hosts at the species
level, bacteria identified in the mummies are mostly common in-
habitants of the human and other animals gut, including, but not lim-
ited to Bacteroides fragilis. Many were also bacteria that inhabit both the
environment and animal guts including, and included, but were not
limited to Escherichia coli and Enterococcus faecalis (Table 1).

Given that the present study considered putative tetracycline-re-
sistance genes with low identity percentages compared to modern de-
terminants, comparisons between the CARD and NCBI database were
performed to exclude any hit with unrelated functions. Expectedly,
results between the databases are differing. Results for the pre-Inca/
Inca mummies FI3 (Supplementary Table 3), FI9 (Supplementary

Fig. 1. Analysis of the tetracycline-re-
sistome. Panel A shows PCoA of the beta-
diversity based on Euclidean distances of
the tetracycline-resistome of three pre-Inca/
Inca and five Italian nobility mummies.
Panel B shows a heatmap of relative abun-
dances of bacterial phyla harboring tetra-
cycline-resistance-like sequences. Results
were curated by mode of action (i.e. ribo-
somal protection, efflux pumps and enzy-
matic activity).
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Table 1
Tetracycline-like resistome of pre-Inca/Inca (FI3, FI9 and FI12) and Italian nobility mummies (NASD3, NASD14, NASD22, NASD27 and NASD29). Contigs were
screened against the Comprehensive Antibiotic-Resistance Database (CARD). Table shows mummy, mode of action, gene, putative bacterial host, number of hits, and
the known source.

Mummy CARD
Mode of action

Gene Putative Hosts (number of hits) Source [reference]

FI3 Efflux pump otr(B) Streptomyces rimosus (1) Soil [21]
Efflux pump tet(31) Aeromonas salmonicida (1) Fish [22]
Efflux pump tet(35) Vibrio harveyi (2) Ocean, marine animals [23]
Efflux pump tet(43) Uncultured bacterium (4) –
Ribosomal protection tet(44) Campylobacter fetus (1) Sheep, goat and cattle gut [24]
Efflux pump tet(A)41 Serratia marcescens (1) Water, soil, plants, insects, animal intestines [25]
Efflux pump tet(B) Escherichia coli (1) Water, soil, plants, insects, animal intestines [26]
Efflux pump tet(C) Escherichia coli (1) Water, soil, plants, insects, animal intestines [26]
Efflux pump tet(H) Pasteurella multocida (1); Actinobacillus

pleuropneumoniae (1)
Upper respiratory tract of mammals, birds [27]; Swine intestine [28]

Efflux pump tet(L) Geobacillus stearothermophilus (2) Thermophilic habitats, soil, ocean sediment [29]
Ribosomal protection tet(M) Enterococcus faecalis (6); Staphylococcus aureus (1) Water, soil, plants, insects, animal intestines [30]; Water, soil, skin, upper

respiratory tract, gut mucosa [31]
Ribosomal protection tet(S) Listeria monocytogenes (1) Water, soil, raw vegetables, fecal material [32]
Ribosomal protection tet(T) Streptococcus pyogenes (1) Nasopharynx [33]
Ribosomal protection tet(W) Bifidobacterium longum (6); Butyrivibrio fibrisolvens

(4)
Animal intestine and vagina [34]; Animal intestine [35]

Enzymatic tet(X) Bacteroides fragilis (1) Human intestine [36]
Efflux pump tet(Y) Pasteurella multocida (1) Upper respiratory tract of mammals, birds [27]

FI9 Ribosomal protection otr(A) Streptomyces rimosus (1) Soil [37]
Efflux pump tet(33) Corynebacterium glutamicum (1) Soil [38]
Ribosomal protection tet(36) Bacteroides coprosuis (1) Swine manure [39]
Efflux pump tet(43) Uncultured bacterium (10) –
Ribosomal protection tet(44) Campylobacter fetus (1) Sheep, goat, cattle gut [24]
Efflux pump tet(A) Pseudomonas aeruginosa (3); Vibrio cholerae (2);

Acinetobacter baumannii (1)
Water, soil, plants, insects, animal intestine, sewage, hospitals [40]; Brackish
riverine, estuarine, coastal waters [41]; Water, soil, hospital environments [43]

