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Abstract

Antimicrobial resistance (AMR) is an ancient and natural phenomenon, yet it now poses a critical
threat to global health. Human activities, particularly animal husbandry, have shaped microbial
evolution by creating manure-rich environments that promote interactions between
environmental and host-associated bacteria and facilitate horizontal gene transfer. Here, we
investigated dormant, potential antibiotic-producing bacteria, microbial communities, and their
AMR genes and mobile genetic elements in 18th-century preindustrial slaughterhouse
surroundings excavated in Turku, Finland. By combining cultivation, genomic analyses,
metagenomic sequencing, and ancient DNA authentication methods, we reconstructed
preindustrial microbiomes and resistomes to better understand the early ecology and evolution of
AMR, and to explore the role of antibiotic-producing bacteria in the emergence of AMR. Our
results reveal putative ancestral forms of resistance mechanisms only recently characterized, such
as fosfomycin thiol transferase fos/, plasmid-associated tmexCD-topr) efflux pumps conferring
resistance to last-resource antibiotic tigecycline, as well as sequences related to mobility of AMR

genes. These findings demonstrate that key AMR elements were already present prior to
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widespread antibiotic use, reflecting their long-term environmental origins.

Introduction

The ability of bacteria to resist antibiotics has become one of the greatest global public health and
development threats, jeopardising the future of humanity. Although the widespread use of
antibiotics since the early 1900s has significantly contributed to the emergence of AMR (Surette
and Wright, 2017), antibiotic resistance is ancient and a natural phenomenon that arises from the
co-evolution of antibiotic-producing bacteria and other bacteria in a shared environment (Berkner
et al., 2014; D’Costa et al., 2011a). Over billions of years, bacteria have evolved to resist antibiotic
molecules biosynthesized by antibiotic-producing microbes with antibiotic resistance genes (ARGs),
and this has created a reservoir of resistance features in environmental bacteria, which is referred
to as the resistome (Wright, 2010).

A major factor in facilitating the transfer of ARGs across different bacterial taxa and
environments allowing bacteria to evolve to resist antibiotics, are mobile genetic elements (MGEs)
(Gillings and Stokes, 2012a). Although transmission of ARGs from environmental resistome to
pathogenic bacteria through MGEs is well established (Jiang et al., 2017; Peterson and Kaur, 2018a;
Tamminen et al., 2012), in many cases, it is unclear how other environmental factors than selection
pressure from the use of antibiotics contribute to it. Therefore, to understand the contemporary
AMR crisis, it would be useful to analyze the co-existence of antibiotic producers and other
bacteria in human-impacted environments before the antibiotic era.

Numerous clinically important antibiotics are originally products of environmental
microorganisms, particularly actinomycetes such as Streptomyces (De Simeis and Serra, 2021).
These spore-forming bacteria are common inhabitants of both natural and human-impacted
environments, and antibiotic-producing Streptomyces strains have been isolated from diverse
habitats, including soil, manure and flower beds (Schlatter and Kinkel, 2014). To avoid self-toxicity,
antibiotic-producing bacteria often carry self-protecting genes that protect them from the
compounds they synthesize (Mak et al., 2014). Many ARGs, such as genes for aminoglycoside
targeting methylases and efflux pumps, have been shown to be transferred horizontally from
antibiotic-producing bacteria to pathogenic bacteria even between phylogenetically distant
bacteria, including transfers from Gram-positive to Gram-negative species (Courvalin, 2008).

Besides horizontal gene transfer mediated by MGEs (Ghaly and Gillings, 2021), Streptomyces may
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share genetic material via mycelial networks (Berthold et al., 2016). While some ARGs carried by
pathogens originate from antibiotic-producing microbes, others, such as CTX M [3-lactamases and
Qnr proteins, are believed to derive from non-producing environmental bacteria (Cantén, 2009).
These transfer events are thought to be facilitated by environmental pollution following
industrialization, which induced stress response mechanisms in environmental microbiomes and
led to the enrichment of class 1 integron element (int/1). This element can capture and express
genes that help bacteria survive under challenging conditions (Gaze et al., 2011; Gillings et al.,
2015; Wright et al., 2008). First, int/l1 was identified in Enterobacteriaceae and other
Gram-negative bacteria (Fluit and Schmitz, 1999) but later also reported in Gram-positive bacteria
(Martin et al., 1990) and across a wide range of anthropogenically impacted environments (Gillings
et al.,, 2015).

Since it is widely acknowledged that other human activities, such as intensive land use,
pollution, and waste saturation have accelerated the spread of AMR (Gillings and Stokes, 2012a;
Nolan et al.,, 2023), it would be important to clarify the role of environmental contamination
before the antibiotic era. The emergence of agriculture has increased the prevalence of various
types of manure and organic waste piles in human settlements. These piles also provide habitats
for antibiotic-producing bacteria and with the constant input of MGE-carrying bacteria from
humans and other animals as well as from the environment, organic waste piles may serve as
gene-exchanging platforms, facilitating interactions that would not otherwise occur. Thus, such
sites may have acted as hotspots for AMR propagation. Studying microbiomes and resistomes in
these specific ecological niches, particularly in preindustrial settings could provide valuable insights
into the evolution of AMR.

Over the recent years, microbial archeology combined with molecular methods such as
metagenomic sequencing, together with recently developed ancient DNA (aDNA) based methods,
have enabled us to shed light on the evolution of microbial communities and pathogenic bacteria
(Kjeer et al., 2022; Warinner et al., 2017; Wibowo et al., 2021a). These methods can also be applied
to study the evolution of AMR from historical samples that contain both past microbiomes and
ancient antibiotic-producing bacteria, which can be recovered as microbial seed banks capable of
persisting in the environment for extremely long periods of time (Lennon and Jones, 2011). Since,
archaeological samples typically contain a mixture of endogenous DNA from viable cells, which can
be either metabolically active or dormant, and exogenous DNA from dead cells (Carini et al., 2016),
it is essential to analyze both fractions to obtain a comprehensive view of microbiomes,

particularly because soils generally harbor a mixture of aDNA and DNA in viable microbial cells
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(Carini et al., 2016).

Here, we investigated ARGs, MGEs, and microbial communities in archaeological samples
originating from an 18th-century urban settlement and slaughterhouse environment uncovered
during renovations of Turku Market Square, Finland, in winter 2022. These 18th-century layers
were stratigraphically isolated from modern contamination, and well preserved due to sealing of
by dense cobblestone paving, charcoal-rich deposits, and low-oxygen conditions that slowed
decomposition. This setting provides a unique time window into an urban environment prior to
the antibiotic era.

We collected a total of 12 samples representing human-impacted soils and various waste
and fecal deposits. The study combines modern sequencing approaches with traditional cultivation
methods, with a particular focus on capturing spore-forming, antibiotic-producing Gram-positive
bacteria. We hypothesized that preindustrial human-impacted soils, and waste- and manure-rich
environments served as hotspots for horizontal gene transfer, facilitating the integration of ARGs
into MGEs through interactions among antibiotic-producing bacteria and bacteria associated with
humans, other animals, and the environment. To address this hypothesis, we integrated
cultivation-based and sequencing-based approaches to investigate the early emergence of AMR

and to enlighten the role of antibiotic-producing bacteria in the ecology and evolution of AMR.

Materials & Methods

Study setting and sampling

Archaeological excavations were carried out during the renovation of Turku Market Square
between 2018 and 2022 in Finland. The excavations uncovered parts of an old town, inhabited by
craftsmen and merchants around the mid-17th century, demolished in the 1830s. Samples were
collected in winter 2022 for both archaeological investigation and microbiological analyses,
especially from a plot that differs greatly from others with a short but large-scale slaughterhouse
activity in the turn of the 18th and 19th centuries. Samples contained soil before human impact,
soils from the inhabited environment, and different kinds of wastes and manures, characterized by
archaeologists participating in excavations. Samples for microbial analyses were collected

aseptically in sterile plastic bags by microbiologists. For DNA extraction, samples were stored at
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-80°C in DNA extraction tubes and for cultivation at 6°C in double packed sterile plastic bags, as
well as kept in dark and dry conditions. All sampled deposits, mostly dated to the 18th century,

and their associated contextual information are summarized in Table 1.

