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Transposable elements are driving rapid 
adaptation of Enterococcus faecium

Matthew P. Grieshop1,2,3,13, Aaron A. Behr4,13, Sierra Bowden1, Jordan D. Lin5, Marco Molari6,7, 
Gabriella ZM Reynolds1,5, Erin F. Brooks5,12, Boryana Doyle3, Ashley A. Moore5, 
Guillermo Rodriguez-Nava8, Jorge L. Salinas8, Niaz Banaei8,9,10 & Ami S. Bhatt1,5,11 ✉

Bacterial pathogens adapt rapidly to clinical and within-host selective pressures1. 
Insertion sequences (IS) are transposable elements that can contribute to pathogenic 
adaptation2, but their activity and consequences in contemporary clinical 
populations are not well characterized. Here, combining large-scale genomic surveys 
with long-read sequencing of clinical isolates and longitudinal gut metagenomes,  
we quantify pathogen IS dynamics from global patterns to within-host evolution. 
Across 19,485 publicly available high-contiguity ESKAPEE pathogen genomes, 
Enterococcus faecium genomes are the most IS dense, dominated by replicative ISL3 
family elements, which have proliferated in clinical lineages over the past 30 years.  
We find extensive chromosomal structural variation, largely involving ISL3, within  
a new single-hospital collection of bloodstream isolates. Long-read metagenomic 
sequencing of 28 longitudinal stool samples from 12 haematopoietic cell 
transplantation (HCT) recipients demonstrates within-host IS dynamics and their 
regulatory consequences. In one patient, an ISL3 insertion upstream of a folate 
transporter formed a strong promoter, increasing transcription and improving 
relative fitness under folate limitation. Enhanced folate scavenging may enable 
E. faecium to thrive in the setting of microbiome collapse, which is common in HCT 
and other critically ill patients3. Together, these results show that a recent ISL3 
expansion is driving rapid evolution in healthcare-associated E. faecium, with 
consequences for its metabolic fitness that may help explain its increasing clinical 
burden. Several other pathogens also show elevated IS loads in our survey, which 
suggests that IS expansion-mediated evolution might be more broadly relevant.

Bacteria experience extreme selective pressures in the modern health-
care environment1. The ability to adapt rapidly is a defining feature 
of successful healthcare-associated pathogens1. Single-nucleotide 
variants (SNVs) and small insertions and deletions (indels) are well 
known to drive clinical adaptation4–7. By contrast, the role of structural 
variation mediated by transposable elements, particularly insertion 
sequences (IS), is understudied. Although IS expansions have been well 
described in the emergence of pathogens such as Shigella species8 and 
Bordetella pertussis9, the understanding of IS-mediated contributions 
to short-term clinical adaptation is relatively limited.

IS elements can impact sensitivity to phage predation10 and anti-
biotics11,12, and can also improve metabolic efficiency13 in laboratory 
conditions. IS elements, especially replicative ones14, can disrupt and 
upregulate genes through mobile regulatory elements2,15 and mediate 
structural variations. We postulate that these IS-mediated activities con-
tribute to the evolution of bacterial pathogens on clinical timescales. 

Understanding how these mechanisms operate could provide crucial 
insights into the ongoing evolution of healthcare-associated pathogens 
and inform strategies to combat their persistence and spread.

The ESKAPEE pathogens (Enterobacter spp., Staphylococcus aureus, 
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aerugi-
nosa, Escherichia coli and Enterococcus faecium) are disproportionately 
responsible for healthcare-associated infections1. Some reports have 
associated their pathogenicity with an enrichment of IS elements16–24. 
Previous studies of E. faecium23,24 and A. baumannii21—two bacte-
rial species that can be pathogenic when found in the bloodstream, 
wounds or abscesses—identified signatures of IS expansion in the 
emergence of healthcare-associated lineages. For example, the pres-
ence of the replicative IS16 element of the IS256 family distinguishes 
healthcare-associated lineages of E. faecium from commensal lineages, 
implicating IS16 elements in the pathogenicity of E. faecium23. How-
ever, a comprehensive understanding of how replicative IS elements 

https://doi.org/10.1038/s41586-026-10373-2

Received: 15 March 2025

Accepted: 6 March 2026

Published online: 22 April 2026

Open access

 Check for updates

1Department of Genetics, Stanford University, Stanford, CA, USA. 2Stanford Medical Scientist Training Program, Stanford, CA, USA. 3Stanford University School of Medicine, Stanford, CA, USA. 
4Department of Biology, Stanford University, Stanford, CA, USA. 5Department of Medicine, Division of Hematology, Stanford University, Stanford, CA, USA. 6Swiss Institute of Bioinformatics, 
Basel, Switzerland. 7Biozentrum, University of Basel, Basel, Switzerland. 8Department of Medicine, Division of Infectious Diseases and Geographic Medicine, Stanford University, Stanford, CA, 
USA. 9Clinical Microbiology Laboratory, Stanford Health Care, Stanford, CA, USA. 10Department of Pathology, Stanford University, Stanford, CA, USA. 11Department of Medicine, Division of 
Blood and Marrow Transplantation and Cellular Therapy, Stanford University, Stanford, CA, USA. 12Present address: School of Medicine, Case Western Reserve University, Cleveland, OH, USA. 
13These authors contributed equally: Matthew P. Grieshop, Aaron A. Behr. ✉e-mail: asbhatt@stanford.edu

https://doi.org/10.1038/s41586-026-10373-2
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-026-10373-2&domain=pdf
mailto:asbhatt@stanford.edu


1140  |  Nature  |  Vol 653  |  28 May 2026

Article

contribute to the ongoing evolution of pathogens, at either the popula-
tion level or in individual patients, is lacking.

In this study we investigate the role of IS elements in the rapid evolu-
tion of healthcare-associated pathogens. We report a large-scale survey 
of IS elements in highly contiguous pathogen genomes, revealing a very 
high density of IS, particularly ISL3, in E. faecium. A temporal analysis 
demonstrates that ISL3 family elements have undergone marked expan-
sion since the 1990s, coinciding with the increasing clinical impor-
tance of E. faecium25,26. Using long-read DNA sequencing of clinical 
E. faecium isolates from a modern hospital-endemic lineage, we find 
that ISL3 contributes disproportionately to extensive recent genome 
rearrangements. Subsequently, longitudinal metagenomic analyses 
of gut microbiome samples from people undergoing allogeneic hae-
matopoietic cell transplantation (HCT) demonstrates IS-mediated 
structural variants in E. faecium occurring within individual patients 
over the course of their treatment. These variants showed different 
metabolic behaviour, driven by an ISL3 insertion. Specifically, an ISL3 
insertion upstream of folT generated a strong hybrid promoter, sub-
stantially enhancing folate scavenging—a trait that seems to confer an 
important advantage in the gut environment of severely ill patients. 
Taken together, careful quantification and placement of highly repeti-
tive genetic elements in bacterial pathogen genomes reveals a dynamic, 
ISL3-dependent mechanism for E. faecium evolution and proposes a 
path for its gut domination.

IS in ESKAPEE pathogens
Early surveys in prokaryotes found substantial IS content hetero
geneity, even among closely related species17,18, but were constrained by 
the small number of sequenced genomes at the time. High-throughput 
sequencing increased greatly the quantity of available genomic data. 
However, as repetitive elements such as high-copy IS are often frag-
mented or collapsed in short-read draft assemblies, accurate quantifica-
tion remained difficult. The growing adoption of long-read sequencing 
now enables comprehensive comparison of IS abundance and genomic 
context across thousands of pathogen genomes.

To characterize the distribution and diversity of IS elements system-
atically across clinically important bacteria, we quantified IS content 

with a standardized workflow (Fig. 1a and Supplementary Tables 1–3) 
in 19,485 highly contiguous genomes from the ESKAPEE pathogens: 
Enterobacter spp. (536), S. aureus (2,672), K. pneumoniae (4,627), A. bau-
mannii (1,082), P. aeruginosa (1,399), E. coli (8,530) and E. faecium (639) 
(Fig. 1b), as well as 8,788 genomes from these and other genera of patho-
genic species, some with notable IS expansions8,9 (Shigella, Bordetella, 
Streptococcus and Salmonella; Extended Data Fig. 1).

Among the ESKAPEE pathogens, E. faecium had the highest IS density 
(mean, µ = 47.4 copies per Mb; s.d., σ = 14.9; Fig. 1b). Although each 
ESKAPEE taxon in this dataset comprised numerous lineages that vary 
in IS content, the same pattern was observed at the subspecies level, 
with several high-identity clusters of E. faecium genomes (Methods) dis-
playing the highest IS density (Extended Data Fig. 2). In E. faecium, ISL3 
was the most abundant family (µ = 35.2 copies per genome; σ = 21.0), 
followed by IS30 (µ = 24.6; σ = 8.5), IS256 (µ = 21.7; σ = 9.7), IS3 (µ = 19.4; 
σ = 6.6), IS6 (µ = 13.2; σ = 7.2), and IS110 (µ = 7.1; σ = 4.3) (Fig. 1c). As IS ele-
ments are often carried on plasmids2, we distinguished chromosomal 
and plasmid contigs (Fig. 1c and Extended Data Fig. 3). ISL3 elements 
were enriched particularly on chromosomal contigs. By contrast, IS6 
was predominantly plasmid-borne, consistent with the presence of IS6 
in the Tn1546 composite transposon conferring clinical vancomycin 
resistance27. ISL3 copy number correlated with antimicrobial resistance 
gene content at low but not high ISL3 copy number (Extended Data 
Fig. 4a). Together, these data indicate that ISL3 copy number increases 
independently of its association with antimicrobial resistance genes.

Having identified E. faecium as the ESKAPEE pathogen with the high-
est IS density, we investigated sequence features and signatures of 
recent activity of the most common IS in E. faecium. ISL3 elements 
encoded the largest transposases of all high-copy IS elements in  
E. faecium, and they also had longer 5′ and 3′ flanking regions than the 
other IS elements with a DDE catalytic triad (Extended Data Fig. 4b,c). 
We reasoned that, for recently active, replicative IS elements, more 
transposase copies would exist from fewer sequence variants, reflecting 
limited time for divergence17; indeed, we found that ISL3 transposase 
nucleotide sequences were more conserved than those of other abun-
dant IS transposases (Extended Data Fig. 4d). The four most common 
variants alone, corresponding to ISEfa11, ISEfa5 and two unnamed 
ISL3 transposases, accounted for 70% of the total (14,176 of 20,289) 
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Fig. 1 | Survey of IS in ESKAPEE pathogen genomes reveals ISL3 family 
elements in E. faecium as the most abundant. a, Workflow for counting  
IS from publicly available pathogen data, either NCBI long-read assemblies 
(n = 10,867 passing quality control out of 15,035 long-read datasets) or NCBI 
complete genomes (n = 17,406 passing quality control out of 20,763 initial 
assemblies). b, From 28,273 genomes meeting quality control criteria, 19,485 
are ESKAPEE pathogen genomes (Enterobacter spp. (536), S. aureus (2,672), 

K. pneumoniae (4,627), A. baumannii (1,082), P. aeruginosa (1,399), E. coli 
(8,530) and E. faecium (639)). Total insertion sequence copy per genome 
normalized by genome assembly length are visualized as boxplots. Centre line, 
median; box, 25th to 75th percentiles; whiskers, 1.5× IQR; individual values 
outside 1.5× IQR are shown. c, Among 639 E. faecium genomes, mean (± s.d.) 
copy per IS family per genome with counts assigned to chromosome or plasmid 
contigs as classified by geNomad.
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ISL3 transposase copies in the dataset. Notably, IS1251—a previously 
described ISL3 element known for its integration in the vancomycin 
resistance-conferring vanA operon28—was less abundant (909 of 
20,289) (Extended Data Fig. 4c).

