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Next generation ESKAPE-E superbugs:
identifying transmissible locus of stress
tolerance and antibiotic resistance in
pandemic bacterial lineages

Check for updates

Dmitriy Li1,3, Veronica M. Jarocki1,2,3, Ethan R. Wyrsch1, Max L. Cummins1 & Steven P. Djordjevic1

The transmissible locus of stress tolerance (tLST) confers enhanced resilience to stressors, including
chlorine-based disinfectants and heat. A systematic examination of 48,183 complete bacterial
genomes representing 7,190 unique species identified tLST, including six novel variants, in 2,128
genomes spanning 46bacterial species across 10 families. Among the analysed sequences, tLSTwas
most common in ESKAPE-E bacteria, including highly drug-resistant pandemic lineages of
Pseudomonas aeruginosa ST111 and Klebsiella pneumoniae ST20. The tLST1_AW1.7 variant was
predominantly associated with F plasmids and was the most common variant in Enterobacter and
Klebsiella, whereas tLST1 was near exclusive to E. coli, and tLST3a was dominant in Pseudomonas.
This comprehensive mapping of tLST distribution highlights its potential significance in bacterial
adaptation and persistence across diverse ecological and anthropogenically impacted niches, and
has implications for infection control and eradication, waste and drinking water management, food
animal and fresh produce production, and food safety.

ESKAPE-E pathogens (Enterobacter spp., Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enter-
ococcus faecium and Escherichia coli) are the leading cause of healthcare-
associated infections globally1–3. ESKAPE-E pathogens are notorious for
their capacity to acquire resistance to multiple antibiotics, metals and bio-
cides by horizontal gene transfer. Multidrug-resistant (MDR) infections
significantly increase healthcare costs, morbidity and mortality rates4 with
annual economic impacts exceeding$20billion in theUSalone5. ESKAPE-E
pathogensprimarily colonise the human and animal gastrointestinal tract as
colonising opportunistic pathogens (COPs), but their impact extends
beyond host organisms. Their capacity to form biofilms enables persistent
colonisation of water systems and survival on fomites, facilitating trans-
missionwithinhealthcare settings andmore generallywithindrinkingwater
infrastructure6,7. Wastewater treatment plants (WWTPs) are recognised as
important reservoirs for antimicrobial resistance (AMR) within taxa that
include ESKAPE-E pathogens8,9.WWTPs and the biosolids generated from
waste treatment harbour sufficient nutrients and high microbial and bac-
teriophage densities, creating favourable conditions for the growth of
environmental bacteria and for horizontal gene transfer10–12. These

environments also expose microbes to a wide array of selective agents—
including pharmaceuticals, biocides, metals, and oxidising agents—that
drive horizontal gene acquisition and adaptive evolution, potentially
enriching resistance determinants and virulence traits. Although ESKAPE-
E bacteria have been isolated from diverse environmental sources, their
survivalmechanisms in the built environment remain poorly understood—
representing a critical gap in theOneHealth framework12,13. Chlorine-based
disinfectants serve as a cornerstone of global sanitation practices14–16, with
widespread applications in wastewater treatment, drinking water produc-
tion, and food safety17. Hence, the emergence of chlorine-resistant bacteria
represents a potential public health concern. Studies have identified several
important resistance mechanisms, including chlorine-sensitive transcrip-
tion factors (hypT, rclR, and nemR)18–20, an RpoS-regulated general stress
response, and several oxidative stress regulons (oxyR and soxR) and heat-
shock proteins21–24. Of particular concern is the discovery of the transmis-
sible locus of stress tolerance (tLST)—a 15–19 kb mobile genetic element
(MGE) encoding resistance to not only chlorine-based oxidising agents, but
also to extreme heat and pressure25–27. The acquisition of the tLST, also
known as the locus of heat resistance (LHR) and the transmissible locus of
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protein quality control (tLPQC)28,29 has enabled resistance to many anti-
microbial interventions, including heat (up to 70 °C), sodium chlorite
(NaClO) (32mM; 5min), hydrogen peroxide (H2O2; 120mM; 5min), and
peroxyacetic acid (105mg/L; 5 min)28,30,31. This sophisticated genetic system
is found on both chromosomes and plasmids 32,33). Bacteria carrying tLST
have been recovered from meat processing plants34, beef 35–38 and dairy
cattle39,40, raw milk cheese39, in municipal wastewater41,42 and in wildlife
adapted to anthropogenic sites43. The detection of bacteria carrying tLST in
food animals, onmeat surfaces and in processed foodmore broadly poses a
significant food safety risk, as these organisms can both survive standard
sanitisation procedures and potentially transfer this resistance element to
other bacteria within the human gut microbiome.