The archaeological remains were well preserved, given the typical soil conditions in Finland.
Preservation of waste and manure pits was supported by sealing of the soil with dense paving of
cobblestones in the 19th and 20th century. In addition, the sampled layers were also protected
from microbial decomposition by charcoal rich layers from repeated fires, including the Great Fire
of Turku in 1827. From redoximorphic features of the soil samples reflecting time before human
impact, we determined that these layers had low oxygen conditions that slowed decomposition
and the soil type (Visuri et al., 2021) further supported the preservation of DNA in these layers.
Together, these features shielded the deposits from decomposition, water infiltration and other
environmental disturbances. As a result, the 18th century layers remained stratigraphically isolated
from modern contamination (Fig. 1). The 3D documentation of the excavation area is available as

an interactive Matterport model https://my.matterport.com/show/?m=x9aku8BMUhB.
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Fig 1. (A) Illustration of subsurface deposits beneath Turku Market Square showing the i) modern surface layer ii)
historic cobblestones iii) a charcoal-rich burn layer from repeated urban fires, and beneath it an 18th-century cultural
deposits associated with the slaughterhouse. These stratigraphically isolated, organic-rich layers contain waste pits,
manure, and animal remains that support long-term preservation of microbial DNA, historic DNA and dormant
spore-forming bacteria. Next to this, swiss-cheese model illustrating sequential physical, laboratory, and analytical
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barriers used to ensure authenticity of historical microbiomes and dormant spore-forming bacteria. (B) A sketch of the
slaughterhouse environment, with the numbered sampling points circled in pink.

Table 1. List of sampled deposits, and their associated contextual information

Sample ID Origin Matrix Human Detailed information
Impact
M9413 1 Soil Soil Very low Soil sample from a layer representing an
(Timeserie 1) older field or meadow phase before human
activity emerged.
M9413 2 Soil Soil Low Soil sample from a layer representing an
(Timeserie 2) older field or meadow phase, located

approximately 5 cm above the underlying

sample.
M9413_3 Soil Soil Low Soil sample from a layer representing an
(Timeserie 3) older field or meadow phase, located

approximately 5 cm above the underlying
sample.

M9416 Old field Soil High Soil sample from a layer representing an

older field or meadow phase before
urbanization

M9409 House yard Soil High Soil sample collected from the yard area of

a house next to the slaughterhouse area.

M9436 Alley waste pit Anthropogenic High Brown clay mixed with manure and wood
waste waste, indicating waste disposal activity.
M9441 Indoor spaces Anthropogenic High Material from inside the house, containing
of the house waste ash and possibly food-related remains.
M9438 Garbage pit Anthropogenic High Waste pit possibly for household waste.
waste
M9419 Barn waste pit Anthropogenic High Clay mixed with wood waste and manure,
waste indicating disposal of wastes related to
livestock .
M9378 Barn floor Fecal High Manure-rich layer composed of straw and
layer decomposed organic material, originating

potentially from livestock.

M9352 Defecation pit Fecal High Manure-rich sediment from a defecation
pit.
M9342 Latrine Fecal High Brown clay strongly mixed with fecal

material, most likely from humans, since the

sample was taken from a latrine.

Cultivation of Gram-positive bacteria

Inactivation of vegetative cells was carried out by drying approximately 15 ml of well-mixed sample

material in a sterile petri dish and in a decontaminated laminar flow hood and for 24 hours. After
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drying, 3 g of the sample was loaded into a 50 ml conical centrifuge tube with 25 ml of sterile 1X
phosphate buffered saline, vortexed for one minute at full speed and incubated for 30 minutes in a
lateral shaking incubator at 50°C and 120 rpm to allow spore germination. Samples were then
plated at a 10~ dilution onto International Streptomyces project Medium No. 6 (ISP6) and7 (ISP7;
without glycerol) (HiMedia Laboratories, Mumbai, India), and Gause’s No. 1 medium
supplemented with a 1:1000 ratio of Nystatin (10,000 U/ml, Gibco, West Sussex, UK) to inhibit
fungal growth and Nalidixic acid (30 pg/ml, Sigma-Aldrich, St. Louis, MO, USA) to suppress
Gram-negative bacteria. Plates were incubated for approximately one week at 15°C and 28°C, and
pure cultures were subsequently obtained. Pure cultures were stored in 20% glycerol stocks at
—20°C until DNA extraction.

Bacterial isolates were re-cultivated from the glycerol stocks stored at —20°C. The isolates were
grown at 28°C for approximately one week until a sufficient amount of biomass was obtained for

DNA extraction.

DNA extraction from environmental archaeological samples and isolated
bacteria

Extractions of DNA were performed on archaeological soil samples using a modified
hexadecyltrimethylammonium bromide (CTAB), phenol-chloroform, and bead-beating protocol
(DeAngelis et al., 2009; Griffiths et al., 2000; Viitamaki et al., 2022) as follows: Approximately 0.5 g
of sample material was added to 2 ml FastPrep Lysing Matrix E tubes (MP Biomedicals) and stored
at —80°C until extraction. For each extraction, 0.5 ml CTAB extraction buffer was added, the tubes
were vortexed briefly, and 0.5 ml phenol:chloroform:isoamyl alcohol (25:24:1) was added. Samples
were vortexed laterally at full speed for 10 min, and centrifuged at 16,000 x g for 5 min at 4°C. The
aqueous phase was transferred to 1.5 ml safe-lock Eppendorf tubes with 0.5 ml chloroform,
vortexed, and centrifuged at 16,000 x g for 5 min at 4°C. The upper aqueous layer was transferred
into tubes with 1 ml polyethylene glycol 6000 (PEG 6000) precipitation solution and incubated at
room temperature for 1-2 h. A second extraction was performed by adding 0.5 ml CTAB buffer to
the original Lysing Matrix E tubes and repeating all steps from phenol extraction through PEG
precipitation.

Following precipitation, samples were centrifuged at 16,000 x g for 10 min at 4°C, and the
supernatant was discarded. DNA pellets were washed 2-5 times with 0.5 ml cold 70% ethanol,

each followed by centrifugation at 16,000 x g for 5 min at 4°C. Pellets were air-dried for ~5 min,


https://www.zotero.org/google-docs/?gbMcqo
https://doi.org/10.64898/2026.07.31.742145
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.31.742145; this version posted July 31, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

and resuspended in 25 pl C6 buffer (10mM Tris-HCI, pH 8.5; QIAGEN DNeasy® Powerlyzer®
PowerSoil® Kit), after which the eluates from both extraction rounds were combined. A negative
extraction control was included to monitor contamination.

Cleanup of extracted DNA was performed using AMPure XP magnetic beads (Beckman
Coulter, Inc., Brea, CA, USA) to retain also aDNA fragments smaller than typically lost in
column-based extractions. Beads were added to each sample at a 1.8x volume ratio, mixed
thoroughly, and incubated for 10 min. Samples were then placed on a magnetic rack to separate
the beads, washed twice with 0.5 ml 80% ethanol, and air-dried. DNA was eluted in 30 ul of C6
buffer (DNeasy® Powerlyzer® PowerSoil® Kit, QIAGEN, Hilden, Germany), gently vortexed,
incubated for 5 min, and separated from the beads. Purified DNA was stored at —20°C until

sequencing.

Genomic DNA from isolated bacteria was extracted using the DNeasy® PowerLyzer® PowerSoil® Kit
(QIAGEN, Hilden, Germany) according to the manufacturer's protocol, with the following
modifications: the first incubation in step 7 was extended to 20 minutes, and the second
incubation in step 9 was performed for 15 minutes. The extracted DNA was stored at —20°C until

sequencing.

Shotgun metagenomic & Whole-genome sequencing

Metagenomic sequencing for the DNA extracted from archaeological soil samples was carried out
at the Institute of Biotechnology, University of Helsinki (Helsinki, Finland). Sequencing libraries
were prepared by the institute’s sequencing facility and sequenced with the Aviti platform,
producing 2 x 150 bp paired-end reads. To ensure sufficient sequencing depth, each sample was
sequenced in two independent runs. Whole-genome sequencing of isolated bacterial strains was
performed using the long-read PacBio Revio instrument (Pacific Biosciences, Menlo Park, CA, USA)

with SMRTbell library preparation.
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Metagenomic data processing and analysis

Sequencing quality control and taxonomic classification

Raw sequencing reads were adapter-trimmed using FastP v0.24.0 (Chen et al., 2018), and reads
shorter than 40 bp were discarded to ensure efficient sequence length for downstream analysis.
Read quality was summarized using MultiQC v1.30 (Ewels et al., 2016). As each sample was
sequenced across two runs, trimmed reads were concatenated per sample prior to downstream
analyses. Taxonomic classification of metagenomic reads was performed with Kraken2 v2.1.5
(Wood et al., 2019) using a custom soil metagenomics database
(db_vistamilk_soil_metagenomic_kraken2_2024; (Edwin et al., 2024). Relative abundances were
re-estimated with Bracken v3.1 (Lu et al., 2017) at six taxonomic levels (phylum, class, order, family,
genus, species) using a read length of 150 bp, a k-mer length of 35, and a minimum read
assignment threshold of 10, meaning only taxa with at least 10 reads assigned by Kraken2 prior to

re-estimation were included to filter out low-confidence detections.

