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Using genome databases, the authors performed solid bioinformatic analyses to trace
the genomic history of the clinically relevant Staphylococcus aureus tetracycline
resistance plasmid pT181 over the last seven decades. They discovered that this element
has transitioned from a multicopy plasmid to a chromosomally integrated element, and
the work represents a valuable demonstration of the use of publicly available data to
investigate plasmid biology and inform clinical epidemiology. This work will appeal to
researchers interested in staphylococcal evolution and plasmid biology.
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Abstract

Mobile genetic elements (MGEs), including plasmids, phages and genome islands, are major
sources of bacterial genetic diversity. The small plasmid pT181 confers tetracycline resistance in
bacterial pathogen Staphylococcus aureus via an efflux pump, TetK. pT181 was one of the earliest
sequenced S. aureus plasmids, and has been isolated in both clinical and livestock-associated
strains for decades, both as an independent replicon and integrated in the chromosome as part of
staphylococcal cassette chromosome mec (SCCmec). Bacterial genome analysis tools and high-
quality sequences with metadata are publicly available, but these resources remain
underleveraged for examining historical data, especially when studying the spread of MGEs across
a species and over time. Using publicly available reads and metadata, we explored the evolution of
pT181 over almost seven decades of samples to identify temporal trends in sequence evolution,
copy number changes, and spread across S. aureus and beyond. pT181 was prevalent across S.
aureus (found in 9.5% of 83,366 genomes tested), with a conserved sequence outside of three
hypervariable regions. The history of pT181 since 1954 is characterized by spread across strains,
significant variation in plasmid copy number of the independent replicon, and increasing
frequency of integration of the plasmid into the S. aureus chromosome. We have identified
multiple chromosomal integration locations of the plasmid, including outside of the previously
characterized SCCmec. We find that pT181 has been transferred across staphylococcaceae and into
a Gram-negative species. The repeated integration of pT181 into the chromosome may indicate co-
evolution of the plasmid and the host, potentially to facilitate increased antibiotic resistance.
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Introduction

Plasmids are extrachromosomal DNA molecules capable of autonomous replication that play a
major role in horizontal gene transfer (HGT) in many bacterial species. Plasmids have been the
most important vectors for the spread of antibiotic resistance genes (ARGs) within bacterial
pathogen species since the industrial production of the drugs, starting in the middle of the
twentieth century 12 There has been a great deal of research interest in understanding the
barriers to plasmid-mediated HGT. The question of how plasmids themselves evolve is equally
important and now can be addressed through analysis of huge public genome sequence databases.
Here, we performed a genome data-driven exploration of historical evolution and horizontal
spread of the small tetracycline-resistance plasmid pT181 in the important human pathogen
Staphylococcus aureus.

S. aureus is a Gram positive bacterium that asymptomatically colonizes the nares and other body
sites of a third of the human population, but is also able to cause a diverse set of infections ranging
from mild to life-threatening. S. aureus can be found in both community and hospital settings, and
is also a significant pathogen of livestock. In a recent paper >, Raghuram et al. (2024) found that an
average nucleotide identity (ANI) of 99.5% could be used as a robust threshold to cluster S. aureus
into 145 distinct strains (numbered consecutively with a “S99.5_” prefix, e.g. $99.5_1, S99.5_2, etc.).
This strain threshold is consistent with the gaps in genetic diversity between strains found in other
species %. ANI defined strains, defined based on core genome identity, offer more natural
boundaries or subspecies groups than traditional allele-based sequence type of clonal complexes
such as MLST 2. In this study, we tracked the transfer of pT181 between the strains defined by
Raghuram et al. (2024).

S. aureus has undergone waves of evolution of resistance to antibiotics since the introduction of
the drugs in the 1940s /, with the most well-studied event being the acquisition of the mecA gene
on the mobile SCCmec elements conferring resistance to second-generation beta-lactams and
creating methicillin-resistant S. aureus (MRSA) strains. While much attention is given to beta-
lactam resistance, tetracyclines have also been a clinically important treatment option 22,
Tetracycline antibiotics work by binding the ribosome to prevent protein synthesis, arresting
growth 8. While there is evidence for ancient human use of tetracyclines in Sudan 2, the first
modern antibiotic in the tetracycline class, aureomycin, was isolated from Streptomyces
aureofaciens in 1948 ! and entered clinical use soon after. Second-generation tetracyclines were
developed in subsequent decades, with doxycycline being introduced in 1967 2 Doxycycline is still
widely used in humans for a variety of conditions such as Lyme disease, acne, and STIs, and
tetracycline is commonly used in animal agriculture. In recent years, tetracycline-class antibiotics
have been used frequently in the doxycycline post-exposure prophylaxis (doxy-PEP) regimen to
reduce STIs .1.9, and this use has been linked to increased resistance in off-target bacteria m
Resistance to tetracyclines has emerged through two primary mechanisms: ribosomal protection
and efflux pumps§. In a similar timeline to MRSA, tetracycline resistance in S. aureus emerged in

clinical practice soon after the first clinical use of the drug in the 1940s 12!,

pT181 has a circular, 4.4 kbp genome encoding three genes: repC, tetK and pre, and an oriC region
12,1t does not encode the molecular machinery to transfer itself into a new recipient strain and
instead must rely on mobilization by a co-resident conjugative plasmid or transduction by phages
16-18, pT181 confers tetracycline resistance to its host bacterium through the product of the tetK
gene, which encodes a tetracycline efflux pump. Rolling-circle replication is controlled by the
product of repC interacting with oriC, while pre facilitates mobilization 1%12, pT181 was the first S.
aureus tetracycline-resistance plasmid to be sequenced > and the plasmid was also significant for
its use for multiple seminal studies on DNA replication control /272!, pT181 has been called by

several names in the literature; pT181 is the most common 22, but it has also been called pSK52 %,

pT181 is an ideal subject for genome-driven evolutionary studies because of its small size and
ubiquity. In this study, we used a public dataset of over 80,000 S. aureus sequences to explore the
evolution and spread of this plasmid. We were particularly interested in trends in plasmid copy