A recent study of 18,959 E. coli genomes revealed four variants of tLST
(tLST1, tLST2, tLST3a and tLST3b) with tLST1 being the most prevalent33.
These variants were predominately found in commensal phylogroup A
isolates, with much lower frequencies in phylogroup B1 and C, and were
notably absent from virulent phylogroups B2, D and G33, which are
responsible for most extraintestinal pathogenic E. coli (ExPEC) infections
(i.e. UTI, pyelonephritis and blood stream infections). Although tLST was
primarily found in traditionally commensal E. coli phylogroups A and B1,
these groups include emerging pathogenic lineages such as ST1044,45,
ST21646 and ST5847. The tLST has been identified in other clinically
important Gram-negative bacteria48, including Cronobacter species49, Sal-
monella enterica Serovar Senftenberg50, Klebsiella species27, Pseudomonas
aeruginosa28, and Enterobacter cloacae32. However, our understanding of
tLST distribution and any correlations with antimicrobial resistance genes
(ARGs) and virulence factors in organisms other thanE. coli remains largely
unexplored. In this study, we analysed 48,183 completed genome sequences
from public repositories to investigate tLST carriage across all bacterial
species available. Our analysis identified the presence of tLST across 10
bacterial families encompassing 46 species, including members of Enter-
obacteriaceae, Pseudomonadaceae, Yersiniaceae, and Geobacteraceae.
Notably, we identified tLST in high-risk MDR ESKAPE-E lineages. These
findings underscore the urgent need for innovative solutions to combat
these emerging threats to public health.

Results
tLST variant screening and distribution
The original dataset comprised 48,183 complete genomes, sourced from
humans (n = 16,803), the environment (n = 11,123), animals (n = 8910),
and wastewater (n = 738), with no source information available for 10,609
genomes. Taxonomic analysis revealed Escherichia (n = 4411), Klebsiella
(n = 3032), Staphylococcus (n = 2451), Salmonella (n = 2203), and Pseudo-
monas (n = 1988) as the most abundant genera, among a total of 1956
identified genera. Geographical distribution showed that most prevalent
countries were USA (n = 9014), China (n = 8159), South Korea (n = 3002),
Japan (n = 1930) and UK (n = 1773).

Our initial analysis, using the four tLST variants described by Zhang&
Yang, 2022, identified 4569 tLST-positive genomes (~0.5% of all analysed
genomes). After applying stringent quality filters requiring ≥90% sequence
identity, 2128 genomes remained for detailed investigation. Among these,
we observed varying degrees of tLST coverage: 968 genomes contained
partial sequences spanning 20–30% of the full-length variant, while 559
genomes showed minimal coverage of <20%, and 385 genomes had cov-
erage >30% but <80%. For our definitive analysis, we focused on 216 gen-
omes that demonstrated both high sequence identity (≥90%) and
substantial coverage (≥80%) of tLST variants. tLST3a emerged as the pre-
dominant form, present in 118 genomes, followed by tLST1 with 82
occurrences. tLST2 and tLST3b appeared in only seven (E. coli n = 4, S.
enterica n = 2, E. ludwigii n = 1) and nine (P. aeruginosa n = 8, E. coli n = 1)
genomes respectively. tLST1 occurring almost exclusively in E. coli,
with a single instance detected in Raoutella terrigena. In contrast,
tLST3a exhibited broad distribution across multiple bacterial famil-
ies, including Pseudomonadaceae, Burkholderiaceae, Yersiniaceae,
and Enterobacteriaceae (Fig. 1b).