Antibiotic resistance gene and mobile genetic element detection

Antibiotic resistance genes (ARGs) and mobile genetic elements (MGEs) were identified by
searching trimmed reads against the ResFinder database v2.6.0 (Florensa et al., 2022) and a
custom MGE database (Parnanen et al., 2018), respectively, using BLASTN v2.17 (Altschul et al.,
1990). Forward and reverse reads were combined per sample and converted from FASTQ to FASTA
format prior to database searches. BLASTN was run with default word size (11) and an E-value

threshold of 1x107°.

aDNA authentication

Metagenomic assemblies required for downstream aDNA authentication were produced for each
sample with MEGAHIT v1.2.9 (--min-contig-len 200) (Li et al., 2015). Three soil samples reflecting
the time period before human activity (M9413_1, M9413_2, M9413_3) were additionally merged
into a single combined sample for co-assembly, as individual per-sample mapping rates to their
respective assemblies were low (30—40%). To assess the ancient origin of metagenomic sequences,

contigs shorter than 1000 bp were first filtered out. Reads were then mapped to contigs using
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Bowtie2 v2.5.3 (--very-sensitive, -N 1) (Langmead and Salzberg, 2012). The resulting alignments
were sorted using Samtools v1.21, and MD tags required for damage modelling were added to the
sorted BAM files with samtools calmd, which encodes mismatches and deletions between the
reference and read sequences in the alignment records (Danecek et al.,, 2021). DNA damage
patterns were then estimated using pyDamage v1.0 with a damage modelling window of 30 bp
(Borry et al., 2021). Contigs were considered ancient if they met all four criteria: g-value < 0.05,
predicted 5' damage (pmax) 2 0.01, minimum coverage 2= 3x, and predicted accuracy = 0.5. A pmax
threshold of 2 0.01 was applied to account for the relatively recent depositional age of the samples
(~300-400 years back), in which DNA damage accumulation is expected to be limited compared to
older archaeological specimens dating to thousands of years before present. Damaged and

undamaged contigs were extracted separately from each assembly using seqtk.

To distinguish the authenticated aDNA from the whole metagenomic data, reads from each sample
were mapped back to the damaged contigs of their respective sample using Bowtie2 v2.5.3
(--very-sensitive -N 1) (Langmead & Salzberg, 2012). Reads from three soil samples (M9413 1,
M9413 2, M9413_3) were mapped to the damaged contigs against the co-assembly that was
generated from these samples. Reads mapping to damaged contigs were extracted as paired
FASTQ files using samtools fastq (-F 12) and subjected to the same taxonomic classification, ARG
detection, and MGE detection pipelines as the whole-metagenome reads (described above). In
addition, damaged contigs were annotated for ARGs using RGI v6.0.5 (-t contig -a DIAMOND

--include_loose --local) against the canonical CARD database v4.0.1 (Alcock et al. 2023).

Statistical Analysis and Visualisation of the read based results

Statistical analysis and data visualizations were performed in R v4.5.3 using tidyverse package
v2.0.0. Taxonomic community composition was visualized directly from Bracken relative
abundance estimates, which re-estimate taxon abundances from Kraken2 classifications. Thus,
both ARG and MGE read counts were normalized to Transcripts Per Million (TPM) by correcting for
both gene length and sequencing depth by dividing raw counts by gene length in kilobases (reads
per kilobase, RPK) and then scaling by the per-sample RPK sum to 10°. Reference gene lengths
were extracted directly from the respective database FASTA files using the sequence lengths of all
entries. BLASTN hits were retained at percentage identity = 80%, alignment length = 40 bp, and

bitscore = 50, retaining moderate- to high-confidence matches while removing weak, short, and
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low-quality alignments.

ARGs were annotated with resistance classes using the ResFinder phenotype table
(phenotypes.txt), with multi-class entries consolidated into broader categories following target
antibiotic drug class. Genes encoding efflux pump components (TOprJ, tmexD) were assigned to a
separate Efflux/Multidrug class, and dihydrofolate reductase genes (dfr) and sulfonamide
resistance genes (sul) were classified as Trimethoprim and Sulfonamide respectively. Prior to
visualization and statistical analysis, ARG and MGE sequence variants were collapsed into canonical
gene families by stripping trailing numeric variant suffixes, and TPM values were summed across
variants within each family. MGE canonical gene families were classified into five categories:

Integrase, Insertion Sequence, Transposase, Transposon-associated, and Plasmid-related.

Beta-diversity of ARG, MGE, and bacterial community profiles were analyzed with non-metric
multidimensional scaling (NMDS, k = 2) on Hellinger-transformed Bray-Curtis dissimilarity matrices
using the vegan package v2.7.1. For ordination and all downstream statistical analyses, the full
gene family-level TPM matrices were used. Co-structure between resistome, microbiome, and
mobilome ordinations were evaluated by symmetric Procrustes analysis and tested for significance
using PROTEST with 999 permutations. Correlations between pairwise Bray-Curtis dissimilarity
matrices were additionally assessed with Mantel tests using Pearson correlation and 999
permutations. Multiple testing correction was applied to both PROTEST and Mantel test p-values
using the Benjamini-Hochberg procedure. All permutation-based analyses used a fixed random

seed (set.seed(123)) for reproducibility.

Whole genomic data processing and analysis

Adapter removal and filtering of raw PacBio HiFi reads were performed using HiFiAdapterFilt v2.0.1
(Sim et al., 2022). Read quality was assessed as for metagenomic data. Genome assemblies were
generated with Hifiasm v0.19.5 (Cheng et al., 2021) using default parameters. Assembly quality
statistics were calculated using QUAST v5.3.0 (Mikheenko et al., 2018). Genome completeness and
contamination were assessed with CheckM2 v1.1.0 uniref100.KO diamond database (Chklovski et

al., 2023). Assemblies showing signs of contamination or the presence of multiple species were
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binned using MetaBAT2 v2.15 (Kang et al., 2019). Taxonomic classification of assemblies and
genome bins was performed with GTDB-Tk v2.4.0 (Chaumeil et al., 2022) with GTDB release 220
(Parks et al., 2020). Only genome bins and contigs of gram-positive isolates passing quality

thresholds were retained for downstream analyses.

Metagenomic read mapping to isolate genomes

To estimate the relative abundance of the cultivated bacterial isolates within the metagenome,
trimmed metagenomic reads were mapped against a combined reference of all isolate genome
assemblies using Bowtie2 v2.5.3 (-D 20 -R 3 -N 1 -L 20 -i 5,1,0.50) (Langmead and Salzberg, 2012).
Per-isolate read counts were summarised into a count matrix using samtools v.1.21 idxstats

(Danecek et al., 2021).

Antibiotic resistance gene and mobile genetic element detection

Antibiotic resistance genes were identified by aligning assembled genomes or bins against the
ResFinder database v2.1.1 (Florensa et al., 2022) using BLASTN v2.17.0

(-evalue 1e-5 -perc_identity 70 -word_size 11). Mobile genetic elements were identified by aligning
assembled genomes or bins against the custom MGE database (Parndnen et al., 2018) using

BLASTN v2.17.0 with the same parameters as for ARGs.

Antibiotic related biosynthetic gene cluster detection

The antibiotic production potential of the isolates was assessed by identifying secondary
metabolite biosynthetic gene clusters (BGCs) using AntiSMASH v8.0.4 (Blin et al., 2025). Prodigal
was used as a gene prediction tool (--genefinding-tool prodigal) and cluster comparisons were
performed against the Minimum Information about a Biosynthetic Gene Cluster database (MIBiG)
database v4.0 (--cc-mibig) (Zdouc et al., 2025). AntiSMASH output was parsed using a custom
Python script to extract BGC region annotations and their closest MIBiG matches. BGC results were
further analyzed in R using tidyverse v2.0.0 and jsonlite v2.0.0 packages. BGCs were classified as
antibiotic-producing if their most similar known cluster was annotated with antibacterial activity,
as defined by MIBIG bioactivity terms. Only BGCs hits with 215% similarity to a reference cluster

annotated with antibacterial activity in MIBiG were retained for visualisation.
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Visualisation of the isolate results

BLASTN output files for ARGs and MGEs were parsed in R v4.5.3. using dplyr v1.1.4. and ggplot2
v3.5.2. packages. For each isolate, overlapping hits on the same contig were resolved by retaining
the hit with the highest percentage identity. Gene coverage was calculated as the alignment length
divided by the full reference gene length. For ARGs, hits were retained if they met thresholds of
270% nucleotide identity and 260% gene coverage; for MGEs, thresholds of 270% identity and
240% coverage were applied. ARGs were manually annotated by antibiotic class based on gene
name prefixes. Antibiotic-production-associated BGCs were visualized with as heatmaps showing

percentages per isolate, produced with ggplot2.