Phillips et al., 2026 eLife 15:RP109393. https://doi.org/10.7554/eLife.109393.1 2 0f32


https://doi.org/10.7554/eLife.109393.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics
https://elifesciences.org/subjects/microbiology-infectious-disease

°Pe . Genetics and Genomics | Microbiology and Infectious Disease
i eLif
v eLirtre

number (average ratio of plasmid replicons to chromosomes in the cell; PCN). PCN is an important
but understudied aspect of plasmid evolution, which may have tradeoffs with horizontal transfer
potential and levels of antibiotic resistance. PCN is regulated by various genetic mechanisms,
depending on the plasmid, and can range from a single copy to hundreds per cell -.%%... High copy
number plasmids can impose a fitness burden on the host due to the metabolic cost of replication
and transcription 22728, while low copy number plasmids risk not being inherited by daughter cells
without segregation mechanisms encoded on the plasmid =:. Larger plasmids often have genes
ensuring proper segregation, whereas smaller, high copy number plasmids such as pT181 rely on

random diffusion for distribution during cell division 1822, pT181 copy number has been

previously found to be controlled by ncRNAs binding to repC to suppress plasmid replication >%2!.

It has been known to integrate into SCCmec>22% and is part of some larger staphylococcal

plasmids 32727,

In this study, we screened a large collection of raw S. aureus Illumina whole genome sequencing
read files for pT181. We developed a novel workflow to use read depth from FASTQ to estimate
PCN and found evidence that pT181 copy number has declined within S. aureus since the first
resistant strains in the mid-twentieth century. This decline was driven in part by integration of the
pT181 isolate into other genetic structures. We identified repeated pT181 integration into the
chromosome, including events outside of the previously-characterized region of SCCmec.

Results

Early pT181 was found exclusively in a single strain, detected later
in diverse S. aureus genetic backgrounds

Of 83,366 publicly available S. aureus Illumina raw data genome projects used in this study
(Raghuram et al. 2024), 7,927 (9.5%) contained pT181, with all isolates having BLASTN 2 hit
coverage >95% of the plasmid (see Methods) and <5 mutations in coding sequences. There was a
reliable date of isolation attached to metadata from 42,522 (51%) of the 83,366 genomes, with the
earliest sample from 1884 (SRX2619650) and the latest in our set in 2022. 2,460 isolates contained
pT181 and had a valid date, strain assignment, CC assignment, and SCCmec typing data (Fig. S2(#).

The early pT181 genomes were almost all $99.5_2 2, which are in MLST CC8 °. The earliest dated
genome with pT181 was a methicillin-sensitive S. aureus (MSSA) isolate collected in 1954. pT181
was exclusively found in §99.5_2 genomes until 1980, when it was detected in $99.5_27 (CC8)
integrated into the chromosome as part of type III SCCmec. By 2022 (the latest date in our
collection), pT181 had been detected in 44 strains. While the number of pT181 genomes collected

positive samples collected before 1995 were similarly almost all from S99.5_2 (182 out of 184
samples). Therefore, with this set of genomes, we cannot know if the pT181 S. aureus origin was in
§99.5_2, or if it was simply detected there first.

We also identified pT181 plasmids in 61 genome assemblies of 14 other species (File S1). The
majority were from Staphylococcaceae, but there was also a plasmid found in Pseudomonas
aeruginosa with plasmid coverage that exceeded the length thresholds for inclusion (see Methods).
The P. aeruginosa strain was collected from tracheal swabs 23, which are frequently taken from
cystic fibrosis patients, in whom co-infections with P. aeruginosa and S. aureus are common.

However, HGT between these gram-negative and gram-positive species are rarely documented.

pT181 sequence variation is concentrated in hotspots outside the
coding sequence

Overall, there was a low level of sequence variation in pT181 S. aureus and non-S. aureus plasmids
in this study. 519 sites out of 4,439 sites (12%) on the plasmid had more than one allele in our set of
7,988 sequences (Fig. 2(72). 664 unique mutations were identified with Snippy 22, and 656 (99%) of
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A) Presence/absence of pT181 in high quality S. aureus shotgun genome data over time (n = 16,928). pT181+ isolates comprise
less of the sample set over time, though counts of collected samples increase. B) Strain composition of pT181-containing
samples has diversified since pT181’s initial detection in $99.5_2.
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these are rare, occurring in <5% (<400/7,988) of samples. This variation was concentrated in three
regions. The phylogenies of both the whole plasmid (Fig. STACZ) and CDS (Fig. S1B(Z) had a
starlike structure with poorly supported branches. The mutation rate in pT181 CDS was slightly
lower than former estimates of mutation rates in core chromosomal genes (pT181 = 1.15
mutations/Mb/year, chromosome = 1.2 - 4.4 mutations/Mb/year “%>* when calculated via linear
regression of SNP accumulation over time. While the relationship between time and mutation
accumulation was significant (linear regression, p = 0.0001324), time since sample collection was a
poor predictor of CDS SNP count (linear regression, adjusted R= 0.006) (Fig. 3(3). As a result, we
are unable to approximate dates for undated samples based on plasmid sequences. This regression
excluded the intergenic regions and insertion mutations in rep, which had higher levels of
variation. There was no evidence of recombination with a pairwise homoplasy index (PHI) test %>
of all (n = 7,988) aligned plasmid sequences (p = 0.39), as expected given that the low level of
sequence diversity greatly reduced the power of the test. We concluded that pT181 entered the S.
aureus population since the divergence of the strains %, given that most pT181 plasmids have

identical coding sequences (CDS) (Fig. 3(2).