Together, these results provide a population-scale perspective on IS 
distributions in prominent healthcare-associated human pathogens. 
E. faecium is distinguished among the ESKAPEE taxa by the greatest 
IS burden and an enrichment of chromosomal ISL3 elements. The 
high proportion of identical ISL3 transposase copies suggests recent 
replicative activity and raises the possibility that ISL3 transposition 
may contribute dynamically to the ongoing adaptation of E. faecium 
in clinical settings.

ISL3 elements in Gram-positive pathogens
Previous studies proposed that mobile genetic elements, including 
replicative IS, drove the emergence of a subclade of E. faecium (clade A) 
enriched with pathogenic isolates from its commensal ancestor, Ente-
rococcus lactis (formerly clade B E. faecium, until 2022)23,24,29. Clade A 
is further separated into healthcare- (A1) and animal-associated (A2) 
subclades and, although one study24 noted enriched IS3, IS110 and 
IS256 in A1, it did not mention ISL3. From a collection of high-contiguity 
Enterococcus genomes (defined in Methods), we examined the phylo-
genetic distribution of ISL3 across 785 E. faecium genomes. Each was 
assigned to clade A1, A2 or E. lactis29 (Fig. 2a,b). As suspected, ISL3 was 
enriched in the healthcare-associated A1 clade (median: 44 copies per 
genome) compared with A2 (2 copies) and E. lactis (1 copy) (Fig. 2a,b). 
ISL3 copy number was high across diverse clinical E. faecium lineages, 
defined both by sequence type (ST) and genomic distance (Fig. 2a and 
Extended Data Fig. 2), with substantial variability even among closely 
related genomes (maximum 86 copies; interquartile range (IQR) 19–59), 
potentially consistent with ongoing ISL3 activity (Fig. 2a).

Non-faecium, non-faecalis (NFF) enterococci capable of human 
infection are of growing clinical concern26,30. To determine whether 
ISL3 abundance extends beyond E. faecium, we analysed 2,112 
high-contiguity Enterococcus genomes spanning 32 Enterococcus and 
outgroup taxa as defined by Lebreton and colleagues29, quantifying 
copy numbers of the six most abundant IS families found in E. faecium 
(Fig. 1c). ISL3 is also abundant in several NFF enterococci associated 
with human infection, including Enterococcus avium, Enterococcus raf-
finosus and Enterococcus durans30 (Fig. 2b). Extending this analysis to 
other Gram-positive pathogens revealed abundant ISL3 in several Strep-
tococcus and Staphylococcus species, including a subset of S. aureus 
(Fig. 2c). Additional species-level analyses and taxonomic context are 
provided in Supplementary Note 1.

Together, these results support a connection between ISL3 abun-
dance and pathogenic potential across several Gram-positive cocci 
species. As ISL3 abundance is not restricted taxonomically, this raises 
the hypothesis that independent acquisition and enrichment of ISL3 
elements in a clinical context has occurred among Gram-positive 
pathogens.

ISL3 expanded recently in E. faecium
Earlier reports of IS expansions in healthcare-associated E. faecium 
did not identify ISL3, perhaps because it is not particularly abun-
dant in the healthcare-associated clade reference genome isolated 
in 1998 (refs. 23,24,31). Therefore, we postulated that the high copy 
number (Fig. 1c) and sequence conservation of ISL3 (Extended Data 
Fig. 4d) might reflect a relatively recent expansion of these elements.

Highly contiguous genomes enable direct quantification of IS copy 
number, but are scarce for isolates collected before the 2010s. Thus, 
we developed an approach for estimating genomic IS copy number 
from short-read isolate sequencing data (Fig. 3a). We benchmarked the 
performance of our heuristic by generating both short- and long-read 

sequencing data from the same set of isolates (Fig. 3b and Extended 
Data Fig. 5a), and observed comparable performance in both E. faecium 
and E. faecalis (Extended Data Fig. 5b). We then estimated IS family copy 
per genome from 5,422 National Center for Biotechnology Information 
(NCBI) short-read E. faecium assemblies sampled from before 1990 
through 2025 (Fig. 3c and Extended Data Fig. 5c). Although IS256, IS30 
and IS3 were abundant in the earliest genomes, they remained relatively 
stable over time (Fig. 3c and Extended Data Fig. 5c). By contrast, ISL3 
elements increased from around 17 mean copies per genome in 1995 to 
around 35 per genome in 2025, with a peak of around 40 per genome in 
2020. Furthermore, IS200/IS605 increased over the sampling window 
from approximately five to approximately ten copies per genome.

Increased sampling of E. faecium lineages enriched for ISL3 could 
explain this observation. To address this possibility, we considered the 
prevalence of different lineages over time in the collection (Fig. 3d). 
For isolates before 2005, the most common STs were ST16, ST17 and 
ST18. After 2015, other lineages, including ST80 and ST117, became 
prominent. In ST17 and ST18, which are relatively common in both 
early (pre-2005) and recent (post-2015) time periods, we found ISL3 
counts were substantially higher in recent (post-2015) samples com-
pared with early (pre-2005) samples in both ST17 (median Δ = +26.3; 
two-sided Mann–Whitney P = 2.1 × 10−26) and ST18 (+31.7, P = 1.5 × 10−10). 
Furthermore, high ISL3 abundance was observed across the prevalent 
post-2015 lineages (Fig. 3e). These findings demonstrate ISL3 has pro-
liferated in healthcare-associated E. faecium populations over the last 
several decades.

To assess whether similar IS expansions have occurred in other 
organisms, we applied our approach to Staphylococcus epidermidis, 
another species for which IS element proliferation has played a role in  
adaptation of hospital clades (ST2, ST5 and ST23) from low-virulence 
commensals to pathogens32,33. Among 1,604 non-skin-associated S. epi-
dermidis genomes, we find trends of increasing IS1182, decreasing 
IS256 and clade-specific IS copy number changes over time (Extended 
Data Fig. 6).

Extensive ISL3 structural variation
Longitudinal studies of E. faecium isolates collected from individual 
patients have measured IS transposition activity34,35. However, the 
broader landscape of IS-driven genome plasticity in a present-day 
endemic hospital lineage has not been explored. To address this gap 
and investigate how ISL3 might underpin the success of E. faecium in 
contemporary clinical settings, we sought to determine (1) the extent of 
short-term structural variation in a single-hospital lineage of E. faecium 
and (2) whether ISL3 activity contributes to any observed variation.

Highly contiguous and minimally divergent genomes facilitate the 
accurate detection of structural variation. Therefore, we collected every 
bloodstream isolate of E. faecium (n = 109) from Stanford Health Care 
(SHC) in 2021 and 2023, performed long-read sequencing, assembled 
complete or near-complete genomes (n = 100), and identified clusters 
of highly related genomes (Fig. 4a). Consistent with epidemiologi-
cal studies from other institutions36–38, a dominant lineage, ST117 was 
present (66 of 100; Fig. 4b).

We also employed the same approach for E. faecalis (n = 166)—a spe-
cies with reported IS expansion19,20, similar genome size and infection 
burden at the same hospital (Fig. 4a). We identified an ST179 cluster 
of 44 E. faecalis (Fig. 4e). The recombination-filtered core genome 
divergence of the ST179 E. faecalis and ST117 E. faecium clusters are 
comparable (about 0.0009 and about 0.0005 substitutions per core 
genome-aligned position, respectively), indicating a slightly higher 
total evolutionary distance for the E. faecalis cluster (Extended Data 
Fig. 7). Therefore, the relative importance of recent structural variation 
between these pathogens can be compared meaningfully.

In the E. faecium ST117 and E. faecalis ST179 clusters, we meas-
ured recent IS activity by employing a reference-free, gene-agnostic 
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approach based on that described by Molari and colleagues39 (Fig. 4a). 
In the ST117 cluster, we identified 245 structurally variable loci (Fig. 4c,d 
and Supplementary Table 4). IS insertions accounted for 67% of these 
‘junctions’, with ISL3 predominating (Fig. 4c,d). By contrast, the ST179 
E. faecalis cluster had fewer structurally variable loci (n = 77) and 
fewer IS-mediated structural variations (Fig. 4f,g and Supplementary 
Table 4). This is consistent with a relatively prominent role for recent 
IS activity in the ongoing evolution of E. faecium. This analysis also 

identifies low-activity IS elements in E. faecium. Although the combined 
abundance of IS30, IS256, IS3 and IS110 elements exceeds that of ISL3 
(Fig. 1c), ISL3 elements account for twice as many recent variants as the 
other four combined (100 and 50, respectively; Fig. 4h).

As genome reductive effects of IS expansion have been observed 
repeatedly in other species8,9,40, we next investigated whether active 
ISL3 variants might cause insertional disruptions. Among 100 dis-
tinct ISL3 insertions observed within ST117, only 11 disrupted open 
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high-contiguity Enterococcus collection displayed across a core pangenome 
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typing for six common STs, are labelled. Genomes defined by our approach as 
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outgroups from Lebreton and colleagues29. C, Carnobacterium; E, Enterococcus; 
M, Melissococcus; T, Tetragenococcus; V, Vagococcus. Heatmap values are the 
mean IS copy per genome among all genomes assigned to a representative. 
Enterococcus species are classified as ‘human-infectious’ and coloured red  
if they were identified to cause at least one bloodstream infection per year  
in the 10-year Australian Enterococcus Surveillance Outcome Program30.  
c, Distribution of ISL3 elements per genome-Mb across surveyed genomes 
from NCBI complete and NCBI long-read datasets for each species, separated 
by genus, are shown as boxplots. Centre line, median; box, 25th to 75th 
percentiles; whiskers, 1.5× IQR; individual values outside 1.5× IQR are shown. 
Note, this does not include the SHC long-read Enterococcus isolates or 
representative Enterococcus included in a and b.
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reading frames (ORFs)—a markedly lower proportion than for other 
common IS families (Fig. 4h). Instead, ISL3 elements inserted fre-
quently into intergenic regions, typically on the opposite strand of 
and near the downstream gene (Fig. 4i). These findings highlight the 
striking genome plasticity mediated by active ISL3 transposition 
taking place over a few years in a single hospital-endemic E. faecium  
lineage.

ISL3 insertion drives folate scavenging
E. faecium can colonize and dominate the gastrointestinal tract when 
the microbiome ‘collapses’ in people undergoing HCT41, which often 
precedes bloodstream infections42. Previous studies have reported 
SNVs in E. faecium during intestinal domination and the transition to 
bloodstream infection5,43, whereas the impact of IS-mediated struc-
tural variation has not been evaluated clearly in vivo. Replicative ISL3 

activity might induce structural variation in E. faecium. To investigate 
this hypothesis, we performed longitudinal long-read metagenomics 
on a set of stool samples from patients (34 samples; 14 patients) who 
underwent HCT at Stanford Hospital44,45, with evidence of E. faecium 
domination at several time points (at least two samples, greater than 
10% relative abundance; Extended Data Fig. 8). Direct metagenomic 
sequencing from stool avoided culture bottlenecks and recovered an 
E. faecium chromosomal contig in 28 of 31 samples that passed quality 
filtering (Extended Data Figs. 8 and 9). By comparing the reads from 
each sample with their own de novo assembly, we detected evidence 
of within-sample E. faecium structural heterogeneity in 27 of 28 stool 
samples with a chromosomal contig (Extended Data Fig. 9f). Additional 
metagenomic sequencing statistics and epidemiological analyses 
are described in Supplementary Note 2 and Supplementary Table 5. 
Next, we searched for IS variants that increased in frequency over 
time within individual E. faecium populations. In those patients with 
confirmed longitudinal strain identity (11 of 12 patients; Extended 
Data Fig. 9g), structural variants were called using reads from each 
time point aligned to the earliest metagenomic assembly. IS variants 
were dynamic in 7 of 11 cases (Extended Data Fig. 9h and Supplemen-
tary Table 6). In p11568—an individual patient who had undergone 
allogeneic HCT for treatment of acute myeloid leukaemia—two ISL3 
insertions reached high frequency by the final time point.