Results

Microbial community composition differs between the entire and the
damaged metagenomic dataset in the environment of an 18th-century

slaughterhouse

We obtained in total 1563 million raw reads, and in total of 1551.2 million reads after adapter
removal and quality trimming from the 12 studies samples. Between 19-49% of the sample reads
were taxonomically classified against a custom-built microbial kraken2 database by Edwin et al.
2024 (Supplementary Table 1). Bacterial sequences comprised 94.85% of the metagenomic reads.
Archaeal sequences constituted 1.80% of the total reads, with Euryarchaeota (1.79%) being the
most abundant archaeal taxa. Eukaryotic sequences accounted for 3.35% of reads, all of which

were fungal in origin, dominated by Ascomycota (2.41%) and Basidiomycota (0.94%).

Across all metagenomic sequences, the most abundant phyla were Pseudomonadota (40.8%),
Actinomycetota (12.6%), Bacillota (7.16%), Bacteroidota (6.39%), and Chloroflexota (3.40%). The
dominant orders were Pseudomonadales (15.8 %), Burkholderiales (8.28%), Moraxellales (4.92%),
Hyphomicrobiales (3.51%), and Flavobacteriales (3.43%), although their relative abundances varied
among samples (Fig. 2A). All the samples shared similar patterns in order level, except sample
M9441 from indoor spaces of a house containing ash, with a higher proportion of
Pseudomonadales and Burkholderiales. The most abundant genera differed by environment type

(Fig. 3A); however, overall, the major genera across all sequences were Pseudomonas 15.9%,
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Acinetobacter 2.88%, Flavobacterium 2.83%, Janthinobacterium 2.32%, and Candidatus

Aegiribacteria 2.27%.

We extracted a total of 2200 damaged contigs using pyDamage, and after mapping metagenomic
reads into the damaged contigs, we obtained a total of 1,973,394 damaged reads. Of these,
96.98% were identified as bacterial in origin. Archaeal sequences represented 1.30% of the ancient
read dataset and were exclusively assigned to Euryarchaeota, with Methanomicrobia accounting
for 1.17% of the total reads. Eukaryotic sequences comprised 1.72% of the ancient reads, all of

which belonged to fungal taxa, predominantly Ascomycota (1.36%) and Basidiomycota (0.36%).

Across all ancient reads, the most abundant phyla were Pseudomonadota (62.2%),
Campylobacterota (16.2%), Bacillota (4.51%), Bacteroidota (3.62%) and Actinomycetota (3.61%). At
the order level Burkholderiales (29.7%), Pseudomonadales (20.7%), Campylobacterales (16.7%)
dominated the dataset, followed by Nitrosomonadales (4.37%) and Moraxellales (3.63%). The
overall variation in order levels was more notable in the damaged dataset (Fig. 2B). At the sample
level, samples M9413_1-3, reflecting the soil prior to urbanized anthropogenic activity, exhibited a
relative abundance of over 75% for Moraxellales (from phylum Pseudomonadota), making it the
most dominant order. Interestingly, sample M9409, collected from a slaughterhouse yard, showed
over 70% abundance of Campylobacterales (phylum Proteobacteria, Fig. 2B), whereas this order
was not particularly prominent in the overall metagenomic data (Fig. 2A). Additionally,
Campylobacterales were detected at approximately 25% relative abundance in sample M9378,
which originated from the barn floor. Burkholderiales were notably prominent, with over 70%
relative abundance in damaged reads from M9441, but also over 20% of the entire metagenomic
data. The dominant genera in the ancient read dataset were annotated as Pseudomonas (23.2%),
Sulfuricurvum (15.7%), Polaromonas (9.4%), Janthinobacterium (3.85%) and Rhodoferax (3.56%)
(Fig. 3B). The ancient reads contained a greater diversity of bacterial genera, including genera with
clinically relevant pathogens such as Treponema, Campylobacter, Streptococcus, and Helicobacter.
However, these pathogens were primarily observed in individual samples and were not

consistently shared across the dataset.
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Fig 2. Taxonomic composition of reads classified with Kraken2 and normalized with Bracken at the order level, showing
the relative abundance of the 15 most abundant microbial orders across metagenomes of 12 archaeological samples.
The data are shown for (A) the complete metagenomic dataset and (B) ancient metagenomic reads mapped to
pyDamage-authenticated damaged contigs. Samples are displayed along the x-axis, and relative abundance estimates
as percentages based on Bracken-corrected read counts are shown on the y-axis. Orders outside the top 15 most
abundant were grouped into an “Others” category. Samples are grouped by the main contents of the archaeological
sample material (Soil, Anthropogenic Waste, and Fecal). Each microbial order is represented by a unique color; orders

present in both datasets are shown using the same color in both panels.
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Fig 3. Heatmap showing the top 50 most abundant microbial genera across 12 archaeological samples in (A) the
complete metagenomic dataset and (B) ancient metagenomic reads mapped to pyDamage-authenticated damaged
contigs. The three colors at the top of the heatmap indicate the main contents of the archaeological sample material.
Samples are displayed on the x-axis and detected genera on the y-axis. Taxonomic classification for reads was
performed with Kraken2 and normalized using Bracken at the genus level. The heatmap scale represents
log,o-transformed relative abundance (log,,(% + 1)). Genera are ordered by overall abundance, with the most

abundant displayed at the top. White cells indicate genera not detected in a sample.

After the metagenomic assembly, a total of 2,739,045 contigs were identified. As stated above, we
detected a total of 2,200 damaged contigs, of which 1,682 contigs had damage levels ranging from
1% to 5%, 378 contigs with damage levels between 5% and 10%, and 140 contigs exhibiting
damage levels exceeding 10% (Supplementary Fig. 1). Sample M9419 collected from the waste pit
inside the barn exhibited the highest number of damaged contigs (n=630), followed by samples
M9378 (manure from the barn), M9441 (sample containing ash taken from inside the house), and
M942 (fecal material from the latrine). The total number of contigs was not correlated with the

number of damaged contigs (Spearman’s rho = 0.236, p = 5.14e-01). After extracting the damaged
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contigs, only 0.04-2.01% of the metagenomic reads mapped back to these contigs, depending on

the sample (Supplementary Fig. 1 and Supplementary Table 2).

Anthropogenic influence and waste disposal leave traces in antibiotic

resistance gene and mobile genetic element profiles

A total of 1,741,338 BLASTN hits were detected after mapping metagenomic reads against the
ResFinder database (Ferrer Florensa et al. 2022). After quality filtering (percent identity = 80%,
alignment length 2 40 bp, bitscore = 50), 530,808 hits were retained. Following the collapsing of
sequence variants into canonical gene families, 543 unique ARG families were identified that were
falling into 16 distinct antibiotic resistance classes. Beta-lactams represented the largest
proportion of detected ARG families (24.68%), followed by aminoglycosides (24.31%),
macrolide-lincosamide-streptogramin (MLS) (15.65%), tetracyclines (9.94%), phenicols (6.45%),
fosfomycin (4.05%), trimethoprim (4.05%), glycopeptides (2.58%), polymyxins (1.84%), quinolones
(1.66%), efflux/multidrug (2.21%), other (1.10%), sulfonamides (0.55%), fusidic acid (0.37%),
mupirocin (0.37%), and rifamycins (0.18%). The ten most abundant ARG families across all
metagenomic samples were blaOXA, ole(C), tmexD2, tmexD4, tmexD3, tmexD1, blaSHV, ole(B),
tir(C), and OgxB.

Overview of the top 50 most abundant ARG families revealed only mild differences in distribution
patterns across sample types (Fig. 4A). Aminoglycoside resistance genes aadA11, aadA16, and
aadA6 were consistently detected at high abundance across all samples. Beta-lactamase genes
showed variability between samples, with several absent from the low human impact soil sample
M9413_1. Among the beta-lactam class, blac,zs and bla;g, were notably less abundant than other
bla family genes, and bla;,, was detected only in M9413 1 and M9438 originating from the
garbage pit. Efflux/multidrug resistance genes TOprJ1-4, tmexD1-4, and tmexC1-4, encoding the
TmexCD-TOprJ Resistance-Nodulation-Cell Division (RND)-type efflux pump system, were detected
across all samples. Of these, tmexD variants were the most abundant, followed by TOprJ, while
tmexC variants were consistently present at lower abundance and were not included among the 50
most abundant ARG families shown in the heatmap (Fig. 4A). Fosfomycin resistance genes fosA and
fosA3—7, which can be chromosomally encoded or carried on plasmids via 1S26, were detected in
multiple samples, with fosA present in all samples while fosA3-7 were absent from M9352,

M9342, and M9413 1. Six MLS resistance gene families were identified, of which mph(E) was


https://doi.org/10.64898/2026.07.31.742145
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.31.742145; this version posted July 31, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY-NC-ND 4.0 International license.

detected in five out of 12 samples, while the remaining five were present in all samples. The
sulfonamide resistance gene sul4 was detected in every sample, whereas the trimethoprim
resistance gene dfrA26 was absent from M9413_1 and M9342. The plasmid-mediated quinolone
resistance gene gepA4, encoding a QepA4 efflux pump, was detected across samples and likely
reflects an environmental ancestor gene that has since evolved into a clinically relevant ARG. The
mupirocin resistance gene mupA was present in all samples. Tetracycline resistance genes otr(A),
otr(C), tcr3, tet, and tet(Q) were detected across all metagenomic samples, with the single

exception of tet(Q), which was absent from M9413_1.