While the majority of the pT181 sequence was highly conserved, three regions of increased
variability were present on the plasmid: 1) the intergenic region between repC and tetK,
(coordinates 814 to 817 on accession DRX100326), 2) the intergenic region between tetK and pre,
and (coordinates 2460 to 2466 on accession DRX100326) 3) in oriC and early in repC (coordinates
4133 to 4313 on accession DRX100326). Mutations immediately before, and at the 5’ end of tetK are
found exclusively in single-copy isolates (see later section on PCN). The spikes coincide with

known plasmid cointegration sites 353748,

pT181 in S. aureus was highly similar to pT181 found in other species. The S. aureus and non-S.
aureus plasmids were all in a highly similar cluster (5 or fewer CDS mutations relative to the 1954
isolate), with the exception of Staphylococcus pseudintermedius (CP128253.1), which had 12 CDS
mutations (8 SNPs, 4 complex mutations). Only 5 non-S. aureus isolates contained a mutation
exclusive to non-S. aureus isolates, but these were at low prevalence, with a SNP present in 2
isolates and a complex mutation present in 3 isolates. These results indicate that the non-S. aureus
pT181 sequences did not constitute an outgroup to the S. aureus pT181 sequences.

pT181 is most frequently found at a single copy per cell

We noted a skewed distribution of PCN in gold-quality S. aureus pT181 isolates, with a wide range
of PCN estimates (Fig. 4A (@) and a strong peak of pT181 PCN = 1 (Fig. 4B (%), consistent with

chromosomal copy number.

pT181 can be present on the chromosome as part of type III staphylococcal Cassette Chromosome

average PCN of type III SCCmec strains was 1.16 with a range of 0.71 to 1.43 (see Methods), i.e.
matching the expected distribution given SCCmec’s position near the origin. Based on this we
designated any sample with pT181 PCN < 2 as single-copy. Of 2,460 genomes with valid date, strain
assignment, CC assignment, and SCCmec typing data, 1,863 (76%) were single-copy (PCN 0.147 -
1.97; mean = 1.06, sd = 0.186). We suspect that these single-copy pT181 were integrated into the
chromosome or a low copy number plasmid. Instances of integration into the chromosome in
other types of SCCmec have been previously documented >+2%%/. We found that 1,131/1,863 single-
copy pT181 (61%) were present in SCCmec type III isolates, 695/1,863 (37%) were in other MRSA
strains, and 37/1,863 (2%) were in MSSA, i.e. lacking a SCCmec cassette.

pT181 has inserted into multiple chromosome sites

There were 19 isolates with pT181 present on the same contig as a known chromosomal gene in
the SRA-assembled genomes, comprising 6 unique insertion sites as defined by directly flanking
genes. All had pT181 present in a single copy number. The isolates were distributed across
multiple strains: 5 $99.5_5 (CC5), 2 $99.5_2 (CC8), 8 $99.5_23 (CC398), 1 $99.5_10 (CC1), and 3 with
unassigned strain (CC1 & unassigned). One isolate was MSSA, 3 were SSCmec type IV, and 15 were
SCCmec type V. To our knowledge, this is the first documented example of chromosomal pT181 in
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Fig. 2. pT181 is characterized by hotspots of sequence variation.

Hypervariable regions have a large number of alleles present. Each hypervariable region is characterized by a set of mutation

types (binwidth = 10 bp).
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Figure 3. pT181 CDS SNP accumulation over time relative to the 1954 isolate, calculated from Snippy output.
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Fig. 4.

A) Overall PCN distribution for gold-ranked, pT181+ isolates. The majority of pT181 isolates in our dataset are single-copy.
Given that pT181 lacks segregation mechanisms, this suggests that the plasmid has become integrated into the
chromosome. B) Subset of PCN distribution, enlarged for 0-3 copies/cell.
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MSSA. The integrated pT181 were flanked by insertion sequences (IS): IS6, ISSaus6, or IS257
transposases, or by one transposase and a contig break. Integrated pT181 was present in multiple
configurations and positions in a genome, and there were no nearby chromosomal genes common
to all integration sites, other than some form of flanking transposase (Fig. 52). Some pT181
integrated with repC positioned nearest the chromosomal flanking genes, and other isolates tetK
nearest, due to variation in the site of plasmid cointegration. Some S. aureus strains had multiple
different insertion sites, indicating repeated integration following introduction into a strain. There
were plasmids with identical sequences that were both single and multicopy, lending further
support to our finding that the integrations have happened repeatedly over the course of pT181

history.

In 337 S. aureus complete genomes 3, we found that 14 (4.2%) contained pT181. 7 of these were
integrated into the chromosome, 4 were integrated into larger plasmids (total plasmid length: 21-
44kbp), and 3 were free in the cytoplasm. The integration of pT181 into larger plasmids may result
in low PCN, as pT181 could assume the copy number of the larger element. The chromosomally
integrated copies of pT181 occurred in positions 55-88kbp in these genomes, near SCCmec, with
both positive and negative sense orientations. The region in which pT181 integrated into the
chromosome in these genomes is populated primarily by rare and strain-diffuse genes > (Fig.

as integration into the chromosome, indicate additional routes to evolve low copy number beyond
regulation of free plasmid.

pT181 PCN has declined over time

There was an overall tendency for declining pT181 PCN from the 1950s to the end of sampling.
This is the result of two trends: (1) increase in single-copy isolates over time and (2) lower PCN
over time in multicopy isolates.

Over the period for which we have dated samples, pT181 was increasingly found in single-copy
multicopy (8.2% single-copy), while 81% of samples from 1995 or later were single-copy. Single-
copy pT181 was not evenly distributed across the strains (p < 2 x 1071, Chi-squared test statistic =
2052), with some strains being mostly or entirely single-copy (Fig 6B(2). $99.5_27, all isolates of
which are type III SCCmec, constitutes a substantial portion of single copy isolates (1,131/1,863).
However, the increase in single-copy isolates over time is still significant even with this strain

excluded (linear regression, p < 2 x 10716, adj—R.z.. =0.1472).