We further examined the ISL3 structural variants of E. faecium in 
four longitudinal, E. faecium-dominated stool samples (t1–t4, cor-
responding to day −2, 12, 19 and 26 relative to transplant, day 0). Two 
variants emerged in this time frame: a 1,493-bp ISL3 variant inserted 
42 bp upstream of and co-oriented with a folate transporter gene (folT) 
(Fig. 5a–c), and another disrupted agrC (Extended Data Fig. 10b–d). Nei-
ther variant was detectable in t1 but both neared fixation by t4 (Fig. 5a 
and Extended Data Fig. 10b–d).

To investigate whether the folT-adjacent ISL3 regulates the expres-
sion of folT, we isolated E. faecium from the t1 and t4 stool samples. 
The t1 and t4 isolates were found to be nearly identical (no SNVs or 
indels), differing only by the position of the two additional ISL3 ele-
ments as described above and a putative plasmid present only in t4. 
RNA sequencing (RNA-seq) demonstrated that folT was the most 
upregulated gene in t4 relative to t1 (Fig. 5b, Supplementary Table 7 
and Extended Data Fig. 10a). Furthermore, the disrupted agr operon was 
silenced in t4 (Extended Data Fig. 10). The ISL3 insertion upstream of the 
folT locus did not disrupt the native −10 promoter sequence (Pribnow 
box; Fig. 5c), but did donate a ‘perfect’ −35 sequence (5′-TTGACA-3′), 
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replacing the native −35 sequence (5′-ATGACA-3′) and the surround-
ing sequence context (Fig. 5c). These findings demonstrate this ISL3 
element carries a 3′-outwardly directed −35 promoter sequence that 
can drive expression when positioned correctly upstream of a Pribnow 
box and transcriptional start site.

Healthcare-associated E. faecium is clinically resistant to antifolate 
antibiotics such as trimethoprim through the uptake of exogenous 
folates46. We wondered whether the increased expression of folT, which 
encodes the substrate-specific component of an energy-coupling factor 
folate transport complex47, might have been selected for by treatment 
with antifolate medications. However, patient 11568 was not exposed to 
methotrexate or trimethoprim-sulfamethoxazole (TMP-SMX) during 
the time frame of our sampling (Fig. 5d). Therefore, we reasoned that 

increased folT expression had some other adaptive benefit, such as 
enhancing growth of E. faecium—a known folate auxotroph48—in the set-
ting of limited folate in the gut. To test whether higher folT expression 
in the t4 isolate confers a fitness advantage over t1 under folate-limiting 
conditions, we measured in vitro growth during TMP-SMX treatment 
and evaluated whether exogenous folate in the medium differentially 
rescues antifolate toxicity (Fig. 5e,f and Extended Data Fig. 10e,f). 
Indeed, the t4 isolate had a marked growth advantage over t1 at all 
drug concentrations tested (Fig. 5e). This difference was abrogated 
when the medium was supplemented with folinic acid (a synthetic 
folate), which bypasses antifolate toxicity (Extended Data Fig. 10e,f). 
Conversely, we observed that folic acid supplementation increased 
drug susceptibility in both isolates and particularly in t4, probably 
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due to more rapid accumulation of non-productive folate intermedi-
ates49 (Fig. 5f). Together, these findings indicate that ISL3-mediated 
increased expression of folT enhances the ability of p11568 t4 
E. faecium to scavenge folate metabolites from the environment, 
conferring a fitness advantage over p11568 t1 under folate-limiting  
conditions.

Although a variant such as the folT-ISL3 variant observed here 
may reach high frequency in an individual strain due to genetic drift, 
observing it repeatedly in distinct strains and/or as several distinct 

genotypes provides compelling evidence for selection. To determine 
whether several such independent ISL3 insertions have occurred, 
we investigated the neighbourhood of the folT locus. Returning to 
a global collection, ISL3 was present directly adjacent to folT in 50 
of the 687 high-contiguity E. faecium genomes with a folT annota-
tion, suggesting that the folT locus might be an insertional hotspot 
(Fig. 5g and Supplementary Table 8). In five of these, as in the p11568 
t4 E. faecium genome, an ISL3 element was positioned upstream of, 
and co-oriented with, folT. These ISL3→folT variants were found in 
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bloodstream infection and HCT patient gut samples from the Neth-
erlands, Germany and South Korea. As these insertions occurred in 
distinct phylogenetic lineages and involved different ISL3 sequence 
variants, they probably represent independent evolutionary events. 
Given their global spread, these variants implicate folate scavenging 
as an important function under selection in some patients. Several 
other genes not explored in detail here—including rhgT—a gene pre-
dicted to be involved in pectin metabolism—have frequent proximal 
ISL3 insertions and warrant further exploration (Supplementary  
Table 8).

Discussion
Bacterial pathogens are under incredible pressure to evolve and adapt, 
and IS movement and expansion are prominent mechanisms by which 
rapid evolution can occur. Here we report the recent replicative ISL3 
expansion in healthcare-associated E. faecium. Long-read metagenomic 
studies showed several (up to six) ‘IS variant strains’ in a single gut 
microbiome. This enables direct evaluation of the natural population of 
E. faecium in the clinical environment, without the bottlenecking effect 
of isolation and culture. Finally, we demonstrate ongoing, extensive 
structural variation mediated by ISL3 elements, and find that these 
variants can alter gene transcription, driving the expression of genes 
such as folT, which contributes to improved competitive fitness. Open 
questions remain, including how generalizable the ISL3 expansion 
phenomenon is, the mechanism of ISL3 expansion, the driving forces 
that led to the dominance of ISL3-replete organisms and the potential 
downstream consequences of expanded copies of repetitive elements 
on the genome.

Although E. faecium is particularly enriched for ISL3, these ele-
ments are not strictly taxonomy bound; they are present in various 
Bacilli, such as other enterococci, streptococci and staphylococci. 
However, in those organisms, ISL3 copy number is generally much 
lower than in E. faecium, except in very specific strains of other Bacilli. 
ISL3 is also present in Gram-negative organisms50, and is abundant in 
Bordetella holmesii. Previously described mechanisms that control IS 
copy number include both sequence-level variation in transposases2, 
host-encoded defence systems that constrain mobile elements51 and 
linkage with other elements under strong selection52. The documented 
loss of CRISPR–Cas and restriction–modification pathways during 
the emergence of healthcare-associated E. faecium may have created 
a permissive backdrop for ISL3 amplification51.

The exact mechanism that has driven the recent expansion of ISL3 
in the past 30 years is as yet unclear. Other abundant IS elements in 
healthcare-associated E. faecium, such as IS25623, have been at high 
but stable copy number for the past several decades. ISL3 copy num-
ber might have increased due to the emergence or introduction of a 
hyperactive variant of ISL3. Furthermore, selective fitness benefits may 
arise when the outwardly directed promoter region of ISL3 upregulates 
genes that confer adaptive traits, such as enhanced folate scavenging 
or pectin metabolism. Consistent with this, previous work has dem-
onstrated examples of outwardly directed promoter elements on IS  
that can drive transcription of neighbouring genes and adaptive fit-
ness benefits such as antibiotic resistance2,15. Finally, insertion into 
intergenic regions might reflect tropism to AT-rich regions or may 
be due to the fact that such insertions are less likely to impact fitness 
negatively2,17.

Another consequence of having many identical elements within a 
genome is recombination between the elements, which can result in 
deletion of regions of the genome. This has been described previously 
with expansion of an IS element followed by genome reduction, for 
example, in Bordetella pertussis9, Yersinia pestis40 and in the evolution of 
E. coli into Shigella lineages8. In these cases, genome reduction contrib-
uted to a narrower host range, and a more pathogenic lineage with a tre-
mendous impact on human society. For example, Shigella, unlike E. coli, 

has no known reservoirs outside of humans. The notion that E. faecium 
may be following a similar path toward hospital specialization through 
ISL3 expansion and subsequent genome reduction53 is supported by the 
observation that healthcare-associated strains are restricted mainly to 
critically ill patients and have limited prevalence in healthy gut micro-
biomes41. Future, more focused, investigations into whether this type 
of genome reduction is occurring in healthcare-associated E. faecium 
lineages will inform our understanding of additional consequences 
of ISL3 expansion.

Our work has several limitations. First, the isolate datasets we com-
piled probably underestimate the population dynamics of transposable 
elements due to genetic bottlenecks in the isolation process, collapsing 
of population heterogeneity during assembly, the non-randomness of 
sampling and the relative paucity of older samples. Second, although 
we find extensive evidence of IS-mediated structural variation in 
the SHC hospital-endemic ST117 lineage, our analysis was limited to 
bloodstream infection isolates. We did not sample hospital surfaces 
or patient guts—the main reservoirs of E. faecium in the hospital. Third, 
we analysed chromosomal structural variants; future studies will be 
required to assess plasmids, which are often enriched in transposable 
elements52,54 and are important mediators of E. faecium pathogenicity55. 
Finally, our study design does not allow us to differentiate definitively 
active transposition on clinical time scales from selection on standing 
variation in the community.

In conclusion, ISL3 is a contemporary evolutionary force in hospital- 
associated E. faecium, and IS elements probably play a larger role in the 
evolution of pathogens than has been appreciated previously. Using 
both isolate and metagenomic datasets, we demonstrate how bacterial 
pathogens leverage mobile genetic elements to swiftly respond to the 
intense selective pressures of clinical settings. These findings advance 
our knowledge of bacterial evolution and may contribute to new, effec-
tive strategies for combating the rising threat of healthcare-associated 
infections through regulation of IS elements. Future studies that meas-
ure the types and consequences of integrated mobile genetic elements 
in large-scale datasets, as well as efforts to understand what regulates IS 
element activity and the long-term consequences of IS expansion, will 
improve our understanding of how these elements shape the evolution 
of clinically relevant phenotypes in pathogens.
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Methods

Bacterial genomic datasets compiled for this study
Several bacterial genomic datasets were compiled for this study, and 
different selections of these datasets were used, as appropriate, for 
the analyses described herein. We refer to these datasets as: ‘NCBI 
complete genomes’, ‘NCBI long-read assemblies’, ‘NCBI short-read 
E. faecium assemblies’, ‘SHC long-read Enterococcus isolates’ and 
‘SHC long-read metagenomes’. We also define the ‘high-contiguity 
Enterococcus genomes’, which consist of Enterococcus genomes from  
(1) NCBI complete genomes, (2) NCBI long-read assemblies, and  
(3) SHC long-read Enterococcus isolates. Datasets were combined with-
out deduplication.

To aid readers in interpreting our manuscript and for transpar-
ency, Supplementary Table 1 contains (1) a detailed description of 
bacterial genomic datasets compiled for this study, (2) descriptions  
of any additional filtering for specific analyses, and (3) a description 
of how these datasets are used in each main figure and Extended  
Data figure.