Efflux pump tet(A)42 Micrococcus spp. (1) Water, dust, soil, human skin, animal, dairy products [42]
Efflux pump tet(B) Escherichia coli (1) Water, soil, plants, insects, animal intestine [26]
Efflux pump tetA(41) Serratia marcescens (2) Water, soil, plants, insects, animal intestine [44]
Efflux pump tet(C) Escherichia coli (1) Water, soil, plants, insects, animal intestine [26]
Efflux pump tet(E) Escherichia coli (1) Water, soil, plants, insects, animal intestine [26]
Efflux pump tet(H) Actinobacillus pleuropneumoniae (1) Swine intestine [28]
Efflux pump tet(K) Staphylococcus aureus (1) Skin, upper respiratory tract, gut mucosa, water [31]
Ribosomal protection tet(M) Clostridium difficile (1); Staphylococcus aureus (1);

Enterococcus faecalis (3)
Swine, human, soil, sewage [45]; Skin, upper respiratory tract, gut mucosa,
water [31]; Water, soil, plants, insects, animal intestine [30]

Ribosomal protection tet(T) Streptococcus pyogenes (2) Nasopharynx [33]
Ribosomal protection tet(W) Butyrivibrio fibrisolvens (4); Enterococcus faecalis

(2); Bifidobacterium longum (10)
Animal intestine [35]; Water, soil, plants, insects, animal intestine [30]; Animal
intestine, vagina [34]

Enzymatic tet(X) Bacteroides fragilis (5) Human intestine [36]
Ribosomal protection tet(P) Clostridium perfringens (1) Decaying vegetation, marine sediment, human and animal intestine, insects, soil

[46]

FI12 Ribosomal protection tet(32) Clostridiaceae bacterium (1) –
Efflux pump tet(33) Corynebacterium glutamicum (1) Soil [38]
Efflux pump tet(35) Vibrio harveyi (4) Ocean, marine animals [23]
Ribosomal protection tet(36) Bacteroides coprosuis (1) Swine manure [39]
Efflux pump tetA(39) Acinetobacter sp. (1) Water, soil, hospital environments [47]
Efflux pump tet(43) Uncultured (3) –
Ribosomal protection tet(44) Campylobacter fetus (2) Sheep, goat, cattle gut [24]
Efflux pump tet(B) Neisseria meningitides (1) Nasopharynx [48]
Efflux pump tet(H) Actinobacillus pleuropneumoniae (1); Pasteurella

multocida (1)
Swine intestine [28]; Upper respiratory tract of mammals, birds [27]

Efflux pump tet(J) Proteus mirabilis (1) Water, soil, hospital environments, animal intestine [49]
Ribosomal protection tet(M) Enterococcus faecalis (2) Water, soil, plants, insects, animal intestine [30]
Ribosomal protection tet(O) Campylobacter jejuni (1) Animal intestine [50]
Ribosomal protection tet(S) Listeria monocytogenes (1) Water, soil, raw vegetables, fecal material [32]
Ribosomal protection tet(T) Streptococcus pyogenes (1) Nasopharynx [33]
Efflux pump tet(V) Mycobacterium smegmatis (2) Water, soil [51]
Ribosomal protection tet(W) Butyrivibrio fibrisolvens (1) Animal intestine [35]
Efflux pump tetA(41) Serratia marcescens (1) Water, soil, plants, insects, animal intestine [44]
Efflux pump tetA Pseudomonas aeruginosa (1) Water, soil, plants, insects, animal intestine, sewage, hospitals [40]
Efflux pump tetA(42) Micrococcus sp. (4) Water, dust, soil, human skin, animal, dairy products [42]

NASD3 Ribosomal protection tet(OW) Megasphaera elsdenii (1) Rumen intestine [52]

NASD14 Efflux pump tet(35) Vibrio harveyi (1) Ocean, marine animals [23]
Efflux pump tet(K) Staphylococcus aureus (1) Skin, upper respiratory tract, gut mucosa, water [31]
Transcription tet(R) Salmonella typhi (1) Animal intestine [53]
Ribosomal protection tet(W) Butyrivibrio fibrisolvens (1) Animal intestine [35]

NASD22 Ribosomal protection otr(A) Streptomyces rimosus (2) Soil [21]
Efflux pump tet(31) Aeromonas salmonicida (1) Fish [22]