We used a Gamma log-link generalized linear mixed effects model (GLMM) to assess the impact of
date of collection and strain background on PCN in multicopy isolates. Strains and BioProjects
containing at least 5 multicopy isolates were selected; to be used, a sample must belong to a strain
and bhioproject combination containing at least 4 other samples (n = 455). BioProject was assigned
as a random effect within the fixed effects of strain and year, to account for possible technical
variation between projects, while recognizing that Bioprojects frequently contain one or few
strains and are typically collected in a narrow time frame. There has been a decline of PCN over
time in these multicopy isolates (p = 3.30 x 10712). No strains were significantly different from our
reference, S99.5_8 (mean PCN = 17.4, SD = 4.35) (treatment vs. control test, emmeans package, p >
0.05, BH multitest correction). The decline in multicopy PCN over time indicates that possible
evolution of the plasmid, chromosome, or both, toward lower PCN.

Identical plasmids can have variable plasmid copy numbers

pT181 copy number control mechanisms are located on the plasmid, which regulates its own copy

number /2. However, in our set of isolates, we find that identical pT181 isolates can have a wide

range of copy numbers (Fig. 8 ). This suggests that there are factors other than the previously-

identified copy number control mechanisms on the plasmid which influence pT181 copy number,
such as host genetic background or environment.
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Fig. 5. There were 6 non-type III SCCmec configurations of accessory genes directly surrounding the

integration site of pT181 contigs across multiple strains in the SRA isolates.

This shows that the plasmid has integrated repeatedly into the chromosome, given that S. aureus is highly syntenic and

accessory genes tend to cluster in specific regions of the genome 34849,
Genes
SrepC| o recombinase Db lORIEIDEDUDI) ¢ D¢ ERX2285874,
pT181|® tetk ® mecA
® pre ® Other Shared

©® transposase Other (unique

to isolate)

DD MDD
> PIEDDIDIEDHH DHmIMDEDHID B DIPLOK B> D<ot DI <
DA
RO DD I DD D DM
IESHOEIIE- DI DDAt

@4«»-»» ERX1666500, $99.5_2, type V

SRX5093047, $99.5_23, type V

CC1, type IV

ERX2285926,
$99.5_23, type V

ERX3543750,
$99.5_23, MSSA

SRX7671590,
$99.5_5, type V

CP015447,
$99.5_27, type lll

Fig. 6. Proportion of pT181 isolates present at single-copy number has increased since initial detection and

varies across strains.

A) Proportion of single-copy pT181 increased over time. B) Single vs. multicopy pT181 across strains, for strains containing >=
2 pT181+isolates in (n = 2,460) set. Strains are generally dominated by either single or multicopy pT181.

A

1.00 1.00

o
9
o

o
3
a

0.

o

o

=]
o
=]

o

Proportion of Samples
n
o

Proportion Single-copy

o
N
a

0.00

PCN

. muticopy

B sioecopy

t22R02RRo~br ey
0.00 . . m‘m‘m‘«z‘g-n.‘m.‘m.ggu?‘c;gm‘m'g M &
1975 2000 88230833223 22383
Year of Collection 01D 5, @ DD, D mStraln B0

5

Phillips et al., 2026 eLife 15:RP109393. https://doi.org/10.7554/eLife.109393.1

9 of 32


https://doi.org/10.7554/eLife.109393.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics
https://elifesciences.org/subjects/microbiology-infectious-disease

°Fe H Genetics and Genomics | Microbiology and Infectious Disease
w9 eLif
we eLite

Fig. 7. PCN of multicopy isolates has declined over time.

Strains’ PCN are not significantly different from reference strain, 599.5_8 (GLMM, treatment vs. control posthoc, BH multitest
correction).
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Discussion

This is the first study to use the thousands of available public genome sequences to look at
variation of PCN of a single plasmid. We estimated the PCN of multicopy pT181 in high-quality
isolates to be 2 to 208 (n = 2,460) with a median of 19 copies/cell (Q1 = 11 copies/cell, Q3 = 47

resistance to antibiotics 2!, and fluorescence densitometry 2. Initial PCN estimates for wild-type

pT181 were 22 +/- 3 copies/cell for isolates collected pre-1977 122222, Read depth has been
previously used for ploidy estimations in cancer and yeast 222, but we have shown here that it
can be accurately employed to estimate copy number of MGEs or other contigs in bacterial
genomes, given sufficient knowledge of the genome such that a set of gene or genes can be used as
the known single copy regions to compare the unknown region(s). The genomic-based PCN
method can be easily applied to thousands of already-collected samples, without the need for
specialized gPCR assay development. In addition, these methods are not culture dependent and
could be deployed in metagenomic samples given sufficient quantity of the host in a metagenome
sample. The disadvantage is that we do not have control of growth conditions that might influence
plasmid copy, so we cannot account for all factors that may contribute to the measured copy
number. However, S. aureus is usually grown overnight to stationary phase in rich media before
genomic DNA extraction, and we therefore expect reasonable consistency in the genomes used for
this study.

Previous research into the control of pT181 copy number has discovered the mechanisms present
on the plasmid itself 2. However, it is necessary to investigate contributors to copy number
variation beyond the plasmid sequence, given our findings that identical plasmids can result in
different multicopy PCN. At a population level, we find that the strains vary in their average copy
number, but this difference was not statistically significant following post-hoc testing. Ideally, to
compare the effect of strain background, a single large Bioproject with contemporaneously
collected samples across strains would be used. The variation in multicopy PCN between strains
indicates that there may be additional genetic contributors on the chromosome, or interaction
between the chromosome and plasmid could contribute to the variable PCN of multicopy pT181.
Integration into a wide array of larger multicopy plasmids may also contribute to the large
variation in multicopy PCN we see in this study. This warrants further investigation into what
impact genetic background or environment have on pT181 copy number, as genetic background
likely plays a role in determining PCN for multicopy isolates, and variation could occur below the
strain level.