NCBI long-read assemblies: long-read dataset curation, 
preprocessing, assembly and quality control
Candidate isolate long-read sequencing datasets were identified 
on NCBI with the following search criteria on 29 February 2024: 
((((Enterococcus[Organism]) OR (Staphylococcus[Organism] OR (Kleb-
siella [Organism]) OR (Acinetobacter [Organism]) OR (Pseudomonas 
[Organism]) OR (Enterobacter [Organism]) OR (Escherichia [Organ-
ism]) OR (Salmonella[Organism]) OR (Streptococcus[Organism])) AND 
‘oxford nanopore’[Platform])). Datasets for Shigella and Bordetella 
were queried separately on 28 October 2024 in the same way. Metadata 
for these accessions was downloaded with the Sequence Read Archive 
(SRA) Run Selector interface. Datasets with less than 50 Mb of total 
sequencing or less than 2 kb average read length were not included for 
further analysis. Raw reads were downloaded using SRA tools prefetch 
and fasterq-dump, and assembled with flye56 (v.2.9) using the --nano-
raw method. Genome taxonomy was verified with GTDB-Tk57 (v.2.4) 
with database release v.220.

Assemblies were then filtered for appropriate contiguity (≤20 con-
tigs), genome size (±2 s.d. per genus), coverage (≥40×) and with iden-
tified species-level taxonomy. We excluded the GTDB-Tk taxonomy 
result for the Shigella datasets because the GTDB-Tk database does not 
include Shigella genomes and thus cannot classify them beyond E. coli. 
Finally, we filtered the set of genomes to include only species with more 
than ten samples in this and the NCBI complete genomes (see ‘NCBI 
complete genomes’ below) combined. The final set of genomes with 
assembly and taxonomy information is available in Supplementary 
Table 2. We refer to this dataset in the manuscript as NCBI long-read 
assemblies. Relevant source code and data can be found in our reposi-
tory (‘Code Availability’).

NCBI complete genomes
The NCBI command line tool ncbi-datasets-cli (v.16.22.1)58 was used to 
download all available NCBI genomes with the ‘complete’ assembly level 
from the following taxa on 3 July 2024: Enterobacter, Staphylococcus, 
Klebsiella, Acinetobacter, Pseudomonas, Enterococcus, Escherichia, 
Salmonella, Streptococcus, Shigella and Bordetella. For example, the 
following command was used to download Enterococcus assemblies: 
datasets download genome taxon enterococcus --assembly-level com-
plete --include genome,gff3 --dehydrated --filename enterococcus.zip. 
Note, this command collects a reference to the relevant genomic data. 
Data must be downloaded using the ‘rehydrate’ command. After rehy-
drating, duplicate assemblies were removed, preferring the RefSeq over 
GenBank as the source database. Assemblies were then filtered accord-
ing to the same contiguity, size, coverage and sample count thresholds 
as above, and the final set is likewise available in Supplementary Table 2. 

We refer to this dataset in the manuscript as NCBI complete genomes. 
Relevant source code and data can be found in our repository (‘Code 
Availability’).

SHC long-read Enterococcus isolates: collection and sequencing
A total of 279 bloodstream infection isolates identified by biotyping 
with a MALDI-TOF based Bruker Biotyper as E. faecalis (n = 170) or 
E. faecium (n = 109) by the Stanford Health Care Clinical Microbiol-
ogy Laboratory between the periods 1 October 2020 to 31 December 
2021 and 1 January 2023 to 31 December 2023 were collected under 
a protocol approved by the Stanford University Institutional Review 
Board (Protocol no. 64591; Principal Investigator: A. Bhatt, Commit-
tee IRB-61). Informed consent was obtained from all human research 
participants. An additional eight isolates collected in 2024 identi-
fied as atypical Enterococcus as above were stored as glycerol stocks. 
Metadata, including date, site of collection and relevant patient 
information, were extracted. Each isolate was cultured aerobically 
for approximately 16 h with shaking at 37 °C in 3 ml Brain Heart Infu-
sion (BHI) broth (Sigma-Aldrich). Then, a 1:100 subculture into 10 ml 
BHI broth was prepared. Subcultures were allowed to reach an OD of 
approximately 1.0. The subculture was centrifuged at 3,000g for 10 min 
at room temperature, resuspended in PBS, then centrifuged again. 
The PBS was poured off and the subsequent pellet was resuspended 
in 1 ml 1× Zymo DNA/RNA Shield (Zymo, catalogue no. R1100-250) and 
shipped to Plasmidsaurus for Oxford Nanopore Technologies (ONT) 
‘Standard Bacterial Genome with DNA extraction’ sequencing. After 
inspection of the assemblies, one E. faecium isolate (EF_B_40) was 
mischaracterized as E. faecalis and one E. faecalis isolate (FM_B_40) 
was mischaracterized as E. faecium, on the basis of biotyping. Of the 
170 E. faecalis isolates, 167 were confirmed as E. faecalis. Of the 109 
E. faecium isolates, 107 were confirmed as E. faecium with standard 
quality control performed by Plasmidsaurus. Finally, assemblies were 
filtered according to the same contiguity and coverage thresholds as 
above, resulting in 166 E. faecalis and 100 E. faecium genomes, respec-
tively. We refer to this dataset in the manuscript as SHC long-read 
Enterococcus isolates.

IS counting
ISEScan59 (v1.7.2.3) was run with default parameters. Each resulting 
{sample}.csv file was used to count IS elements per sample, per contig 
and per IS family. Summary results from NCBI long-read assemblies and 
NCBI complete genomes are included in Supplementary Table 2, and 
summary results from SHC long-read Enterococcus isolates (E. faecium 
and atypical Enterococcus) are included in Supplementary Table 3.

Assembly annotation
Genomes were annotated with Bakta60 (v.1.9.1–v.1.10.3) using database 
v.5.1 with the following flags --skip-tmrna --skip-ncrna --skip-ncrna-region 
--skip-crispr --skip-sorf --skip-gap --keep-contig-headers. Output files, 
including .ffn, .faa and .gff3, were used for subsequent analyses.

Determination of IS flanking regions and boundaries
To investigate the sequence features of high-copy IS elements in E. fae-
cium we used custom scripts to identify the IS ends, yielding trans-
posase flanking and boundary regions. From the analysis described in 
the preceding sections, we identified 17 IS transposases with at least 
one copy per genome on average. Of these, we exclude the three IS3 
family sequences as they are annotated as two coding sequences (CDSs) 
(orfA/B). The resulting 14 sequences comprise 30,847 copies across 
the 593 E. faecium genomes surveyed. In brief, we extracted 500 bp of 
flanking sequence on either side of the transposase CDS. For a given 
transposase variant, as their CDS is identical, we expect the IS flanks 
to be highly conserved. However, as we are considering variants from 
many similar genomes, we must account for identity by descent where 
sequence context beyond the true IS boundary is repeated. Therefore, 



we first deduplicate the flanking sequence. Then, per transposase vari-
ant, a multiple sequence alignment was generated for the set of dedu-
plicated flanks with MAFFT61 (v.7.526). After collapsing positions whose 
consensus is ‘GAP’ (representing low-frequency insertions), per base 
entropy was calculated as bits (log2-scale) with scores approaching 0 
representing highly conserved sites. The flank is determined as the 
(longest) region of continuous low entropy (<0.5), exempting short 
(≤3 bp) high-entropy segments representing SNVs or short indels. 
Sequence information for these IS, including their consensus flank 
lengths, is displayed in Extended Data Fig. 4c. Relevant source code 
can be found in our repository (‘Code Availability’).

Multiple sequence alignment of IS transposase ORFs
Transposase protein sequences from the most common IS elements 
in E. faecium (Fig. 1c) were aligned using MAFFT (v.7.526) with default 
parameters. This excludes IS3 elements as they are not encoded as sin-
gle ORFs. A maximum-likelihood phylogeny was inferred with IQ-TREE2 
(ref. 62) (v.2.2.0) under the VT+F+G4 substitution model, selected 
according to the Bayesian information criterion, with 1,000 ultrafast 
bootstrap replicates. Branch lengths represent the expected number 
of amino acid substitutions per site. The resulting tree was visualized 
with the R package ggtree (v.3.10.1).

Frequency and distribution of IS transposase variants in  
E. faecium
For the identification of unique IS transposase ORF variants and quanti-
fication of their frequencies in E. faecium, we analysed the 593 E. faecium 
genomes from NCBI complete genomes and SHC Enterococcus isolates. 
We excluded the NCBI long-read assemblies from this analysis because 
only 5 out of 174 datasets (Extended Data Fig. 1) were sequenced with 
the more recent R10.4.1 nanopore chemistry. Earlier-generation ONT 
data are known to exhibit higher rates of homopolymer errors63, which 
do not notably hamper hidden-Markov-model-based approaches such 
as ISEScan but would complicate accurate counting of exact copies of 
transposase nucleotide sequences.

Genome annotations were performed using Bakta, and the resulting 
GFF files were used to extract all CDS features longer than 500 nucleo-
tides and labelled as ‘transposase’. These were then consolidated into 
a non-redundant transposase database, enabling us to quantify the 
frequency of each unique transposase nucleotide sequence across the 
dataset. We identified the six most abundant IS transposase families—
ISL3, IS30, IS256, IS6, IS3 and IS110—and visualized their distribution 
(Extended Data Fig. 4d). Relevant source code can be found in our 
repository (‘Code Availability’).

geNomad prediction of plasmid contigs
To predict whether a contig is probably from a chromosome or plasmid, 
we used geNomad64 (v.1.8.0, v.1.6 DB) with the end-to-end workflow. 
Contigs predicted as chromosomal with a score of >0.6 were included in 
analyses as chromosomes. Contigs predicted as a plasmid with a score 
of >0.7 were included in analyses as plasmid. Contigs not reaching those 
thresholds were considered undetermined and excluded from analy-
ses where plasmid predictions were necessary (Fig. 1c and Extended 
Data Fig. 3). Information about the number of contigs reaching these 
thresholds for each genome from the NCBI complete genomes and 
NCBI long-read assemblies are included in Supplementary Table 2 and 
are visualized in Extended Data Fig. 3i.

IS counts among ESKAPEE lineages
To control for the possibility that certain lineages drive species-level 
results in Fig. 1b, IS counts were measured among ESKAPEE taxa lin-
eages. All pairwise genomic distances were calculated within each 
ESKAPEE taxon using Mash65 (v.2.3) with 100,000 (-s), length 21 k-mer 
(-k) sketches. Genomes were then grouped into clusters defined by 
<0.01 pairwise distance across all members (Extended Data Fig. 2).

IS expansion in enterococci
Genomes from the high-contiguity Enterococcus collection and the 32 
reference genomes described by Lebreton and colleagues29 (2,134 in 
total) were classified phylogenetically with de_novo_wf from GTDB-Tk 
v.2.4.0, Release 220. Following Lebreton and colleagues29, the term 
g__Vagococcus was used to define the outgroup. A table summariz-
ing the IS counts as defined by ISEScan for each genome, as well as 
the Newick and tree.dist files output by de_novo_wf were processed 
with custom scripts. In addition to four genomes being excluded by 
GTDB-Tk, genomes were assigned to a representative by the mini-
mum phylogenetic distance. A total of 18 genomes were excluded for  
having a minimum distance >0.01, yielding 2,112 assigned genomes. IS 
counts per family were summarized for each set of genomes assigned 
to a given representative. In total, 785 genomes were assigned to the 
representatives EnGen0015, Aus0004 and EnGen0043, defined as 
E. lactis, clade A1 (healthcare-associated) and clade A2, respectively. 
To visualize counts per IS family across enterococci (Fig. 2b), the mean 
count of each IS family for the 32 sets of genomes was calculated and 
a file containing these values was uploaded to iToL66. For better visu-
alization of Enterococcus, Lactococcus garvieae was excluded from the 
tree. Relevant source code and data can be found in our repository 
(‘Code Availability’).