A total of 4,071,062 mobile genetic element (MGE) hits were detected after mapping all
metagenomic reads against a custom MGE database (Parndnen et al., 2018) using nucleotide
BLAST. After quality filtering, truncating gene variant suffixes, and merging counts of identical gene
families, 82 distinct MGE families remained, of which the 50 most abundant are visualized in a
heatmap (Fig. 4C). MGEs were classified into five categories: plasmid-related elements (56.10%),
insertion  sequences  (32.93%), integrases (3.66%), transposases (3.66%), and
transposon-associated elements (3.66%). The 32 MGE families not shown in the top 50 heatmap
comprised plasmid-related elements (n=24) and insertion sequences (n=8), and like many of the
displayed plasmid-related hits, these fell below the colour scale minimum of 100 TPM
(Supplementary Fig. 2). Across all samples, the ten most abundant MGE families in descending
order were tnpA, 1S91, ISCrsp1, istB, istA, 1S26, intl1, tniA, tniB, and ISCaul. An exception was
observed for soil sample M9413_1, representing very low human impact, where only three hits to
tniA and one hit to tniB were detected. Overall, transposases were the most abundant MGE class,
while plasmid-related elements were distinctively less abundant. No clear patterns in MGE
distribution were observed with respect to the primary material type of the archaeological

samples.

Also, the damaged reads were mapped against the ResFinder database (Ferrer Florensa et al.,
2022) and MGE database (Parnanen et al., 2018) using the same BLASTN-based approach applied
to the complete metagenomic dataset, and a total of 10,693 MGE hits and 796 ARG hits were
recovered. Following quality filtering, 419 ARG hits remained in the damaged dataset,

corresponding to 11 unique ARGs detected across three of the twelve samples (M9438, M9378,
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and M9441; Fig 4B). The detected genes, listed in the order of summed relative abundance, were
ogxB, tmexD4, tmexD3, tmexD2, tmexD1, mupB, mcr-2.3, aadA6, aadA16, aadA11, and tir(C).

Prior to quality filtering, sample M9419 also yielded hits to tmexD1-tmexD4 genes with a percent
identity of 76.59%, which is below the applied cutoff threshold of 80% and was therefore excluded
from downstream analyses and not visualized in the heatmap (Fig. 4B). Notably, all 11 ARGs
detected in damaged metagenomes were exclusively from samples originating from a garbage pit
(M9438) and a sample containing ash taken from inside the house (M9441), or from a sample of
fecal material from the barn floor layer (M9378) (Fig 4B).

ARGs were additionally screened directly from the damaged contigs using the resistance
gene identifier (RGI) against the CARD database. However, this yielded only a single hit at a strict
cutoff: fosfomycin thiol transferase (Fosl), detected in a damaged contig from sample M9441
originating from a sample containing ash taken from inside the house (percent identity 73.08%,

bitscore 200).

Quality filtering of the MGE BLAST results yielded 6,742 hits. After removal of gene variant suffixes
and merging of identical MGE families, eight unique MGE families were retained: ISCrsp1, tnpA,
istA, intl1, 1S91, ISCR1, istB, and 1S26 (Fig.4D). High-confidence MGE matches (percent identity
2 80%, alignment length =40 bp, bitscore =250) were detected in seven of the twelve samples.
Notably, all soil samples lacked MGE hits, with the exception of sample M9409, collected from the
slaughterhouse yard, which contained a hit to tnpA. The remaining MGE hits were detected
exclusively in samples containing waste or fecal material, following a pattern similar to that
observed for ARGs. In addition, the integrase int/1 was detected in samples collected from the

waste pit inside the barn (M9419) and from manure sampled in the barn (M9378).
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Fig 4. Heatmaps showing antibiotic resistance genes (ARGs) and mobile genetic elements (MGEs) detected across 12

archaeological samples using BLASTN against the ResFinder database (Ferrer Florensa et al. 2022) and a custom MGE
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database (Parndnen et al. 2018), respectively. Panels A and C show results from the entire metagenomic dataset, while
reads mapped to pyDamage-authenticated ancient DNA contigs are visualized in panels B and D. (A) The 50 most
abundant ARG families in the entire metagenomic dataset, ordered by resistance class. (B) All ARG families detected in
the damaged dataset, ordered by resistance class. (C) The 50 most abundant MGE families in the entire metagenomic
dataset, ordered by MGE class. (D) All MGE families detected in the damaged dataset, ordered by MGE class. The three
colours at the top of each heatmap indicate the archaeological sample material type: Soil Profile, Anthropogenic
Waste, and Fecal. Samples are displayed on the x-axis and detected gene families on the y-axis. BLASTN hits were
retained at a percentage identity = 80%, alignment length = 40 bp, and bitscore = 50. Read counts were normalized
using Transcripts Per Million (TPM), and colour scales represent TPM values of 100-1,000,000. Prior to visualization,
sequence variants of the same gene were grouped into gene families by removing the variant suffixes, and TPM values
were calculated for the variants within each gene family. ARGs are grouped by target antibiotic class, with MLS
denoting macrolide-lincosamide-streptogramin. MGEs are grouped into five classes: Integrase, Insertion Sequence,

Transposase, Transposon-associated, and Plasmid-related. White cells indicate absence of detection.

Microbial communities reveal associations between resistome and

mobilome

Associations between microbial communities, the resistome, and mobile genetic elements were
tested using the entire metagenomic dataset, as it is not possible to determine whether the DNA
originates from preserved spores, living cells including potential modern contaminants, or
extracellular DNA that may be ancient. ARG composition showed significant correlation with
microbial community structure at the species level (Mantel test r = 0.744,
Benjamini-Hochberg-adjusted p-value, p(BH) < 0.01; PROTEST R? = 0.827, p(BH) < 0.01) (Fig. 5A),
indicating that samples with similar ARG profiles also harboured similar microbial communities.
MGE composition showed a modest correlation with the microbial community in the Mantel test (r
= 0.418, p(BH) = 0.018), while PROTEST indicated a slightly higher agreement (R? = 0.585, p(BH) =
0.031) (Fig. 5B). With resistome and mobilome, the ARG profiles were explained by MGE profiles
with both the Mantel test (r = 0.360, p(BH) = 0.030) and PROTEST (R? = 0.689, p(BH) < 0.01) (Fig.
4C). In this analysis, more variance was explained by PROTEST possibly due to some samples
having a strong agreement (Fig. 5C) and Mantel's test analyses the overall agreement of distance

matrices.
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Fig 5. Procrustes analysis analyzing the compositional structure of ARG profiles, MGE profiles, and microbial
communities across 12 archaeological metagenomic samples. Each plot shows the ordination of two datasets after
symmetric Procrustes superimposition of their NMDS configurations based on Hellinger-transformed Bray-Curtis
dissimilarities. Prior to ordination, ARG and MGE sequence variants were collapsed into canonical gene families by
stripping trailing variant suffixes and summing Transcripts Per Million (TPM) values across variants within each family.
Arrows connect each sample's position between the two ordinations, with shorter arrows indicating greater
agreement between community structures. The PROTEST correlation coefficient (R?) indicates the degree of similarity
between the two ordinations, and the Benjamini-Hochberg adjusted permutation p-value (p(BH); 999 permutations)
indicates statistical significance. A) ARGs and microbial community composition at genus level. B) MGEs and microbial

community composition at genus level. C) ARGs and MGEs.

Waste- and fecal-associated samples vyielded diverse Gram-Positive
isolates including potentially novel taxa

A total of 14 Gram-positive bacterial isolates were recovered, representing 11 distinct species
(Table 2). Only one isolate, putative Arthrobacter sp. (M9409 L16), was recovered from a soil
sample exposed to high human impact (House yard). The remaining isolates were recovered from
samples containing wastes (n = 7) or fecal materials (n = 6). High-quality genomes were obtained
across all the isolates, with genome completeness values varying between 99.97-100% and
contamination between 0.03-5.37%. The highest estimated contamination level of 5.37% was
observed in Paeniglutamicibacter sulfureus (M9419 N6). Two isolates, putative Arthrobacter sp.
(M9409_L16) and putative Psychrobascillus sp. (M9378_MS5), showed average nucleotide identity
(ANI) values of 92.99% and 92.84%, respectively, indicating that they could be novel species.
Putative Nocardioides sp. (M9419_N2) exhibited an ANI value of 86.32%, which could potentially
represent a novel genus. All remaining isolates had ANI values above 97%, indicating reliable

taxonomical classification.
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Table 2. Genome assembly statistics and taxonomic classification of gram-positive bacterial isolates derived
from archaeological samples. * Isolate falls outside the average nucleotide identity (ANI) radius of the
closest reference species, indicating a putative novel species. ** No reference genome exceeded the ANI
calculation threshold; no formal species assighment could be made. For both * and **, the closest

placement ANl is reported in parentheses.