While it was previously known that pT181 could integrate into the chromosome as part of SCCmec
elements, it is a new finding from this study that the plasmid is at approximately chromosomal
copy number (i.e. single-copy) in the majority (76%) of S. aureus isolates. The majority of single-
copy pT181 is found in SCCmec type III isolates, with pT181 integrated into SCCmec. We also
identify integration into other SCCmec types, as previously described in the literature >%.
Integration into the chromosome in MSSA isolates is previously uncharacterized in the literature
to our knowledge. Integrated pT181 in our dataset are flanked by insertion sequences (IS), or by an
IS and a contig break. IS elements have been previously documented to insert in these regions of
pT181 3837, and these may account in part for the spikes of mutations occurring in these regions in
our analysis. IS6 and IS6-like transposases, which flank integrated pT181 in our data set, have been
known to integrate multicopy plasmids into the chromosome; IS257 has been previously found to

integrate pT181 into larger plasmids and into the chromosome as part of SCCmec 32323225789,

One major finding from this study is that PCN overall has declined over the second half of the
twentieth century, driven by both pT181 integration and lower PCN of multi-copy pT181. PCN is
likely under selection to reduce the fitness burden on S. aureus cells that comes from replicating
larger amounts of plasmid DNA. An analogous argument for lower fitness penalty driving the
transition of S. aureus from larger SCCmec type I to smaller type IV has been put forward /.
Adaptation could arise through IS-mediated integration into the chromosome, or large plasmids,
and/or mutations on the plasmid or chromosome replication control circuits to lower PCN. In some
scenarios, high PCN may be advantageous as cells with higher PCN of pT181 have higher
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because of the benefit of conferred tetracycline resistance, and the decline over time was adaptive
for long-term maintenance. pT181’s decline in PCN brings it from median multicopy PCN of 55.7
copies/cell pre-1995 to 14.5 copies/cell post-1995 (n = 2,460), a decline from roughly 9% to
approximately 2% of the chromosome’s size. The post-1995 median is in line with recent research
on plasmid copy number across taxa, which found that plasmids occupy roughly 2.5% of the
chromosome’s size 2. The higher PCN state was likely not advantageous long-term and declined
over time. There may also be genetic adaptations maintaining high levels of tetK transcription
despite lower PCN. Simpson et al. (2000) > identified the appropriation of an IS257-derived hybrid
promoter, which had higher activity than the native pT181 promoter, rendering the integrated
copies more tetracycline resistant than the multicopy isolates. In that way, bacteria with integrated
pT181 could have been selected for both because of their increased tetracycline resistance due to
the hybrid promoter and reduced the cost of maintaining a multicopy plasmid. High levels of tetK
transcript have been shown to be toxic in E. coli®®, so there may be a limit to benefits from high
levels of transcription with respect to both resources used and impacts on the cell. An alternate
but not mutually-exclusive hypothesis is that it was advantageous for S. aureus to integrate the

plasmid to allow co-residence of another advantageous, but incompatible cytoplasmic plasmid.

Our study identified a wide range of PCN of pT181, and there are many factors that could have
contributed to this. Integration into the chromosome has driven the transition to a predominantly
single-copy lifestyle; integration into larger plasmids has likely contributed to the diversity of
multicopy pT181 PCNs. While strains in our study were found to vary in PCN of multicopy pT181,
these differences were not found to be significant (GLMM, BH posthoc, all p-values > 0.05). PCN is
known to be controlled by pT181 antisense ncRNA binding to repC which modulates plasmid
replication 2%2%%/ when free in the cytoplasm. Variation that affects plasmid repC expression
and/or oriC binding can affect the average number of copies per cell 2%2!-2>%7. Chromosomal loci
may influence pT181 PCN through mechanisms such as RNA degradation, but the strain level
variation of this phenotype has not been an area of intense research, and it is likely that there are
more genes involved in plasmid regulation. Further research on the genetic basis of variation of
pT181 PCN and variation in relative levels of tetK production will help explain how this plasmid-
bacterial symbiosis has adapted to the challenge of large scale antibiotic usage.

In our study, pT181 was initially detected as a high PCN plasmid in §99.5_2, with appearance in
other genetic backgrounds occurring decades later. Over time, pT181 PCN declined, driven in part
because of increased frequency of chromosomal integration of the plasmid. Extensive spread
across S. aureus has occurred, as well as spillover into other species. Chromosomal restriction-
modification and CRISPR systems appeared to have not prevented the horizontal transfer of pT181
across S. aureus. This is consistent with historical reports of early detection of multicopy pT181,
followed by the tetracycline resistance phenotype becoming chromosomally encoded in
subsequent decades %8, However, we are limited in our ability to estimate the initial origins of
pT181in S. aureus and the timeline of transmission events due to uneven sampling and low
sequence diversification. Other lineages may have contained pT181 at the same time or earlier
than S99.5_2, but were undetected as these strains were not frozen and later sequenced when the

era of large scale “next-generation” Illumina sequencing began in the 2010s °7.

The first recorded detection of tetracycline resistance via pT181 dates to 1953 -, very soon after
the modern discovery of tetracyclines .. It is likely that antibiotic use was the major selection
pressure increasing the incidence of pT181+ isolates since the 1950s. Our finding that pT181 CDS
were almost identical suggests recent expansion from a single introduction. $99.5_2, a subset of
CC8, constituted the first wave of MRSA in the 1960s >/ and was therefore likely sampled at high
frequency relative to its true abundance within the species. While samples were collected in the
pre-antibiotic era, sampling began in earnest after antibiotics were deployed clinically, with S.
aureus samples increasing in number in the 1960s .. Further conclusions about the patterns and
timeline of spread taken from analysis of public genomes will need to be performed with more

comprehensive sample sets, controlled for sampling bias. There may be collections of strains still
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available to help refine our knowledge of the genomics of this era. Even the more recent genomes
are disproportionately taken from human samples in hospital settings in the global north, failing
to represent the full diversity of the species. The likely presence of pT181 in S. aureus before the
1950s may have reflected selection to defend against tetracyclines produced as natural products by
other bacteria, such as Streptomyces . Environmental conditions besides tetracycline resistance
could also have lead to selection for pT181-containing isolates, such as heavy-metal and pH

stressors, as tetK is able to efflux heavy metals and acts as a proton antiporter /22,