ISL3 counts across E. faecium lineages
To investigate whether certain lineages of E. faecium were enriched 
for ISL3 copy, ISL3 copy was associated with a phylogenetic tree of all 
E. faecium genomes from the high-contiguity Enterococcus collection. 
In brief, a pangenome was generated with panaroo67 (v.1.5.2, --core_
threshold 0.99). The resulting core genome alignment was input into 
iqtree2 (v.2.2.0) to build a phylogenetic tree using a GTR+G substitu-
tion model and 1,000 bootstraps. The maximum-likelihood tree was 
visualized in iToL. The tree was midpoint rooted between E. lactis and 
clades A1 and A2. For each of the 785 genomes, ISL3 copy number as 
measured previously by ISEScan was uploaded to iToL. Furthermore, 
we assigned STs with multi-locus sequence typing (MLST)68 (v.2.23.0; 
available at https://github.com/tseemann/mlst) to each genome using 
the scheme efaecium. Clade information was uploaded to iToL. In addi-
tion to E. lactis and clade A2 E. faecium, common STs (17, 18, 80, 117, 203 
and 1,421) were also visualized.

Correlation of antibiotic resistance and IS copy in E. faecium
To predict antibiotic resistance genes (ARGs), AMRFinder69 (v.4.0.23, 
DB 2025-07-16.1) was run on 785 E. faecium genomes from the 
high-contiguity Enterococcus collection with additional parameters 
-plus and -organism ‘Enterococcus faecium’. Hits were dedupli-
cated by selecting the highest identity per ORF coordinate. Then, 
unique ARGs per genome were counted. ARGs were then related 
to IS counts per genome; 65 genomes predicted to be E. lactis as 
defined above in ‘IS expansion in enterococci’ were considered a sin-
gle ‘Non-clade A1/A2’ category. The remaining 720 predicted clade 
A1/A2 genomes were converted into a categorical variable on the 
basis of IS copy, for each of the six most common IS families as in 
Extended Data Fig. 4d. The genomes were separated into quintiles, 
with the lowest quintile as Q1 (fewest IS) and the highest quintile as  
Q5 (most IS).

Defining human-infectious NFF Enterococcus
NFF Enterococcus causing human infection were based on the  
Australian Enterococcus Surveillance Outcome Program30. During the 
10 years from 2013 to 2022, 11,681 Enterococcal bacteremia isolates 
were collected and identified. Any Enterococcus species responsible 
for at least ten bacteremia isolates (average of one per year) in that 
collection is considered here as human-infectious. These species are 
E. faecalis (6,319), E. faecium (4,712), E. casseliflavus (198), E. gallinarum 

https://github.com/tseemann/mlst
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(166), E. avium (107), E. raffinosus (60), E. hirae (45), E. lactis (29) and 
E. durans (27).

NCBI short-read E. faecium assemblies: curation of isolate datasets 
for ISL3 expansion timeline
A list of accessions was obtained by querying the NCBI e-utilities 
application programming interface, resulting in a set of 21,376 
Illumina-sequenced E. faecium genomic whole-genome sequenc-
ing data with available collection year. This set of accessions was 
filtered to paired-end data with at least around 20× estimated cover-
age and then downsampled to ≤500 samples per year, resulting in a 
final set of 6,747 samples. Next, we ran custom Nextflow70 pipelines 
to process the samples. In brief, raw reads were downloaded, dedu-
plicated, trimmed, coverage-filtered/downsampled (20–150×) and 
assembled, and then FastANI71 (versus clade A1 [Aus0004], clade A2 
[EnGen0015] and E. lactis [EnGen0043] references) and CheckM2 
(ref. 72) were run on each assembly. Finally, assemblies were fil-
tered: (1) FastANI closest reference = A1, min_dist ≤ 0.015 and ≥97% 
average nucleotide identity (ANI); (2) genome size within µ ± 2 s.d.;  
(3) CheckM2 ≥ 99% completeness and ≤5% contamination; (4) contig 
N50 ≥ 25 kb. This resulted in 5,422 final short-read assemblies; we refer 
to this dataset in the manuscript as NCBI short-read E. faecium assem-
blies. Relevant source code and data can be found in our repository  
(‘Code Availability’).

NCBI short-read S. epidermidis assemblies: curation of isolate 
datasets for IS expansion timeline
As with E. faecium, a list of accessions was obtained querying the NCBI 
e-utilities application programming interface, resulting in the set 
of 5,938 Illumina-sequenced S. epidermidis genomic whole-genome 
sequencing data with available collection year. To enrich for hospital- 
adapted isolates and avoid the potential confounding influence of 
skin commensals, we excluded isolates with sampling metadata indi-
cating superficial body sites (for example ‘skin’, ‘scalp’, ‘hand’, ‘ear’). 
We also required ≥99% ANI to the S. epidermidis RefSeq reference 
(GCF_006094375.1) and applied additional quality control thres
holds analogous to those in our E. faecium analysis. This resulted in 
1,604 final short-read assemblies after applying all filtering steps. 
Relevant source code and data can be found in our repository (‘Code 
Availability’).

Coverage-based IS count estimates in short-read data
To quantify IS abundance in these short-read assemblies, we first  
annotated IS present on individual contigs with ISEScan. Contigs 
shorter than (600 × number of predicted IS on the contig) were not 
counted to ensure contigs that are putatively only part of an IS are not 
counted. This limits the inclusion of noisy coverage data from very 
short contigs, as well as the possibility of double counting fragmented 
IS elements. This probably also leads to conservative estimates of IS 
count, which we prefer to the alternative. For each assembly, chro-
mosomal coverage was approximated as the length-weighted median 
coverage of contigs exceeding 5 kb in length. We then calculated a 
relative coverage for each contig by dividing the contig coverage by the 
chromosomal coverage. The number of IS copies on each contig was 
multiplied by its estimated coverage, and these values were summed 
subsequently across all included contigs to obtain the final per family 
IS count per assembly.

To ensure our IS counting heuristic from fragmented assemblies 
was appropriate, especially to avoid differential bias towards certain 
IS families, we benchmarked our approach against highly contiguous 
genome IS counts. We generated paired short- and long-read data for 
117 samples (37 E. faecium; 80 E. faecalis) from our SHC collection and 
compared IS counts per family and per species (Fig. 3b and Extended 
Data Fig. 5). These results show that our IS counting heuristic is reason-
ably accurate across IS families and that this is not specific to E. faecium. 

The results also highlight the following caveats of the heuristic: (1) it 
tends towards being slightly conservative (due partially to ignoring 
short noisy contigs); (2) it is less precise, although not less accurate, 
for higher-copy IS families and (3) it does not perform as well for IS6, 
which tends to be plasmid-borne (Fig. 3b). This result is not surpris-
ing because of the greater difficulty in resolving repetitive/plasmid 
sequences in short-read data. As a result, we do not include analyses 
of IS6 elements from short-read-based assemblies.

To control for the possibility changing IS abundance over time could 
be explained by recent isolates being disproportionately clinical in 
origin, whereas older isolates might derive from nonclinical sources, we 
evaluated several IS families. Healthcare-associated E. faecium strains 
were reported previously to be enriched for IS256, IS30 and IS3 family 
elements. Consequently, if this kind of sampling bias were driving our 
findings, we would expect all IS families associated with clinical strains 
to follow the same temporal pattern (that is, low in older and high in 
more recent samples).

Relevant source code and data can be found in our repository (‘Code 
Availability’).

Trendline of IS copy number over time
To discern whether there is a general trend in changing IS copy num-
ber over time (raw data shown in Extended Data Fig. 5), while limiting 
short-term fluctuations, we computed the average genomic IS copy 
number per year over a 5-year sliding window (95% confidence interval, 
mean ± t × s.e.), and plotted a trendline using locally weighted scatter-
plot smoothing (LOWESS) (smoothing fraction 0.25). Relevant source 
code can be found in our repository (‘Code Availability’).

PopPUNK clustering of E. faecalis and E. faecium genomes for 
PanGraph input
To characterize structural variation among a set of nearly clonal 
genomes, we returned to the SHC long-read Enterococcus isolates as 
described above. With PopPUNK73 (v.2.6.7), we clustered 722 E. faecium 
genomes from the high-contiguity Enterococcus collection with the v.2 
full E. faecium PopPUNK database downloaded from https://ftp.ebi.
ac.uk/pub/databases/pp_dbs/Enterococcus_faecium_v2_full.tar.bz2. 
These genomes are the 720 clade A genomes as in Fig. 2a, with FM003 
and FM057 included. They were excluded previously for coverage lower 
than our 40× threshold (39× and 31×). We chose to include them here 
because they are both single-contig chromosomal assemblies. Cluster-
ing was done with the poppunk_assign command with the additional 
flag of run-qc. PopPUNK’s poppunk_visualize command was used to 
generate a Newick file, viz_core_NJ.nwk, describing the resulting phy-
logeny. The output tree was visualized with iToL. We assigned sequence 
types with MLST (v.2.23.0) to each genome using the scheme efaecium. 
The SHC hospital-endemic lineage corresponds to ST117 and formed  
a single cluster. The 66 genomes in the cluster, all from the SHC collec-
tion, were selected for further analysis. Similarly, the 1,083 E. faecalis 
genomes from NCBI complete and SHC long-read Enterococcus isolates 
were assigned to the v.2 full E. faecalis PopPUNK database downloaded 
from https://ftp.ebi.ac.uk/pub/databases/pp_dbs/Enterococcus_faeca-
lis_v2_full.tar.bz2. None were removed by quality control. We attempted 
to assign STs as above using the scheme efaecalis. Here the largest clus-
ter corresponding to ST179 contained 57 genomes, 44 of which were 
SHC isolates. The 44 genomes from the SHC collection were selected 
for further analysis.

Filtering genomes and stitching contigs for input into PanGraph
For each of the SHC genomes in those clusters, we extracted the con-
tigs predicted to be from the chromosome by geNomad as described 
before. As PanGraph74 requires single-contig inputs, we filtered for 
genomes with five or fewer contigs, yielding 66 E. faecium and 44 E. fae-
calis genomes. Multi-contig genomes were stitched together using 2 kb 
‘N’ spacers in the order output by Flye.
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PanGraph analysis of structural variation in the SHC E. faecium 
ST117 and E. faecalis ST179 clusters
For each of the two clusters defined above, we adapted the ‘Structural 
genome evolution’ workflow as defined by Molari and colleagues39 and 
found at https://github.com/mmolari/structural-evo.

In brief, the genomes were processed with PanGraph (v.0.7.1) to 
build a pangenome graph, which defines all ‘core blocks’ (regions of 
shared homology across all genomes). Regions of structural variation 
are captured as edges between consecutive core blocks, and the set 
of sequences that can occur between two core blocks is defined as a 
‘junction’. PanGraph was rerun on each junction (with its flanking core 
blocks), and the resulting ‘subgraph’ defines each unique arrange-
ment of homologous blocks through the junction as a unique ‘junction 
path’. Thus, for a given junction, the set of unique junction paths neatly 
describes the extent of structural sequence variation occurring in the 
cluster for a given structurally variant locus.