Sample ID Origin Genome | GC | N50 CheckM CheckM GTDB-Tk ANI to
size Bp) | % completeness |contamination | ¢|assification reference
(%) (%) (%)

M9409_L16 House yard | 5061928 65 4981864 |99.99 0.36 Arthrobacter sp. N/A (92.99) *
*soil

M9419_N1 Barn waste | 4679069 66 4679069 |99.99 0.03 Arthrobacter 98.75
pit sp000876655
*Anthropog
enic Waste

M9419_N2 Barn waste | 5754618 71 5754618 |100.0 0.15 Nocardioides sp. N/A (86.32)
pit **
*Anthropog
enic Waste

M9419_N5 Barn waste | 4736675 66 4309559 100.0 3.27 Paeniglutamicibacter 98.35
pit quisquiliarum
*Anthropog
enic Waste

M9419_N6 Barn waste | 4657892 65 4360062 |99.95 5.37 Paeniglutamicibacter 98.53
pit sulfureus
*Anthropog
enic Waste

M9419_N7 Barn waste | 4596634 65 4360064 |99.89 1.08 Paeniglutamicibacter 98.53
pit sulfureus
*Anthropog
enic Waste

M9419_N9 Barn waste | 4623853 65 4360062 |99.9 1.32 Paeniglutamicibacter 98.53
pit sulfureus
*Anthropog
enic Waste

M9419_N11 Barn waste | 3850108 67 3850108 |100.0 0.9 Microbacterium murale | 97.61
pit
*Anthropog
enic Waste

M9378_M1 Barn floor 4475341 46 4422103 |99.99 0.42 Bacillus licheniformis 99.71
layer *Fecal

M9378_M4 Barn floor 5967889 40 5608757 |100.0 0.75 Peribacillus 97.84
layer *Fecal frigoritolerans
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M9378_M5 Barn floor 3768798 37 3768798 99.97 0.03 Psychrobacillus sp. N/A (92.84) *
layer *Fecal
M9352_E1 Defecation 7073403 62 6427336 100.0 1.98 Rhodococcus 98.45
pit *Fecal gingshengii
M9352_E2 Defecation | 6427336 62 6427336 |100.0 0.04 Rhodococcus 98.73
pit *Fecal qgingshengii
M9342_D1 Latrine 8120475 71 7605372 100.0 0.34 Streptomyces clavifer 99.46
*Fecal

All isolate genomes were detected in each metagenomic sample following read mapping
(Supplementary Fig. 3). A putative Psychrobacillus sp. was the most abundant isolate in samples
containing anthropogenic waste (M9419) and fecal material (M9352 and M9342), even though it
was isolated from sample M9378 (Barn floor). The abundances of the three P. sulfureus isolates
and the two Rhodococcus gingshengii isolates were similar across all metagenomic samples. None
of the isolates were among the most abundant in that sample it originated from. Overall, all
isolates were clearly less abundant in soil samples reflecting the microbiomes before urbanization
(M9413_1-3) than in samples reflecting the 1800 century slaughterhouse environment

(Supplementary Fig. 3).

Isolates harbor multiple antibiotic resistance genes, mobile genetic

elements, and biosynthetic gene clusters encoding antimicrobial activity

A total of seven antibiotic resistance genes (ARGs) and five mobile genetic elements (MGEs) were
detected across the genomes of the isolates after quality filtering with a minimum threshold of
70% identity and 240% coverage, retaining only the best hit per genomic location (Fig. 6). The
ARGs were categorized into six antibiotic classes: Beta-lactam (blaZ), Chloramphenicol (cat and
cmlV), Macrolide (ole(C)), Macrolide-Lincosamide-Streptogramin (erm(D)), Rifamycin (ARR-7), and
Tetracycline (tet(43)). The MGEs were classified into four types: insertion sequence (ISCaul),
integrase (int2), transposase (tnpA), and transposon-associated proteins (tniA and tniB).

Among the actinobacterial isolates, the putative Arthrobacter sp. carried both ole(C) and
tnpA, while Arthrobacter sp000876655 had no detectable ARGs or MGEs. Nocardioides sp.

harboured two ARGs, ARR-7 and tet(43), alongside ISCaul. Microbacterium murale contained no
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ARGs but carried one ISCaul and three tnpA genes. Paeniglutamicibacter quisquiliarum lacked
ARGs but had seven tnpA genes distributed across different genomic regions, while none of the
three P. sulfureus isolates contained ARGs, and each of the isolates was also carrying a single tnpA
gene. The two R. gingshengii isolates differed in their MGE profiles: one carried I1SCaul, four int2,
two tnpA genes, and three copies each of tniA and tniB, while the other had only a single copy of
ISCaul and int2; neither isolate harboured ARGs. Streptomyces clavifer harbored the resistance
genes cmlV and ole(C), together with the MGEs ISCaul and two copies of tnpA. The genomic
locations of cm/V and ISCaul were relatively close to each other, with cm/V located between
positions 3,424,892 and 3,425,991, and ISCaul between positions 3,875,823 and 3,876,457
(Supplementary Table 3). Among the Bacillales isolates, the blaZ gene was detected in both
Bacillus licheniformis and Peribacillus frigoritolerans. B. licheniformis additionally harbored erm(D)
but did not contain any detectable MGEs. In P. frigoritolerans, blaZ co-occurred with the cat gene,
and the two resistance genes were located relatively close to each other in the genome, with blaZ
located between positions 5,305,415 bp and 5,305,983 bp and cat between positions 5,364,656 bp
and 5,365,267 bp. No MGEs were detected in this isolate. Putative Psychrobacillus sp. did not

contain any ARGs or MGEs.
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Fig 6. Dot plot of antibiotic resistance genes (ARGs) and mobile genetic elements (MGEs) detected in 14 Gram-positive
isolates from 18th century archaeological samples. ARGs were identified by nucleotide BLAST against the ResFinder
database (270% identity, 260% coverage) and MGEs against the database of Parnénen et al. (2018) (270% identity,

240% coverage). If multiple hits overlapped on the same contig, only the best hit by percent identity was retained.
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Numbers above symbols indicate the count of the detected gene. Color of the symbol indicates antibiotic class or
mobile genetic element class. The isolate name based on the GTDB-Tk classification is followed by the archaeological

sample code in parentheses.

A total of 2,986 MIBiIG (Minimum Information about a Biosynthetic Gene Cluster) entries were
parsed, of which 769 were associated with antibiotic production. After filtering for hits with more
than 15% similarity to known antibiotic-producing clusters, 16 hits were retained across the
Gram-positive isolates (Fig. 7). The most confident predictions were those with 100% similarity to
known biosynthetic gene clusters (BGCs). B. licheniformis harboured three such hits: lichenysin,
lichenicidin VK21 A1/A2, and bacillibactin E/F, alongside a 66% similarity hit to pulcherriminic acid.
A BGC with 100% similarity to €-poly-L-lysine was identified in the putative Nocardioides sp. and in
both R. gingshengii isolates. The two R. gingshengii isolates additionally carried a BGC with 93%
similarity to corynecin I/Il/Ill and a 57% similarity hit to erythrochelin. A BGC with 31% similarity to
stenothricin was detected in the putative Arthrobacter sp. and Arthrobacter sp000876655, with
related hits at 22% similarity in P. quisquiliarum and 27% similarity in P. sulfureus. S. clavifer
contained four BGCs with low similarity to known antibiotic clusters: hits to steffimycin D and
kinamycin at 16%, a BGC with 20% similarity to clavulanic acid, and a BGC with 24% similarity to
argimycin PI/PII/PIV/PV/PVI/PIX and nigrifactin.
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Fig 7. Heatmap of predicted biosynthetic gene cluster (BGC) similarity to known antibiotic-producing reference clusters
from the Minimum Information about a Biosynthetic Gene Cluster database (MIBiG). BGC prediction was performed
with antiSMASH, and only BGCs with 215% similarity to a reference cluster annotated with antibacterial activity in
MIBiG were retained. The x-axis shows the isolate names (GTDB-Tk classification) followed by the archaeological

sample code in parentheses and the y-axis shows MIBiG reference cluster names. Cell color and the percentage printed
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within each cell indicate the KnownClusterBlast similarity score between the predicted BGC and its closest MIBiG

reference.