By using pT181 as a model, this project uses new approaches for leveraging historical data and
determining plasmid copy number. Our work raises questions around MGE evolution and
lifestyles, as this single plasmid’s lifestyle has dramatically diversified since it was first detected in
the 1950s and 1960s. This work adds to the knowledge base that suggests that MGEs are not as
constrained to a single lifestyle, structure, and location. Going forward, our work has possible
applications for others studying MGEs and AMR. We also show the importance of depositing
sequence data from before the current era into public databases. The immediate post-WWII era
was marked by a sudden, extreme chemical warfare against the most common bacterial
pathogens. It is important to understand how they evolved to survive this challenge because it
likely influences trade-offs in fitness in current clinical strains. Any existing unsequenced cultures
of S. aureus collected before 1995 need to be preserved and sequenced, as they are vital historical
records that can help us understand this important period in the evolution of this pathogen.

Methods
pT181 genomics

S. aureus isolates containing pT181 were identified by BLASTN (v2.12.0+) 2% in the Staphopia v2 (n
= 83,366) > dataset of publicly available data assembled from SRA with SKESA /*/? in Bactopia

Non-S. aureus isolates containing pT181 were identified using BLASTN 2%/ in the nucleotide
database using the NCBI web interface (https://blast.ncbi.nlm.nih.gov/@). Searches were
performed on 2023-11-05 with the default parameters. We identified non-S. aureus sequences with
>20% identity and >50% coverage with pT181. We then applied the same thresholds, as for the S.
aureus genomes, ensuring that the sum of all pT181 coverage was >4.4 kbp. The CDS phylogeny of

mapping to isolate DRX100326 with ska ... and partitioning the CDS regions. Metadata of samples
used in this study was downloaded from SRA for S. aureus isolates and from GenBank for the non-
S. aureus isolates. Manual processing of S. aureus collection dates for downstream analyses was
performed using RStudio (v1.3.1056) 22 with R (v4.0.2) 8! and tidyverse (v1.3.1) %2

We reduced the set of plasmid samples to 2,460 S. aureus pT181 sequences by selecting only those
with a valid date, typed SCCmec (see “SCCmec typing”), gold rank assignment ’% and a genetic

strain assignment >.

SCCmec typing

SCCmec typing was performed using sccmec (v1.2.0) &3 The sccmec tool compares assembled
genomes to a database of known SCCmec elements using BLASTN. The database includes specific
SCCmec targets (mec, ccr complex) as well as full cassettes for 15 SCCmec types as well as 20
subtypes. Based on the presence of SCCmec targets and cassette coverage, sccmec will assign a type
and subtype.

pT181 sequence alignment and SNP calling

As pT181 is a circular replicon, it was necessary to rotate (i.e., resetting the circular plasmid to a
consistent start point) the plasmid so that all of the sequences in the files would start at the same
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Fig. 9. Distribution of sum of blastn hits to screen for pT181 presence.

Primary peak was for sum of blastn hits distribution was 4425-4475 bp and the threshold for inclusion of isolates was set at
4400 bp.
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these positions. Picard (v3.1.1) =2 normalize was used to generate fasta files with equal line
lengths. SNPs, small indels, and complex mutations were identified using Snippy (v4.6.0) 2.
Mutation spikes were not due to our rotation of the plasmid for alignment. The mutations that
occur in the spike positions occur regardless of where the start of the contig is located (Fig. S4 &).

G. Gene positions were identified with bakta (v1.8.2) £ annotation and gene plot (Fig. ZZ’)was

isualived with gggenes§7_ .......................

Linkage analysis

alignment of all 7,988 pT181 sequences.

Plasmid copy number

Ilumina reads from each isolate were mapped with BWA (v0.7.17) 22; to each isolate’s own

assembled genome (Fig. 10(%). Read depth across the genome was calculated with samtools depth

at all sites (v1.9, with using htslib 1.9) &z, Single-copy chromosomal contigs were identified by the

presence of known single copy chromosomal genes, identified by BLASTN (v2.12.0+)-2. To ensure
76

gene families found in >95% of genomes at exactly 1 copy per genome, with fewer than five fission
loci.

The cutoff for single-copy pT181 (PCN < 2) was validated using the distribution of coverage for
chromosomal copy number (CCN) ranges was centered on 1, but values range from less than 0.5 to
greater than 2. To determine the copy number of genes located near the origin, including SCCmec,
we calculated average read depth of contigs containing one of the four genes (rpmH, dnaA, dnaN,
and recF) located near the origin of replication 21. The distribution of CCN for those genes was
slightly higher (mean = 1.15, sd = 0.11). This distribution had a similar center to the distribution of
pT181 for SCCmec type III, which has the pT181 plasmid integrated into the cassette (mean = 1.16,

sd = 0.057).

We assessed the coefficient of variation, or the standard deviation of read depth divided by mean
contigs are not significantly different in their coefficient of variation (Wilcoxon rank sum, p =
0.28). This analysis convinced us that read mapping variation across pT181 was not significantly
different from chromosomal read mapping, allowing us to use this process for copy number
analysis.

PCN as a function of time and strain

PCN over time was assessed using a Gamma (log link) generalized linear mixed effect model

with the emmeans package (v1.11.1) 2=, Formula for glmmTMB call is as follows: PCN ~ numYear +
strainFac + (1 | strainFac:BioProject) + (1 | numYear:BioProject). numYear refers to year of
collection as a continuous variable and strainFac refers to strain as a factor.

Identifying pT181 novel chromosome insertion sites

Using the core gene blast hits used to identify known single copy genes, as well as searches for
pT181, we looked for contigs that contained both pT181 and core genes. 19/7,927 S. aureus pT181
isolates were found to have core genes on the same contig as pT181. We then used Prodigal 24
annotations generated with Bactopia (v1.7.0) /% to identify the genes directly surrounding the
insertion site of the plasmid. Genes were visualized using clinker (v0.0.31) 22. The majority of
pT181-containing contigs were the same canonical length of the plasmid, approximately 4,440 kbp.
We are likely unable to identify genes on other contigs of most putatively integrated pT181, due to

repetitive sequences making it difficult to assemble in those regions.
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Fig. 10. Cartoon of read mapping and relative read depth measurements.