Next, the set of junction subgraphs was analysed with a custom 
Python workflow: first, we confirmed that the spacers (2 kb ‘N’ as 
defined above) always occurred fully in the accessory region of junc-
tions. This was expected, as disruptions in assembly contiguity are 
probably due to structural variation within the sample population itself. 
We removed any spacer-containing path from downstream analysis as 
their true sequence length and genotype is unclear. Next, for each junc-
tion, the workflow enumerates the distinct paths within the subgraph 
and characterizes the accessory genome of each non-empty path, 
using the Bakta-derived annotations (described above) for each source 
genome (Supplementary Table 4). In ST117, the most common type of 
junction is a ‘binary’ IS insertion. In that case, the junction comprises 
two paths, in which one path is empty (that is, there is no accessory 
region between the core blocks), and the other path contains only 
an IS element transposase annotation. IS-only junctions containing 
more than two paths and/or several IS families also occurred. Fewer 
large and more complex junctions occurred as well, including large 
indels and phages, although we did not characterize these in detail. 
Relevant source code and data can be found in our repository (‘Code 
Availability’).

Mobile genetic elements have been reported previously as impor-
tant to E. faecalis virulence. The analysis of E. faecalis ST179 served 
as a control for rates of structural variation over the same period in a 
related organism with similar hospital epidemiology and taxonomic 
relatedness. The E. faecalis samples were collected from the same envi-
ronment, location and time frame, and were processed and analysed 
in an identical manner (Supplementary Table 4).

For compatibility with our high-performance computing cluster, 
the PanGraph workflow was adapted to work for Snakemake (v.8.18.2). 
The workflow was run per cluster with existing installations of ISEScan 
(v.1.7.2.3), DefenseFinder75 (v.1.3.0), geNomad (v.1.8.0) and Integron-
Finder76 (v.2.0.5).

Generation of circos plots of IS variants in PanGraph clusters
The isolate with earliest collection date, EF006 for the ST179 E. faecalis 
cluster and FM001 for the ST117 E. faecium cluster, was chosen as the 
reference coordinate system. The set of IS-only junctions was filtered 
to ‘backbone-only’ junctions. In other words, IS insertions occurring 
in junctions not shared by all genomes (for example, within other junc-
tions or between core blocks that are inverted for some genomes) 
were not shown, as their position on the core backbone is ambiguous. 
Each junction was given a fixed width of 3 kb, as smaller sizes were not 
visible on the plot. Relevant source code and data can be found in our 
repository (‘Code Availability’).

ISL3 gene disruption and intergenic distance analysis in ST117
The E. faecium ST117 PanGraph analysis defined 100 ISL3 junctions 
(that is, IS-only junctions containing only ISL3 family transposase 

annotation(s)) (Fig. 4c). Inspection of these junctions revealed that 
the vast majority are indeed parsimoniously explained by insertions 
of one or more ISL3 elements in the region. To identify candidates for 
intra-genic disruptions, we considered junctions where an annotated 
gene in the ‘empty’ path (lacking the ISL3 insertion) overlapped fully 
or partially with the accessory region of a ‘filled’ path. A junction was 
counted as gene-disruptive only if it contained such an overlapping 
gene and if that gene’s annotation was also missing or truncated in the 
filled path (Fig. 4h). The remaining ISL3 junctions were presumed to 
be intergenic. Of these, we considered every filled (ISL3-containing) 
path for every junction and extracted the distance from the 3′ end of 
the transposase to the next nearest gene, as well as its relative orienta-
tion. Paths that contained several accessory ISL3 transposases were 
counted only if they were all oriented the same way, otherwise the 
orientation was considered ambiguous and the path was excluded 
from analysis (Fig. 4i). As a control, the same analyses were done on the 
51 IS30, IS256, IS110, IS3 and IS6 junctions as a combined set (‘Other’ 
in Fig. 4h,i).

E. faecium domination longitudinal sample curation
To identify a set of metagenomic samples that were (1) clinically rel-
evant, (2) longitudinal and (3) technically suitable for assembling com-
plete, closed E. faecium genomes directly, we selected longitudinal 
cases from our laboratory’s biobank of stool samples from people 
undergoing HCT with high relative abundance of E. faecium. As previ-
ously described44,45, these stool samples were collected under protocols 
approved by the Stanford University Institutional Review Board (Proto-
col nos. 8903; principal investigator: D. Miklos, co-investigator: A. Bhatt 
and T. Andermann, Committee IRB-3 and 42053; principal investigator: 
A. Bhatt, Committee IRB-8). Informed consent was obtained from all 
human research participants. On the basis of previous metagenomic 
sequencing results, samples with at least 10% relative abundance of 
E. faecium were considered. Any patients with at least two such sam-
ples were then identified and those samples ‘dominated’ (defined as 
≥10% relative abundance) by E. faecium were selected for long-read 
metagenomic sequencing, yielding 34 samples from 14 patients (range, 
two to five samples per patient).

Metagenomic high molecular weight DNA extraction
To extract high molecular weight DNA from stool samples in prepara-
tion for metagenomic long-read sequencing, we used the QIAamp Pow-
erFecal Pro DNA Kit (Qiagen, catalogue no. 51804). In brief, working in a 
biosafety hood, from each stool sample kept on dry ice, roughly 200 mg 
stool (two to three biopsy punches) were added to the bead beating 
tube. Bead beating tubes were added in sets of 12 to a Vortex-Genie 
2 with the horizontal Vortex Adapter described in the extraction kit 
manufacturer’s instructions and vortexed at maximum speed for 12 min 
at room temperature. All subsequent steps were consistent with manu-
facturer instructions using centrifugation. The final DNA was eluted in 
100 µl C6 buffer and incubated at room temperature for 15 min before 
centrifugation. DNA concentration was measured by NanoDrop. DNA 
was then cleaned up with the Genomic DNA Clean & Concentrator-10 kit 
(Zymo Research, catalogue no. D4011) according to manufacturer 
instructions for large genomic DNA. In brief, 200 µl of DNA binding 
buffer was added to 100 µl of DNA eluate from before. DNA was eluted 
in 25 µl nuclease-free water. After clean-up, by Nanodrop, DNA concen-
trations ranged from 7.5 ng µl−1 to 768.7 ng µl−1 per sample. Two sam-
ples had both DNA concentrations below 25 ng µl−1 and purity values 
(OD260/OD230) less than 1.5 and were not sequenced. DNA quality was 
confirmed with Genomic DNA ScreenTape Analysis (Agilent, catalogue 
nos. 5067-5365 and 5067-5366) on the Agilent 4150 TapeStation system. 
Samples had peak concentrations at DNA lengths greater than 20 kb. 
The loss of one sample, p11580_03 led to a singleton, but we continued 
with sequencing of p11580_06. Therefore 32 samples from 14 patients 
(range 1 to 4) were sequenced as described below.

https://github.com/mmolari/structural-evo
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SHC long-read metagenomes: ONT sequencing, basecalling, 
quality control and assembly
Two pooled libraries containing 16 samples each were prepared 
with the Oxford Nanopore Native Barcoding 96-kit (catalogue no. 
SQK-NBD114.96) according to manufacturer’s instructions. In brief, 
400 ng of input DNA per sample was prepared, diluting the sample in 
nuclease-free water if necessary. DNA concentration was confirmed 
for each sample with the Qubit DNA High Sensitivity kit at each check-
point. On the basis of previous use of this approach for metagenomic 
sequencing of stool samples in our laboratory, and on TapeStation 
results, we expected our fragment length to be between 7 kb and 10 kb 
and therefore loaded 50 fmol of each library. Libraries were loaded onto 
separate R10.4.1 PromethION flow cells (FLO-PRO114M) according to 
the manufacturer’s instructions and sequenced simultaneously on a 
PromethION 2 solo instrument. We anticipated assembling complete 
E. faecium genomes with at least 40× coverage. Therefore, we estimated 
that to reach 40× coverage of a 3-Mb E. faecium genome making up 10% 
relative abundance of the sample, we would need 1.2 Gb of sequencing 
per sample. To increase the likelihood of reaching this threshold for 
each sample and accounting for library imbalance, we let sequencing 
proceed until both libraries reached at least 2.5 Gb per sample of total 
sequencing. We obtained 60 Gb and 40 Gb of sequencing for each 
library, respectively.

Raw.pod5 files were transferred to our computing cluster and base-
calling was performed with Oxford Nanopore’s open-source Dorado 
basecaller (v.0.7.3) available at https://github.com/nanoporetech/
dorado. The following command was used: dorado basecaller —
kit-name SQK-NBD114-96 -b 1024 —trim ‘all’ sup@v5.0.0 {pod5} > {base 
called}.bam. Output bam files were demultiplexed and emitted as.fastq 
files with: dorado basecaller —kit-name SQK-NBD114-96 -b 1024 —trim 
‘demux’. Of 32 sample barcodes, 31 had at least 1 Gb of sequencing after 
demultiplexing. One barcode corresponding to p11569_01 had less 
than 10 Mb of sequencing and was not considered further. Unfortu-
nately, this made p11569_02 a singleton. Ultimately, 31 samples from 
14 patients (range 1 to 4) were included for metagenomic assembly 
(Supplementary Table 5).

NanoPlot77 (v.1.41.6) was used to evaluate sequencing quality per 
sample with default parameters. All 31 samples had median read quality 
of at least Q22.1 (22.1–24.2). Two samples, p11463_06 and p11580_06 
had 9,150 and 11,220 reads, respectively. Other samples had at least 
56,643 reads (56,643–659,377). The minimum read N50 for these 29 
samples was 7.77 kb. Metagenomic assembly was performed with Flye78 
(v.2.9.2) on all 31 sequenced samples using the following command: 
flye --nano-hq {reads} —meta —genome-size 200 m —keep-haplotypes 
—no-alt-contigs (Supplementary Table 5). We refer to this dataset in 
the manuscript as the SHC long-read metagenomes.

Taxonomic profiling of assembled contigs with sourmash
To identify E. faecium contigs from the metagenomic assemblies, all 
contigs 5 kb or longer were profiled taxonomically with sourmash79 
(v.4.8.11) using the successive commands: sourmash sketch dna -p 
k = 51,abund –singleton {sample1}.fa and sourmash scripts fastmulti-
gather -k 51 -m DNA –threshold-bp 5000 {samples}.zip gtdb-rs214-reps.
k51.zip. All contigs predicted as g_Enterococcus;s_faecium longer than 
2.5 Mb, and with at least 80× coverage were considered ‘complete’ 
chromosomal contigs. One such contig was identified for 28 of 31 
(p11463_06, p11569_02, p11580_06 did not) successfully sequenced 
samples as described above, which resulted in 12 longitudinal cases 
(Extended Data Fig. 8).

Split k-mer analysis of E. faecium assemblies
To determine cases of ‘isogenic’ E. faecium chromosomes such that 
within strain heterogeneity and structural variation could be assessed 
clearly, the relatedness of the 28 longitudinal E. faecium chromosomal 

contigs was considered with SKA80 (v.1.0). All pairwise distances and 
clusters of highly related contigs were identified using the following 
commands: first, ska alleles -f inputs.txt and then, ska distance -f skfs.txt 
-o results -S -s 40, where inputs.txt contained paths to the 28 E. faecium 
chromosomal contig fasta files. Patients with longitudinal samples with 
fewer than ten SNPs per megabase or higher than 99.999% identity over 
time were considered for longitudinal within-patient analyses. This 
threshold excluded p11342.