(continued on next page)
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Table 4), and FI12 (Supplementary Table 5) showed a number of pu-
tative tetracycline-resistance hits that were classified into the Major
Facilitator Superfamily (MFS) when interrogating the NCBI database.
This may be due to a number of tetracycline-resistance genes, specifi-
cally efflux pumps, belonging to the MFS. Several hits were also clas-
sified as elongation factors and those having similar functions. This may
be due to some tetracycline-resistance genes sharing homology to genes
encoding elongation factors. Similar outcomes were noted for the Ita-
lian nobility mummies NASD3 (Supplementary Table 6), NASD14
(Supplementary Table 7), NASD22 (Supplementary Table 8), NASD27
(Supplementary Table 9), NASD29 (Supplementary Table 10). Inter-
estingly, mummies NASD14 and NASD27 showed hits that were spe-
cifically classified as tetracycline-resistance genes when performing the

reblast with the NCBI database. Pre-Inca/Inca sequences encoding ef-
flux pumps were then selected and a phylogenetic tree was constructed.
The phylogenetic analysis showed that the positioning of the sequences
is in agreement with these sharing low identities compared to modern
counterparts (Fig. 2).

Discussion

Ancient microbiomes are known to harbor putative antibiotic-re-
sistance-like determinants [4,15–17], but little is still known about
ancient human gut tetracycline-resistomes [4,15,16]. While the relative
abundance of the tetracycline resistome has been reported previously,
the study did not break down the data into specific determinants and

Table 1 (continued)

Mummy CARD
Mode of action

Gene Putative Hosts (number of hits) Source [reference]

Efflux pump tet(35) Vibrio harveyi (2) Ocean, marine animals [23]
Ribosomal protection tet(36) Bacteroides coprosuis (2) Swine manure [39]
Efflux pump tet(43) Uncultured bacterium (2) –
Efflux pump tet(A) Acinetobacter baumannii (2) Water, soil, hospital environments [43]
Efflux pump tet(P) Clostridium perfringens (1) Decaying vegetation, marine sediment, human and animal intestine, insects, soil

[46]
Efflux pump tet(J) Proteus mirabilis (1) Water, soil, hospital environments, animal intestine [49]
Efflux pump tet(L) Geobacillus stearothermophilus (4) Soil, hot springs, ocean sediment, and is a cause of spoilage in food products

[29]
Ribosomal protection tet(Q) Bacteroides fragilis (2) Human intestine [36]
Ribosomal protection tet(S) Listeria monocytogenes (1) Water, soil, raw vegetables, fecal material [32]
Ribosomal protection tet(T) Streptococcus pyogenes (3) Nasopharynx [33]
Ribosomal protection tet(W) Bifidobacterium longum (1); Butyrivibrio fibrisolvens

(1)
Animal intestine and vagina [34]; Animal intestine [35]

Efflux pump tetA(42) Micrococcus sp. (1) Water, dust, soil, human skin, animal, dairy products [42]
Efflux pump tetA(G) Acinetobacter baumannii (1) Water, soil, hospital environments [43]

NASD27 Ribosomal protection tet(32) Clostridiceae bacterium (2) –
Efflux pump tet(33) Corynebacterium glutamicum (1) Soil [38]
Ribosomal protection tet(36) Bacteroides coprosuis(1) Swine manure [39]
Efflux pump tet(43) Uncultured bacterium (4) –
Ribosomal protection tet(44) Campylobacter fetus (1) Sheep, goat and cattle gut [24]
Efflux pump tet(A) Acinetobacter baumannii (1); Pseudomonas

aeruginosa (2); Serratia marcescens (1)
Water, soil, hospital environments [43]; Water, soil, plants, insects, animal
intestine, sewage, hospitals [40]; Water, soil, plants, insects, animal intestine
[44]

Efflux pump tet(B) Escherichia coli (1) Water, soil, plants, insects, animal intestine [26]
Efflux pump tet(P) Clostridium perfringens (1) Decaying vegetation, marine sediment, human and animal intestine, insects, soil