The relative read depth of the plasmid provides an estimate of its copy number.
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Fig. 12. Coefficients of variation of read depth (standard deviation divided by mean) for chromosomal
contigs, pT181, and other contigs follow a similar distribution across 10 test gold-quality isolates.
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Fig. 13. Strains vary in median copy number, with an effect of BioProject.

Each BioProject has a different boxplot. Data shown for strain x BioProject combinations containing at least 5 isolates.

200~

1504

100

PCN

50

o ==

= 3

=]

iuﬂ.}ﬂ

899.'5_49 59915;4 899.1’L11 899..5420 59915¥5 899.'5417 399.I5710 899,'5715 899'.578

Strain (colored by BioProject)

S99.5.7 899.5_2

Phillips et al., 2026 eLife 15:RP109393. https://doi.org/10.7554/eLife.109393.1

17 of 32


https://doi.org/10.7554/eLife.109393.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics
https://elifesciences.org/subjects/microbiology-infectious-disease

°Fe H Genetics and Genomics | Microbiology and Infectious Disease
wielLife
Binning samples by time

There were no samples in the n = 2,460 set collected 1992-1996. This lull in high quality samples
formed a natural distinction between these two groups, given the difference in sample
composition and plasmid frequency in pre- and post-1995 pT181 isolates.
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Supplementary Figures

Tree scale: 0.001

Tree scale: 0.001

Fig. S1.Unrooted phylogenetic trees for pT181 A) whole plasmid sequence and B) CDS.
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Fig. S2. Diagram of sample filtering steps
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Fig. S4. Pre-rotation start position of plasmid contig does not influence position of mutations detected in

pT181.

X-axis, hitStart, indicates start position of isolates genome relative to blast query (i.e., subject start / “sstart” for retrieval with
blastn). Y-axis, mutation position, indicates where in the isolate mutations occurred, following their rotation to have equal
start points. The presence of the mutational spikes across a range of hitStart positions indicates that it is not the rotation
positions that are generating these spikes; they are biological in origin and not due to technical error.
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All genomes used in this study are publicly available. The 61 non-S. aureus accessions are included
as a supplementary file. The summary file containing S. aureus SRA accessions is available on
Zenodo at https://zenodo.org/records/10471309 @ (staphopia_v2_all_report.txt). The 337 complete
S. aureus genome accessions with PIRATE gene annotations are available at
https://github.com/VishnuRaghuram94/SCAPE/blob/main/timsfigsData.zip ™
(dnaA_start_coords.gfs). Scripts used in analysis and creating figures will be made available at
https://github.com/phillma2/pT181 % following submission for publication.
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Peer reviews
Reviewer #1 (Public review):

The study provides a robust bioinformatic characterization of the evolution of pT181. My
main criticism of the work is the lack of experimental validation for the hypotheses proposed
by the authors.

Comments on the study:

(1) One potential reason for the decline in pT181 copy number over time may be a high cost
associated with the multicopy state. In this sense, it would be interesting if the authors could
use (or construct) isogenic strains differing only in the state of the plasmid
(multicopy/integrated). With this system, the authors could measure the fitness of the strains
in the presence and absence of tetracycline, and they could be able to understand the benefit
associated with the plasmid transition. The authors discuss these ideas, but it would be nice
to test them.

(2) It would be interesting to know the transfer frequencies of the multicopy mobilizable
pT181 plasmid, compared to the transfer frequency of the plasmid integrated into the SSCmec
element (which can be co-transferred, integrated in conjugative plasmids, or by
transduction).

(3) One important limitation of the study that should be mentioned is that inferring pT181
PCN from whole genome data can be problematic. For example, some DNA extraction
methods may underestimate the copy number of small plasmids because the small, circular
plasmids are preferentially depleted during the process (see, for example,
https://www.nature.com/articles/srep28063 2).

https://doi.org/10.7554/eLife.109393.1.sa2

Reviewer #2 (Public review):

Summary:

The authors performed bioinformatic analyses to trace the genomic history of the clinically
relevant pT181 plasmid. Specifically, they:
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(1) tracked the presence of pT181 across different S. aureus strain backgrounds through time.
It was first found in one, later multiple strains, though this may reflect changes in sampling
over time.

(2) estimated the mutation rate of the chromosome and plasmid.

(3) estimated the plasmid copy number of pT181, and found that it decreased over time. The
latter was supported by two sets of statistical analyses, first showing that the number of
single-copy isolates increased over time, and second, that the multicopy isolates
demonstrated a lower PCN over time.

(4) reported the different integration sites at which pT181 integrated into the genome.

As a caveat, they mentioned that identical plasmid sequences have variable plasmid copy
numbers across different genomes in their dataset.

Strengths:

This is a very solid, well-considered bioinformatic study on publicly available data. I greatly
appreciate the thoughtful approach the authors have taken to their subject matter, neither
over- nor underselling their results. It is a strength that the authors focussed on a single
plasmid in a single bacterial species, as it allowed them to take into account unique
knowledge about the biology of this system and really dive deep into the evolution of this
specific plasmid. It makes for a compelling case study. At the same time, I think the
introduction and discussion can be strengthened to demonstrate what lessons might be
drawn from this case study for other plasmids.

Weaknesses:

The finding that the pT181 copy number declined over time is the most interesting claim of
the paper to me, and not something that I have seen done before. While the authors have
looked at some confounders in this analysis, I think this could be strengthened further in a
revision.

For the flow of the storyline, I also think the estimation of mutation rates (starting L181) and
integration into the chromosome (starting L255) could be moved to the supplement or a later
position in the main text.