Within-sample and within-patient structural variant calling
To assess within-sample E. faecium population heterogeneity, reads 
from each sample were aligned to their own metagenome assembly 
using ngmlr81 (v.0.2.7) and default ONT sequencing presets. Struc-
tural variants were called with Sniffles2 (ref. 82) (v.2.6.0), which was  
run in both normal and mosaic modes to capture both dominant and 
subclonal variants. The outputs from these two modes were combined 
and any duplicate variants were removed, as well as any variants map-
ping to contigs other than the E. faecium chromosome and variants 
smaller than 100 nucleotides. The resulting per sample structural 
variant counts are shown in Extended Data Fig. 9f (Supplementary  
Table 6).

To determine whether ISL3 variants persisted or became fixed 
across sequential isolates from the same patient, we performed 
longitudinal variant calling: for each patient, the E. faecium chro-
mosome from the sample collected at the earliest time point was 
chosen as the reference. Reads from each time point were mapped 
back to the reference metagenome assembly and passed as input to 
Sniffles2 as above (Supplementary Table 6). To look for structural 
variants caused by IS element transpositions, all identified structural 
variants mapping to the E. faecium chromosome were screened to 
include only insertions or deletions in the 750–3,000 bp size range, 
as this corresponds approximately to the length of IS elements. For 
each candidate variant, the predicted sequence was extracted and 
analysed with ISEScan to confirm the presence of IS elements. The 
resulting IS variant calls were compiled, and patterns of persistence 
or fixation were examined by comparing the frequencies and pres-
ence or absence of these IS-containing variants across each patient’s 
time points.

p11568 ISL3 structural variant neighbourhood coverage
To measure the changing population frequency of the two identified 
ISL3 structural variants in the four sequenced p11568 samples over 
time, ONT reads from each of p11568 t1–t4 were aligned against the 
t4 E. faecium contig with minimap2 (ref. 83) with the flags -x asm20, -c 
and --eqx. Per base read depth was then counted for each position with 
samtools84 (v.1.21) using the command: samtools depth -a -Q 10 -b t4.bed 
{sample}_sorted.bam > {sample}.coverage.txt. Poor quality alignments 
are removed by the -Q 10 flag. First, the mean alignment depth across 
the entire t4 E. faecium contig for each sample was calculated. Then, 
relative depth per base was calculated by dividing the depth at each 
position by the mean depth per sample. The t4 E. faecium contig was 
annotated with Bakta as described above and the neighbourhood of 
each ISL3 structural variant was visualized.

E. faecium isolation from stool
A single punch biopsy of stool samples from the first (t1) and last (t4) 
time points from p11568 were suspended in 300 µl PBS. Each sample 
was serially diluted tenfold into 900 µl PBS to 1:10,000. Then, 30 µl of 
the 1:10,000 dilutions were plated onto BHI agar and incubated over-
night at 37 °C. The next day, six colonies from each plate were selected 
and identified by biotyping with a MALDI-TOF based Bruker Biotyper 
per manufacturer instructions. Each identified E. faecium colony was 
streaked to isolation on a BHI agar plate. To confirm the insertion gen-
otypes, overnights of isolates were prepared in 3 ml BHI broth and 
incubated with shaking at 37 °C. Overnights were diluted 1:1,000 into 
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10-ml subcultures and grown to an optical density of approximately 1.0. 
Cell pellets were then prepared according to Plasmidsaurus ‘Standard 
Bacterial Genome with DNA extraction’ specifications. The resulting 
genomes were annotated with Bakta as described above and the lack 
of both ISL3 insertions in t1, and the presence of both ISL3 insertions 
in t4 were confirmed in the assemblies.

RNA-seq of E. faecium isolates
From glycerol stocks of both p11568 t1 and t4 confirmed to have the 
insertional genotypes (Fig. 5), four overnight cultures were prepared 
in BHI as before. Each overnight culture was diluted 1:100 into 5 ml 
of BHI and subcultured for around 3 h until OD600 reached 0.4; 5-ml 
microtubes (AXYGEN, catalogue no. MCT-500-C) were prepared with 
0.5 ml of quenching solution. The quenching solution contained 90% 
(v/v) 100% ethanol and 10% (v/v) saturated phenol for RNA extraction 
(pH 4–5). Microtubes were stored at −20 °C before quenching occurred. 
After OD600 reached 0.4, 4 ml of each culture was promptly quenched. 
The microtube was vortexed until the solution was well mixed. All micro-
tubes were centrifuged at 10,000g for 5 min at 4 °C. The supernatant 
was poured off. The pellet was then lysed in 260 µl of a prepared master-
mix containing 25:1 PBS:10 mg ml−1 lysozyme (Sigma-Aldrich, catalogue 
no. L3790-10X1ML). Each pellet was resuspended in lysis buffer and then 
incubated at 37 °C for 30 min while rocking on a BenchRocker. Then, 
30 µl of 20% SDS was added followed by another round of incubation 
at 37 °C. Then, 1.5 ml of Trizol was added and mixed well by pipette. All 
subsequent steps were performed at room temperature. The solution 
was incubated for 10 min. Then, 0.5 ml of chloroform was added and 
ten vigorous complete inversions of the tube were made before 3 min 
of incubation. After incubation, each tube was centrifuged at 12,000g 
for 10 min. Carefully avoiding any non-aqueous layer, approximately 
800 µl of the aqueous phase was transferred to a clean 2-ml Eppendorf 
tube. An equal volume of 100% ethanol was added and mixed by pipette 
until emulsions were no longer visible. RNA was then purified using the 
Zymo RNA Clean & Concentrator-25 kit (catalogue no. R1018) according 
to manufacturer instructions. RNA was eluted in 25 µl nuclease-free 
water. RNA concentration was measured by NanoDrop and quality 
was confirmed by Bioanalyzer with the RNA 6000 Pico Kit (Agilent; 
catalogue no. 5067-1513). RNA was then stored at −80 °C and sequenced 
with Novogene’s Prokaryotic Total RNA sequencing service (NovaSeq 
PE150, 3G raw data per sample).

Analyses of RNA-seq data
Raw RNA-seq reads were trimmed with Trim Galore, available at https://
github.com/FelixKrueger/TrimGalore/, using the command trim_
galore --quality 30 --length 60 --paired {sample}1.fq.gz {sample}_2.
fq.gz --retain_unpaired. Bowtie2 (ref. 85) (v.2.5.4) was used to align 
processed reads against the p11568 t4 isolate reference genome with 
default parameters. On the basis of a poor alignment fraction (20.99%) 
compared with the other replicates (minimum: 97.63%), the fourth 
replicate from the t1 isolate (t1_4) was excluded. To get the per base 
depth of reads, samtools depth was used as before except no qua
lity threshold was implemented. This meant reads mapping equally 
well to several locations were distributed randomly. Furthermore, a 
feature count matrix filtering alignments against the t4 isolate refer-
ence genome with mapping quality < 10 was generated with bedtools 
(v.2.27.1) multicov using the command bedtools multicov -p -q 10 -bams 
{sample1}_sorted.bam {sample2}_sorted.bam. The resulting feature 
count matrix, along with the Bakta annotation of the t4 isolate genome, 
were used to perform differential expression analysis with the DESeq2 
(ref. 86) package (v.1.42.1) in R. Only features with at least one count 
in both t1 (n = 3) and t4 (n = 4) were considered for differential expres-
sion. The adjusted P value and log2(fold change) for each of the 2,668 
resulting features were visualized as a volcano plot. Thresholds of 
1 × 10−25 and |log2(fold change)| ≥ 2 were used to define differentially 
expressed genes.

E. faecium growth and antibiotic dose–response assays
E. faecium isolates were grown as described above. Antibiotic suscepti-
bility testing was performed as described previously46, with some modi-
fications. In brief, each strain was grown overnight (approximately 18 h) 
to stationary phase in BHI medium at 37 °C. Overnight cultures were 
then diluted to OD600 = 0.001 in Mueller-Hinton broth (Sigma-Aldrich) 
and incubated with twofold serial dilutions of TMP (Sigma-Aldrich) and 
SMX (Fisher) at the indicated concentrations. A ratio of 1:20 (TMP:SMX) 
was maintained for all treatments. Folic acid (Fisher) and folinic acid 
(Sigma-Aldrich) were supplemented at 1 µg ml−1 where indicated. Cul-
tures were incubated at 37 °C with continuous shaking in technical 
duplicate (150 μl volume per well) in a flat bottom 96-well microtiter 
plate (Corning) and sealed with a Breathe-Easy membrane (Diversified 
Biotech). Absorbance (600 nm) was monitored every 10 min for 24 h 
using an Agilent BioTek Synergy H1 microplate reader. Growth was cal-
culated as the percent area under the curve (AUC) relative to a control 
with no antibiotics added using the R package gcplyr87.

Data visualization
Initial plots were generated by custom Python (Plotly) and R (ggplot) 
code. Plots were organized and refined with AffinityDesigner v.2.5.7.

Scripting
Custom bash, Python, R and Nextflow scripts referenced in the methods 
section are available in the GitHub repository (‘Code Availability’). All 
scripts were run in R v.4.3.2. Python scripts were run using v.3.10 with 
polars v.1.20.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Long-read metagenomic sequencing data and RNA-seq data generated 
in this study are available under NCBI BioProject ID PRJNA1236482. Long-
read assemblies from Enterococcus isolates sequenced in this study 
are available at Zenodo (https://doi.org/10.5281/zenodo.15239062)88. 
There, we also include some pre-processed and intermediate source 
data tables and other files to facilitate reproducibility of custom 
analyses where appropriate, as well as figure source data files for the 
original phylogenetic trees, and SRA accession codes for publicly 
available datasets we used in this study. Accession codes for long-
read pathogen isolate datasets from SRA (NCBI long-read assemblies) 
and for NCBI complete genomes that were used in the IS accounting  
analysis are also reported in Supplementary Table 2. Assemblies anno-
tated using Bakta60 (v.1.9) used the Bakta database v.5.1, which is avail-
able at Zenodo (https://zenodo.org/records/10522951)89. To identify 
chromosomal contigs, the geNomad64 (v.1.8) database v.1.6, which 
is available at Zenodo (https://doi.org/10.5281/zenodo.6994741)90, 
was used. GTDB-Tk57 (v.2.4) release 220 used for phylogenetic analy-
ses is available at https://data.gtdb.aau.ecogenomic.org/releases/
release220/. AMRFinder69 (v.4.0.23) db 2025-07.16.1 used to measure 
ARGs is available at https://ftp.ncbi.nlm.nih.gov/pathogen/Antimicro-
bial_resistance/AMRFinderPlus/database/4.0/. PopPUNK73 (v.2.6.7) v.2 
E. faecium and E. faecalis databases used for clustering are available at 
https://www.bacpop.org/poppunk-databases/. Source data are pro-
vided with this paper.

Code availability
Source code and custom workflows used for analyses in this manuscript 
are available on GitHub at https://github.com/abehr/IS-evolution, along 
with a guide explaining how to set up and run the analyses. An archived 
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snapshot of our codebase can also be found in our project available at 
Zenodo (https://doi.org/10.5281/zenodo.15239062)88.
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Extended Data Fig. 1 | Total IS abundance across all surveyed species. Data 
from the NCBI complete genomes and NCBI long-read assemblies passing 
quality filters are included, as in Fig. 1. Only species with at least 10 genomes 
defined by GTDB-Tk are included. The total IS counts per species are shown as 
boxplots. Centre line, median; box, 25th to 75th percentiles; whiskers, 1.5× IQR; 
individual values outside 1.5× IQR are shown. Species are grouped by genus, 

with number of genomes per species labelled below each boxplot: a, Enterococcus 
b, Staphylococcus c, Klebsiella d, Acinetobacter e, Pseudomonas f, Enterobacter 
g, Escherichia h, Shigella i, Bordetella  j, Streptococcus k, Salmonella. The y-axis 
scale is consistent across all panels. Several species of Shigella8 and Bordetella9 
serve as positive controls for IS expansion.
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Extended Data Fig. 2 | IS copy is elevated across lineages of E. faecium.  
a, Mash sketches of each ESKAPEE and E. faecalis genome analysed in Fig. 1b 
were generated. All pairwise Mash distances were calculated within each 
individual species. The density of pairwise similarities (1-distance) was plotted 
and coloured by species. b, Clusters of at least 25 genomes with all pairwise 

Mash distances <0.01 were identified total insertion sequence copy per 
genome normalized by genome assembly length are visualized as boxplots. 
Centre line, median; box, 25th to 75th percentiles; whiskers, 1.5× IQR; individual 
values outside 1.5× IQR are shown.