[46]
Efflux pump tet(H) Mannheimia haemolytica (1) Nasopharynx [54]
Ribosomal protection tet(T) Streptococcus pyogenes (1) Nasopharynx [33]
Ribosomal protection tet(W) Bifidobacterium longum (2) Animal intestine and vagina [34]
Enzymatic tet(X) Bacteroides fragilis (3) Human intestine [36]
Efflux pump tet(Z) Corynebacterium glutamicum (2) Soil [38]
Efflux pump tetA(41) Serratia marcescens (1) Water, soil, plants, insects, animal intestine [44]
Efflux pump tetA(42) Micrococcus spp. (3) Water, dust, soil, human skin, animal, dairy products [42]

NASD29 Enzymatic tet(X) Bacteroides fragilis (1) Human intestine [36]

Fig. 2. Phylogenetic analysis of selected putative tetracycline-resistance determinants in the mummies. Modern tet(43) was added to the tree for comparison.
Centroids connect samples of same group.

T.M. Santiago-Rodriguez et al. Human Microbiome Journal 10 (2018) 21–26

24



the potentially associated putative hosts at the phylum and species level
[4]. The advantage of ancient human samples in the study of antibiotic-
resistance, including tetracycline-resistance, is that these have not been
subjected to the pressure of modern antibiotics; thus, can provide a
baseline for the study of the evolution of antibiotic-resistance, which
was also not addressed in the previous study [4]. The present study
lends further evidence of the human gut as a reservoir of tetracycline-
resistance-like determinants prior the antibiotic therapy era. Given the
environmental origin of tetracyclines and that microorganisms are
constantly co-evolving resistance to prevent auto-toxicity or being tar-
geted by other microorganisms, it is expected that most of the tetra-
cycline-resistance-like sequences identified in the mummified gut re-
mains had low identity percentages to known sequences. A recent paper
that applied a similar approach to identify beta-lactamases in ancient
environmental and human microbiomes found similar outcomes [16].
This may suggest that the use of tetracycline antibiotics have enabled
the evolution and diversification of earlier forms of tetracycline-re-
sistance-like antibiotic genes. This may also be supported by the posi-
tioning of the selected sequences in the phylogenetic tree compared to
the modern tet(43) counterpart. The positioning of the different se-
lected tetracycline-resistance determinants in the phylogenetic tree
may open the opportunity to perform functionality experiments, which
may provide evidence of these as potentially new classes of tetra-
cycline-resistance-like determinants, as suggested previously with beta-
lactamases [16].

Resistome characterization seems to highly depend on the database
interrogated. In many cases, CARD would classify the sequence into
specific tetracycline-resistance determinants, while NCBI provided in-
formation related to the sequence domains, families, or provided a
description associated with sequences having unrelated functions. This
suggests that “reblast” against an additional database, and that addi-
tional curating may be required to validate results and eliminate false
positives with unrelated functions.

The present study showed that many of the identified bacterial
putative hosts are inhabitants of the human gut, while others are cos-
mopolitan and can be found in a variety of environments. While some
tetracycline-resistance-like determinants in the present study resembled
those in unexpected putative hosts (e.g. Vibrio harveyi), it should be
noted that results are limited to available databases. In addition, dis-
cretion should be applied when interpreting results as many of these
tetracycline-resistance determinants are carried in mobile genetic ele-
ments. Nevertheless, data are intriguing as it may open the opportunity
to hypothesize that earlier forms of tetracycline-resistance genes
reached the human gut microbiota by means that remain a matter of
further research and support the hypothesis of a divergent (tetra-
cycline) resistome [16,18–20].

Data availability

16S data for the Inca mummies are available in MG-RAST under ID
numbers 4644220.3 (descending colon mummy FI9), 4662510.3
(mummy FI3) and 4662511.3 (mummy FI12). 16S data for the Italian
mummies are available in MGRAST under ID numbers 4769343.3
(mummy NASD3), 4769345.3 (mummy NASD14), 4769342.3 (mummy
NASD22), 4769341.3 (mummy NASD27) and 4769344.3 (mummy
NASD29). Shotgun metagenomic data are available in MGRAST under
ID numbers 4630170.3 (descending colon mummy FI9), 4629033.3
(mummy FI3), and 4626489.3 (mummy FI12). Shotgun metagenomic
data for the Italian mummies are available in MGRAST under ID
numbers 4629038.3 (mummy NASD3), 4629034.3 (mummy NASD14),
4629035.3 (mummy NASD22), 4629036.3 (mummy NASD27), and
4629037.3 (mummy NASD29).
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