Clearly, the use of publicly available data prevents the authors from controlling the growth
and sequencing conditions of the isolates. It is striking that they observe a clear signal in spite
of this, but I would have loved to see more discussion of the metadata that came with the
publicly available sequences and even more use of that metadata to control for confounding.

https://doi.org/10.7554/eLife.109393.1.sa1

Author response:

elife Assessment

Using genome databases, the authors performed solid bioinformatic analyses to trace
the genomic history of the clinically relevant Staphylococcus aureus tetracycline
resistance plasmid pT181 over the last seven decades. They discovered that this element
has transitioned from a multicopy plasmid to a chromosomally integrated element, and
the work represents a valuable demonstration of the use of publicly available data to
investigate plasmid biology and inform clinical epidemiology. This work will appeal to
researchers interested in staphylococcal evolution and plasmid biology.
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Thank you, we agree with this overview. We also think this work is interesting to people
interested in antimicrobial resistance and bacterial genome structure.

Public Reviews:
Reviewer #1 (Public review):

The study provides a robust bioinformatic characterization of the evolution of pT181. My
main criticism of the work is the lack of experimental validation for the hypotheses
proposed by the authors.

Comments on the study:

(1) One potential reason for the decline in pT181 copy number over time may be a high
cost associated with the multicopy state. In this sense, it would be interesting if the
authors could use (or construct) isogenic strains differing only in the state of the plasmid
(multicopy/integrated). With this system, the authors could measure the fitness of the
strains in the presence and absence of tetracycline, and they could be able to understand
the benefit associated with the plasmid transition. The authors discuss these ideas, but it
would be nice to test them.

We agree that the relative fitness of integrated versus multicopy plasmids is interesting and a
costly multicopy state could explain the transition of independent pT181 replicons to
chromosomal integration. This is a project we are exploring for a future study. However, we
think that this additional experimental work goes beyond the scope of the paper.

(2) It would be interesting to know the transfer frequencies of the multicopy mobilizable
pT181 plasmid, compared to the transfer frequency of the plasmid integrated into the
SSCmec element (which can be co-transferred, integrated in conjugative plasmids, or by
transduction).

We agree with the reviewer that this is an interesting question. However, we think inferring
these rates from natural sequence data is not feasible in this case given the low heterogeneity
of the plasmid sequence. A laboratory-based experimental study could not address the real
transfers we observe over the course of decades, as in vitro S. aureus transfer rates are often
not good proxies for in vivo (McCarthy et al., 2014). In addition, we do not know what is
moving the integrated plasmid. pT181 could be moved by a phage or plasmid, so we are
uncertain what the correct experiment would be to explore this.

(3) One important limitation of the study that should be mentioned is that inferring
pT181 PCN from whole genome data can be problematic. For example, some DNA
extraction methods may underestimate the copy number of small plasmids because the
small, circular plasmids are preferentially depleted during the process (see, for example,
@ https://www.nature.com/articles/srep28063 % ).

We will investigate this issue further in the revisions. The kits used to extract DNA for the
earlier-collected samples may possibly yield more plasmid DNA relative to the chromosome
compared to newer ones on average; however, we think this is not driving the decline that we
observe in multicopy pT181 copy number. Multiple BioProjects find the same result, where
earlier samples have higher copy number compared to later samples. We expect extraction
methods to be consistent within a BioProject, suggesting that this decline is genuine and not
technical. In revisions, we intend to evaluate the effect of date of sequencing and additional
metadata on copy number.

Reviewer #2 (Public review):

Summary:
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The authors performed bioinformatic analyses to trace the genomic history of the
clinically relevant pT181 plasmid. Specifically, they:

(1) Tracked the presence of pT181 across different S. aureus strain backgrounds through
time. It was first found in one, later multiple strains, though this may reflect changes in
sampling over time.

(2) Estimated the mutation rate of the chromosome and plasmid.

(3) Estimated the plasmid copy number of pT181, and found that it decreased over time.
The latter was supported by two sets of statistical analyses, first showing that the number
of single-copy isolates increased over time, and second, that the multicopy isolates
demonstrated a lower PCN over time.

(4) Reported the different integration sites at which pT181 integrated into the genome.

As a caveat, they mentioned that identical plasmid sequences have variable plasmid copy
numbers across different genomes in their dataset.

Strengths:

This is a very solid, well-considered bioinformatic study on publicly available data. I
greatly appreciate the thoughtful approach the authors have taken to their subject
matter, neither over- nor underselling their results. It is a strength that the authors
focused on a single plasmid in a single bacterial species, as it allowed them to take into
account unique knowledge about the biology of this system and really dive deep into the
evolution of this specific plasmid. It makes for a compelling case study. At the same time,
Ithink the introduction and discussion can be strengthened to demonstrate what lessons
might be drawn from this case study for other plasmids.

Weaknesses:

The finding that the pT181 copy number declined over time is the most interesting claim
of the paper to me, and not something that I have seen done before. While the authors
have looked at some confounders in this analysis, I think this could be strengthened
further in a revision.

In the revisions, we will further explore the impact that technical variation could have in
contributing to copy number variation and update our claims for the decline in copy number
of the independent replicon over time and variation for the same plasmid sequence
accordingly. Multiple BioProjects show earlier samples have higher copy number compared
to later samples; we expect extraction methods to be consistent within a BioProject,
supporting our initial findings that this decline over time is not due to technical variation.

For the flow of the storyline, I also think the estimation of mutation rates (starting L181)
and integration into the chromosome (starting L255) could be moved to the supplement
or a later position in the main text.

We will revisit the text organization for flow and clarity of storyline.

Clearly, the use of publicly available data prevents the authors from controlling the
growth and sequencing conditions of the isolates. It is striking that they observe a clear
signal in spite of this, but I would have loved to see more discussion of the metadata that
came with the publicly available sequences and even more use of that metadata to
control for confounding.

In revisions, we will further investigate possible contributors to the observed decline in copy
number of multicopy pT181 over time. We have incorporated the date of sample collection
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and BioProject in our analysis, but not the date of sequencing or extraction technique.
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