Extended Data Fig. 3 | A survey of IS family abundance in ESKAPEE 
pathogen genomes. Insertion sequence copy per genome for each insertion 
sequence family as determined by ISEScan are visualized as boxplots. Centre 
line, median; box, 25th to 75th percentiles; whiskers, 1.5× IQR. These counts  
are not normalized by genome length. These data include ESKAPEE taxa from 
the NCBI complete genomes and NCBI long-read assemblies passing quality 
filters as in Fig. 1, as well as Enterococcus faecalis. When possible, counts were 
assigned to chromosome or plasmid elements as defined by geNomad. For 
panels d, g, h, counts from all contigs are accumulated because geNomad 

chromosome vs. plasmid predictions for genomes in these species were 
lower-confidence than for other species. a, Enterococcus faecium (same as 
Fig. 1c, n = 639) b, Enterococcus faecalis (n = 917) c, Staphylococcus aureus 
(n = 2,672) d, Klebsiella pneumoniae (n = 4,627) e, Acinetobacter baumannii 
(n = 1,082) f, Pseudomonas aeruginosa (n = 1,399) g, Enterobacter spp. (n = 536) 
h, Escherichia coli (n = 8,530) i, mean combined length of all contigs, coloured 
by geNomad classification (chromosome, plasmid, virus or undetermined) 
shown for each of the ESKAPEE taxa and E. faecalis.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | A small number of IS variants dominate E. faecium 
genomes. AMR gene counts are related with IS abundance. AMRFinder was 
applied to 785 complete Enterococcus faecium genomes (as in Fig. 2a). To avoid 
multiple predictions per open reading frame, predicted AMR genes were 
deduplicated per genome by genomic coordinate. IS counts from 720 
predicted clade A1/A2 genomes were binned into quintiles (Q1–Q5, lowest to 
highest IS abundance), with non–clade A1/A2 genomes binned separately.  
Data are shown as boxplots with individual values overlaid. Centre line, median; 
box, 25th to 75th percentiles; whiskers, 1.5× IQR. b, For each common IS family 
(Fig. 1c) among 593 high quality E. faecium genomes, IS transposase amino  
acid sequence copies (annotated by Bakta) were collected. Those sequences 
with >1 mean copy per genome (n = 14) were aligned using MAFFT, and a 
maximum-likelihood phylogeny was inferred with IQ-TREE2 under the 

VT + F + G4 substitution model (BIC-selected) with 1,000 ultrafast bootstrap 
replicates. As IS3 family elements are annotated as split ORFs, they were 
excluded from this analysis. Branch length reflects expected amino acid 
substitutions per site. The tree was visualized with ggtree. IS families are 
indicated by colour and tip size is scaled by total element copy number across 
genomes. c, Mean copy number per genome and length of the 5’-flank (green), 
transposase (yellow) and 3’-flank (blue) for IS families as in panel b. Transposase 
chemistry per IS family is indicated. d, Coloured per IS family, the total number 
of transposases (thousands) are plotted against the number of unique 
transposase sequences (log-scale, visualized by vertical lines) ordered from 
most to least. Note, IS3* (brown) are often annotated as two separate ORFs,  
and their count here is not adjusted.
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Extended Data Fig. 5 | IS copy estimation from short-read datasets over 
time. a, E. faecium genomes (n = 37 biologically independent samples, SHC 
long-read Enterococcus isolates) were sequenced with both short reads (SR) 
and long reads (LR). Per–IS family counts were obtained directly from SR 
SPAdes assemblies (assembly IS count, yellow) or estimated using our 
coverage-based heuristic as in Fig. 3a (estimated IS count, blue). Differences 
between LR counts and SR estimates are visualized as boxplots. Centre line, 
median; box, 25th to 75th percentiles; whiskers, 1.5× IQR; individual values 

outside 1.5× IQR are shown. b, Per–IS family counts were estimated as in Fig. 3a 
for E. faecium (n = 37) and E. faecalis (n = 80 biologically independent samples) 
isolates, visualized as in panel a. c, Temporal distribution of estimated IS copy 
number per genome across 5-year collection bins: 1995 and earlier (n = 45), 
1996–2000 (n = 32), 2001–2005 (n = 171), 2006–2010 (n = 396), 2011–2015 
(n = 1,411), 2016–2020 (n = 2,169), 2021 and later (n = 1,198). Boxplots are defined 
as in panel a, with all individual data points shown excepting 36 outlier 
values > 100 omitted for visualization.



Extended Data Fig. 6 | IS dynamics in healthcare-associated Staphylococcus 
epidermidis lineages over time. a, Mean estimated IS count per genome from 
2000–2023 across 1604 S. epidermidis genomes, 5-year sliding window, 95% CI 
= mean ± t·SE; LOWESS trendline smoothing fraction 0.25. All samples from 
before 2000 are grouped into the first window. b, Proportional representation 
of major ST lineages (ST2, ST5, ST23, and others) in each time bin. c, Boxplots  

of IS256 copy number for isolates with collection date earlier than 2005 (left, 
n = 224) and later than 2015 (right, n = 665) for ST2, ST5, and ST23, and all other 
samples. Centre line, median; box, 25th to 75th percentiles; whiskers, 1.5× IQR; 
individual values outside 1.5× IQR are shown. One outlier value > 23 not shown. 
d, Same as panel c, but for IS1182. Two outlier values > 23 not shown.
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Extended Data Fig. 7 | PanGraph input cluster core genome phylogenetic 
trees after filtering recombination. a, 66 E. faecium genomes making up  
the SHC ST117 cluster. The polished alignment after filtering out putative 
recombination regions was 1.587 Mb and the tree was constructed from 865 
SNPs. This results in ~8.3 SNPs per genome per Mb. b, 44 E. faecalis genomes 
making up the SHC ST179 cluster. The polished alignment after filtering out 

putative recombination regions was 2.522 Mb and the tree was constructed 
from 2,355 SNPs. This results in ~21.2 SNPs per genome per Mb. a, b Branch 
length is equivalent to the number of substitutions per core-genome alignment 
length, resulting in a total evolutionary time equivalent to approximately  
545 and 934 substitutions per Mb of core-genome alignment for E. faecium and 
E. faecalis, respectively.



Extended Data Fig. 8 | Longitudinal Haematopoietic Cell Transplant (HCT) 
patient cohort for in situ structural variant detection. The relative abundance 
of E. faecium as measured by previous short- or linked-read metagenomics  
of these samples for each of 14 potential longitudinal cases59. Among the  
34 samples from 14 patients, E. faecium chromosomes could not be assembled 

due to failed extraction (2 samples), failed sequencing (1 sample) or insufficient 
assembly (3 samples) for 6 samples. The resulting 28 E. faecium chromosomes 
comprise 12 longitudinal cases. Note, for p11342, time point 3 (t3) was sampled 
twice within a single day and both were successfully assembled.
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Extended Data Fig. 9 | Longitudinal long-read metagenomics of patient 
stool samples identifies structural variants in otherwise isogenic strains of 
E. faecium. a, A workflow for performing longitudinal long-read metagenomic 
sequencing to identify structural variation against an isogenic background.  
b, Extracted DNA was prepared for long-read sequencing with the Oxford 
Nanopore Native Barcoding 96-kit (SQK-NBD114.96) and sequenced on an 
R10.4.1 flow cell. Median read quality was >Q22 for all samples and the median 
Read N50 is ~9.2 Kb (dashed line). c, Extracted contigs longer than 5 kb were 
taxonomically profiled with Sourmash. Coverage and contig length (Mb) for 
those contigs predicted to be within g_Enterococcus are plotted. E. faecium 
contigs (orange, enlarged) with at least 80x coverage and longer than 2.5 Mb 
were considered chromosomes for further analysis (orange oval). The y-axis is 
truncated at 2,500 for visualization; contigs with coverage ≥ 2,500x are plotted 
at this boundary (dashed line). d, 28/31 sequenced samples had an E. faecium 

chromosome. e, Pairwise comparison of E. faecium chromosome identity as 
measured by SKA. Clusters were generated with a pairwise SNP threshold  
of 40. Clusters 1 and 2 contain multiple patients while the other 5 clusters 
contain samples from a single patient. f, Within-sample heterogeneity of  
28 E. faecium chromosomes. The number of variants per sample longer than 
100 bp predicted by Sniffles2 are shown. Samples are grouped by the 
anonymized patient ID (pXXXXX) and labelled by the time point for that 
patient. g, Pairwise identity of E. faecium chromosomes from the same patient 
as measured by SKA, relative to the first sample. Samples are labelled in the 
format pXXXXX_timepoint. The identity threshold of 99.999% or 10 SNPs/Mb 
is indicated with a dashed line. h, Among the 11 patients reaching the identity 
threshold, IS variants predicted by Sniffles2 are shown per patient and arrayed 
by their patient-specific genomic coordinate (Mb). IS family (colour) and allele 
frequency (saturation) are visualized.



Extended Data Fig. 10 | ISL3 variants perturb gene expression and an active 
folate metabolite rescues growth under TMP-SMX treatment. a, A volcano 
plot showing the relative gene expression of the isolates from t4 vs. t1 (t1 in 
technical triplicate, t4 in technical quadruplicate). Alignments with MAPQ < 10 
were excluded. Features present in at least one replicate in both t1 and t4 were 
considered (n = 2,668). Adjusted p-value and fold-change (log2) of each feature 
were calculated by DESeq2. DE genes (green), the agr operon (yellow, enlarged) 
and the folT gene (purple, enlarged), were additionally labelled. b, the relative 
depth of long reads aligned to the metagenomic assembled E. faecium 
chromosome of p11568 t4, normalized to the average chromosomal coverage 
per sample for the ISL3 variant fixing within the agr operon. c, RNA-seq read 
coverage (log-scale) of E. faecium isolated from p11568 t1 (in triplicate) and t4 
(in quadruplicate) stool samples across the same locus as in panel b. d, ISL3 

structural variant sequence context within the agr operon in detail. The 
position of the ISL3 insertion (brown), the direct repeat (green), and the split 
agrC CDS (purple) are highlighted. e, Dose-response curves of E. faecium t1  
and t4 isolate growth during treatment with dimethylsulfoxide (DMSO) at 
TMP-SMX solvent concentrations as in Fig. 5e,f. The equivalent concentration 
of TMP is labelled. f, Dose-response curves of E. faecium t1 and t4 isolate growth 
during treatment with TMP-SMX, with all conditions supplemented with  
1 µg/mL folinic acid. For panels e and f, growth was measured using the AUC and 
normalized to the untreated growth condition. Data are the mean ± SE of three 
independent experiments. The concentration of TMP is labelled (TMP:SMX 
was prepared in a ratio 1:20). (right) A simplified schematic showing where 
TMP-SMX and folinic acid act within the folate activation pathway.
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