Discussion

To illuminate the foundations of the AMR problem, we combined both metagenomic and
culture-based approaches to study microbiomes in the 18th-century urban environment with
slaughterhouse activity. Rather than focusing on individual organisms, we applied a holistic
approach to obtain an overview of pre-industrial, pre-antibiotic-era microbial community
structures, resistomes, and mobilomes. The top 15 most abundant bacterial orders and the top 50
most abundant genera in the metagenomic dataset predominantly represented taxa commonly
found in environmental samples. The antibiotic resistance gene (ARG) profile observed in this
study reflects a typical soil-associated resistome (D’Costa et al., 2011b; Gibson et al., 2015;
Martinez, 2008), with genes conferring resistance to antibiotics produced by environmental
microorganisms. These included resistance  to beta-lactams, aminoglycosides,
Macrolide—Lincosamide—Streptogramins (MLS), tetracyclines, rifamycins, glycopeptides, and fusidic
acid, as well as to synthetic antibiotics such as quinolones, sulfonamides, trimethoprim, phenicols,

fosfomycin, and mupirocin.

We were able to establish that antibiotic resistance may have begun to disseminate already in
pre-industrial urban environments as we detected ARGs, MGEs and recovered dormant
antibiotic-producing bacteria in samples from anthropogenic wastes. The waste pits and piles were
favorable habitats for antibiotic-producing organisms since they were rich in organic matter and in
direct contact with soil. The wastes also received constant inputs of human- and livestock-derived
fecal materials containing gut bacteria known for carrying MGEs (Wibowo et al., 2021b). Antibiotic
producers most likely created selection pressures that fostered the integration of genes of different
bacteria into the genomes of one another, including ARGs and MGEs (Gillings and Stokes, 2012b;
Peterson and Kaur, 2018b; Wellington et al., 2013). This interpretation is supported by the
Procrustes and Mantel test results, as well as the genome analysis of dormant Gram-positive
bacteria carrying MGEs commonly found in fecal-associated bacteria, in addition to their ARGs and

antibiotic-production-related biosynthetic gene clusters.
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Intriguingly, our analysis revealed the presence of homologous genes encoding the
Resistance-Nodulation-Cell Division (RND) -type efflux pump system (TmexCD-TOprl ), across the
entire metagenomic dataset, and tmexD1-4 genes were detectable within the damaged
metagenomes. The tmexC1-4, tmexD1-4 and TOprJ1-4 genes are components of a plasmid-borne
RND-family efflux pump system, unique in Gram-negative bacteria and found in strains of
Enterobacteriaceae and Pseudomonas (Dong et al., 2022a; Gao et al., 2022). RND efflux pumps are
typically encoded chromosomally, but this novel plasmid-borne efflux pump, tmexCD1-TOprJ1, was
first reported in 2020 (Lv et al., 2020). These pumps confer resistance to multiple classes of
antibiotics such as tetracyclines, including the last-resort antibiotic tigecycline. There have been
indications that these genes potentially originate from Pseudomonas spp. (Dong et al., 2022b; Lv et
al., 2020; Wang et al., 2021). In our results, Pseudomonas was the most abundant genera in the
entire metagenomic dataset and second most abundant in the damaged metagenomic dataset.
Pseudomonas spp. are ubiquitous bacteria inhabiting diverse ecological niches and include species
known to harbor intrinsic antibiotic resistance mechanisms that can be transferred via horizontal

gene transfer to clinically relevant strains (Luczkiewicz et al., 2015; Mohanty et al., 2026).

We also analyzed the contigs assembled from aDNA reads, and detected the fosfomycin thiol
transferase gene fos/, which confers resistance to the antibiotic fosfomycin, introduced in the
1960s and is widely used in the treatment of multidrug-resistant infections. It is known to be
produced by some Streptomycetes and Pseudomonas species (Hendlin et al., 1969; Simon et al.,
2021) and was first described as an integron-associated gene cassette (Pelegrino et al., 2015). The
damaged contig containing the fos/ gene was recovered from a sample containing ash collected
from a kitchen from a house in the courtyard. Fosfomycin resistance gene families have previously
been reported from clinical pathogens as well as from diverse environmental settings, including
wastewater, sediments, and other anthropogenically impacted habitats (Ito et al., 2017; Kieffer et
al.,, 2025). Kieffer etal.,, 2025 suggested that environmental contamination selects fosfomycin
resistance genes and this is supported by our detection as ash is extremely alkaline and may

contain heavy metals and thus creates significant selection pressure for microbiomes.

All cultivated isolates originated from samples containing waste or fecal material. With the
exception of Psychrobacillus sp., all isolates possessed either ARGs, MGEs, BGCs encoding
antimicrobial compounds, or a combination of these. Bacillus licheniformis was isolated from a

barn sample, from a manure-rich layer composed of straw and decomposed organic material that
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likely derived from livestock. This isolate carried the beta-lactam (blaZ) and
Macrolide—Lincosamide—Streptogramin (erm(D)) resistance genes. While erm(D) has previously
been reported in B. licheniformis and may constitute part of the species’ ancient resistome (Agersg
et al., 2019), blaZ has not to our knowledge been reported previously in this species. In addition,
the strain harbored several antibiotic-production-associated BGCs, including lichenysin, lichenicidin
VK21 A1/A2, and pulcherriminic acid, all previously described in B. licheniformis (Caetano et al.,
2011; Wang et al., 2018; Yakimov et al., 1999), as well asbacillibactin E/F cluster, which has

previously been reported from B. haynesii rather than B. licheniformis (Eltokhy et al., 2024).

In metagenomic analyses of the barn sample, the damaged dataset included taxa of both
environmental and gut-associated origin, some of which contain pathogenic species, such as
Campylobacter, Streptococcus and Helicobacter, in addition to copiotrophic bacteria such as
Pseudomonas, Bacillus, Streptomyces, and Paenibacillus, which thrive in nutrient-rich
environments containing organic matter and produce antibiotics (Lee et al., 2023; Olishevska et al.,
2019). We also detected int/1 in the aDNA reads of this sample, and in one additional fecal
material containing sample, as wel as in all samples across the entire metagenomic dataset. Int/1
can be considered as an indicator of anthropogenic pollution, as it is linked to ARGs, disinfectants,
and heavy metals; all of which can be transferred through horizontal gene transfer (Gillings et al.,
2015; Gillings and Stokes, 2012a; Wellington et al., 2013). Together, the detection of potential
pathogenic bacteria, antibiotic producing copiotrophs and int/1 in metagenomic data further
supports our hypothesis that preindustrial waste- and manure-rich environments acted as
ecological hotspots for genetic exchange between environmental, gut-associated, and potentially

pathogenic bacteria.

Due to the high microbial diversity in the metagenomic data, aDNA analysis was unsuccessful using
methods commonly applied to aDNA reads (Jonsson et al., 2013; Pochon et al., 2023). To enable
read-based analyses of microbiomes, ARGs, and MGEs, we generated metagenomic contigs and
authenticated those containing damaged aDNA using pyDamage (Borry et al., 2021). Mapping all
reads against the authenticated contigs allowed us to separate the damaged read fraction and
analyze its taxonomy, resistome, and mobilome. However, the analysis of resistomes and
mobilomes remained challenging. The pyDamage-based aDNA authentication approach requires
metagenomic assemblies, which are known to represent a bottleneck for ARG and MGE detection,

as these elements are often poorly assembled due to their diverse genetic contexts and
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environments (Abramova et al., 2024; Kerkvliet et al., 2024). Assembly of soil metagenomes has
also been shown to be challenging due to the complexity and biodiversity of the soil community, as
well as gaps in the reference databases (Curtis et al., 2002; Fierer et al., 2007). Nevertheless, due
to the limited availability of aDNA authentication tools suitable for samples with such high

bacterial diversity, pyDamage represented the most suitable approach.

In DNA extraction, we used a column-free method and magnetic beads, which made it possible to
capture both short and long DNA fragments, enabling the recovery of short and fragmented DNA
(aDNA) as well as DNA in viable and dormant cells. Due to the relatively young age of the
archaeological site and the potential contribution of dormant bacterial spores to our research
guestion, it was meaningful to study both DNA fractions, i.e. DNA derived from both dormant cells
and highly fragmented aDNA released by dead cells. Therefore we used ARG and MGE
post-filtering thresholds (280% identity, 240 bp alignment length, =50 bitscore) that resulted in a
considerable number of relatively short hits. Thus, some of the detected ARG hits should be
interpreted with caution. Also, due to the relatively young age of the archaeological site,
radiocarbon dating was not feasible. However, archaeological findings (Uotila et al., 2025) and
stratigraphic layers associated with urban fires confirm that the samples originate from the 18th

century.

This study demonstrated that environmental archaeological samples containing different types of
anthropogenic wastes provide an beyond state-of-the-art approach for investigating the
microbiome, resistome, and mobilome in preindustrial human impacted environments. Holistic
approaches like this could for instance, deliver new understanding on bacterial adaptations to
human influenced environmental changes, which could, in turn, yield discoveries of alternatives for
antibiotics. Although it now seems our race against antibiotic resistance might have become
impossible to win, we might find alternative approaches through understanding the early evolution

and ecological history of AMR.

Data availability

Metagenomic sequencing data will be made available upon publication. Filtered sequencing data
and genomes assemblies of isolate genomes are available in the European Nucleotide Archive
(ENA) under accession number PRJEB114365. Bioinformatic pipelines for metagenomic and whole

genomic analysis and data visualization R scripts will be made available upon publication.
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	​Fig 1. (A) Illustration of subsurface deposits beneath Turku Market Square showing the i) modern surface layer ii) historic cobblestones iii) a charcoal‑rich burn layer from repeated urban fires, and beneath it an 18th‑century cultural deposits associated with the slaughterhouse. These stratigraphically isolated, organic‑rich layers contain waste pits, manure, and animal remains that support long‑term preservation of microbial DNA, historic DNA and dormant spore-forming bacteria. Next to this, swiss‑cheese model illustrating sequential physical, laboratory, and analytical barriers used to ensure authenticity of historical microbiomes and dormant spore-forming bacteria. (B) A sketch of the slaughterhouse environment, with the numbered sampling points circled in pink. ​​ 
	  
	Table 1. List of sampled deposits, and their associated contextual information 
	Sample ID 
	Origin 
	Matrix 
	Human Impact 
	Detailed information 
	M9413_1 
	Soil (Timeserie 1) 
	Soil 
	Very low 
	Soil sample from a layer representing an older field or meadow phase before human activity emerged. 
	M9413_2 
	Soil (Timeserie 2) 
	Soil 
	Low 
	Soil sample from a layer representing an older field or meadow phase, located approximately 5 cm above the underlying sample. 
	M9413_3 
	Soil (Timeserie 3) 
	Soil 
	Low 
	Soil sample from a layer representing an older field or meadow phase, located approximately 5 cm above the underlying sample. 
	M9416 
	Old field 
	Soil 
	High 
	Soil sample from a layer representing an older field or meadow phase before urbanization 
	M9409 
	House yard 
	Soil 
	High 
	Soil sample collected from the yard area of a house next to the slaughterhouse area. 
	M9436 
	Alley waste pit 
	Anthropogenic waste 
	High 
	Brown clay mixed with manure and wood waste, indicating waste disposal activity. 
	M9441 
	Indoor spaces of the house 
	Anthropogenic waste 
	High 
	Material from inside the house, containing ash and possibly food-related remains. 
	M9438 
	Garbage pit 
	Anthropogenic waste 
	High 
	Waste pit possibly for household waste. 
	M9419 
	Barn waste pit 
	Anthropogenic waste 
	High 
	Clay mixed with wood waste and manure, indicating disposal of wastes related to livestock . 
	M9378 
	Barn floor layer 
	Fecal 
	High 
	Manure-rich layer composed of straw and decomposed organic material, originating potentially from livestock.  
	M9352 
	Defecation pit 
	Fecal 
	High 
	Manure-rich sediment from a defecation pit. 
	M9342 
	Latrine 
	Fecal 
	High 
	Brown clay strongly mixed with fecal material, most likely from humans, since the sample was taken from a latrine. 
	  
	Cultivation of Gram-positive bacteria  
	DNA extraction from environmental archaeological samples and isolated bacteria 
	Shotgun metagenomic & Whole-genome sequencing 

	  
	Metagenomic data processing and analysis 
	Sequencing quality control and taxonomic classification  
	Antibiotic resistance gene and mobile genetic element detection  
	aDNA authentication 
	Statistical Analysis and Visualisation of the read based results 

	Whole genomic data processing and analysis  
	Metagenomic read mapping to isolate genomes 
	Visualisation of the isolate results 


	Results​ 
	Microbial community composition differs between the entire and the damaged metagenomic dataset in the environment of an 18th-century slaughterhouse  

	  
	 
	Anthropogenic influence and waste disposal leave traces in antibiotic resistance gene and mobile genetic element profiles 
	Microbial communities reveal associations between resistome and mobilome 

	Fig 5. Procrustes analysis analyzing the compositional structure of ARG profiles, MGE profiles, and microbial communities across 12 archaeological metagenomic samples. Each plot shows the ordination of two datasets after symmetric Procrustes superimposition of their NMDS configurations based on Hellinger-transformed Bray-Curtis dissimilarities. Prior to ordination, ARG and MGE sequence variants were collapsed into canonical gene families by stripping trailing variant suffixes and summing Transcripts Per Million (TPM) values across variants within each family. Arrows connect each sample's position between the two ordinations, with shorter arrows indicating greater agreement between community structures. The PROTEST correlation coefficient (R²) indicates the degree of similarity between the two ordinations, and the Benjamini-Hochberg adjusted permutation p-value (p(BH); 999 permutations) indicates statistical significance. A) ARGs and microbial community composition at genus level. B) MGEs and microbial community
	  
	Waste- and fecal-associated samples yielded diverse Gram-Positive isolates including potentially novel taxa 

	  
	Table 2. Genome assembly statistics and taxonomic classification of gram-positive bacterial isolates derived from archaeological samples. * Isolate falls outside the average nucleotide identity (ANI) radius of the closest reference species, indicating a putative novel species. ** No reference genome exceeded the ANI calculation threshold; no formal species assignment could be made. For both * and **, the closest placement ANI is reported in parentheses. 
	Sample ID 
	Origin 
	Genome size (Bp) 
	GC % 
	N50 
	CheckM completeness (%) 
	CheckM contamination (%)  
	GTDB-Tk classification 
	ANI to reference (%) 
	M9409_L16 
	House yard *soil 
	5061928 
	65 
	4981864 
	99.99 
	0.36 
	Arthrobacter sp. ​ 
	N/A (92.99) * 
	M9419_N1 
	Barn waste pit *Anthropogenic Waste 
	4679069 
	66 
	4679069 
	99.99 
	0.03 
	Arthrobacter sp000876655 
	98.75 
	M9419_N2 
	Barn waste pit *Anthropogenic Waste 
	5754618 
	71 
	5754618 
	100.0 
	0.15 
	Nocardioides sp.  
	N/A (86.32) ** 
	M9419_N5 
	Barn waste pit *Anthropogenic Waste 
	4736675 
	66 
	4309559 
	100.0 
	3.27 
	Paeniglutamicibacter quisquiliarum 
	98.35 
	M9419_N6 
	Barn waste pit *Anthropogenic Waste 
	4657892 
	65 
	4360062 
	99.95 
	5.37 
	Paeniglutamicibacter sulfureus 
	98.53 
	M9419_N7 
	Barn waste pit *Anthropogenic Waste 
	4596634 
	65 
	4360064 
	99.89 
	1.08 
	Paeniglutamicibacter sulfureus 
	98.53 
	M9419_N9 
	Barn waste pit *Anthropogenic Waste 
	4623853 
	65 
	4360062 
	99.9 
	1.32 
	Paeniglutamicibacter sulfureus 
	98.53 
	M9419_N11 
	Barn waste pit *Anthropogenic Waste 
	3850108 
	67 
	3850108 
	100.0 
	0.9 
	Microbacterium murale 
	97.61 
	M9378_M1 
	Barn floor layer *Fecal 
	4475341 
	46 
	4422103 
	99.99 
	0.42 
	Bacillus licheniformis 
	99.71 
	M9378_M4 
	Barn floor layer *Fecal 
	5967889 
	40 
	5608757 
	100.0 
	0.75 
	Peribacillus frigoritolerans 
	97.84 
	M9378_M5 
	Barn floor layer *Fecal 
	3768798 
	37 
	3768798 
	99.97 
	0.03 
	Psychrobacillus sp. 
	N/A (92.84) * 
	M9352_E1 
	Defecation pit *Fecal 
	7073403 
	62 
	6427336 
	100.0 
	1.98 
	Rhodococcus qingshengii 
	98.45 
	M9352_E2 
	Defecation pit *Fecal 
	6427336 
	62 
	6427336 
	100.0 
	0.04 
	Rhodococcus qingshengii 
	98.73 
	M9342_D1 
	Latrine *Fecal 
	8120475 
	71 
	7605372 
	100.0 
	0.34 
	Streptomyces clavifer 
	99.46 
	Isolates harbor multiple antibiotic resistance genes, mobile genetic elements, and biosynthetic gene clusters encoding antimicrobial activity 
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