Under further scrutiny, it was noted that several genomes displayed
consistent hit patterns matching known tLST variants, despite not meeting
our initial stringent criteria for inclusion. Bymapping these sequences back
to reference tLST variants (Supplementary Figs. 1–4), we identified struc-
tural variations that our initial screening parameters had not captured. This
reassessment led to the identification of seven additional tLST variants (Fig.
1a). We incorporated these newly identified variants into our sequence
alignment and screening protocols, resulting in the detection of 213 addi-
tional tLST-positive genomes. This discovery nearly doubled our total count
of tLST-positive genomes from 216 to 429.

Detailed structural analysis of these newly identified variants revealed
distinct modifications in key genetic elements. The tLST1 derivatives,
designated as tLST1aand tLST1b, exhibitedmore extensive deletions in ftsH
compared to the original variant (Fig. 1a). The tLST2 family showed more
complex structural variations. Three new variants—tLST2a, tLST2b, and
tLST2c—demonstrated modifications from the original tLST2, including
minor deletions in ftsH and a DNA duplication between the kefB and orfE
genes. The tLST2c variant displayed additional distinguishing features,
notably the absence of orfC and orfD genes, along with an ISPa85 insertion
positioned between the trx and kefB genes. Among all tLST2 variants,
tLST2d showed the most substantial structural changes, characterised by
complete deletion of ftsH, orfA, orfC, and orfD genes. Although tLST2d
appeared structurally more similar to tLST1 (Fig. 1a), sequence analysis
confirmed its closer relationship to tLST2, with 98% sequence identity at
100% coverage compared to only 85% identity, 91% coverage with tLST1.

tLST distribution across bacterial species and families (including
new variants)
Our analysis revealed significant variation in tLST prevalence across 46 out
of 7190 bacterial species screened, with notably high frequencies in several
clinically relevant pathogens. tLST was detected in ESKAPE-E pathogens
such as Enterobacter hormaechei (8.3%, n = 34), P. aeruginosa (7.7%,
n = 69), K. pneumoniae (3.1%, n = 80) and E. coli (2.6%, n = 111) (Fig. 1).
We also observed distinct patterns in tLST variant distribution (Fig. 1b). P.
aeruginosa showed the most concentrated distribution, with tLST3a dom-
inating (88%) and tLST3b representing the remainder (12%). E. coli dis-
played greater variant diversity, with tLST1 as the predominant form (73%),
followed by tLST1_AW1.7 (8%), tLST2c (6.3%), tLST3a (5.4%), tLST2
(3.6%), tLST2b (2.7%), and tLST3b (0.9%). E. hormaechei harboured pri-
marily tLST1_AW1.7 (62%) and tLST1a (38%), while K. pneumoniae
showed a strong preference for tLST1_AW1.7 (77.5%), with lower fre-
quencies of tLST2b (17.5%), tLST1b (2.5%), and tLST3a (2.5%). At the
family level, we observed a clear phylogenetic signal in tLST variant dis-
tribution.Enterobacteriaceaememberspredominantly carried tLST1and its
variants, while non-Enterobacteriaceae families, particularly Pseudomo-
nadaceae, primarily harboured tLST3a. This family-specific distribution
pattern suggests selective pressures, horizontal gene transfer constraints or
fitness impost have shaped the evolution anddissemination of tLST variants
across bacterial taxa.

Source distribution of tLST variants
We categorised genome sources into broad ecological niches based on
available metadata (Fig. 1c). Despite some limitations in source attribution
for certain genomes, distribution patterns emerged across different envir-
onmental contexts. tLST3a (associated with P. aeruginosa) demonstrated a
strong bias toward clinical settings, with 76.9% (83/108) of isolates origi-
nating from human sources, while environmental (n = 15) and wastewater
(n = 10) isolates accounted for the remainder. In contrast, tLST1 (E. coli
associated) exhibited a more balanced distribution: animal (39.4%, n = 26),
human (27.3%, n = 18), wastewater (18.2%, n = 12), and environmental
sources (15.2%, n = 10). For tLST1-AW1.7, 53.9% (n = 82) of isolates were
fromhuman sources and 36.8% (n = 56) fromwastewater, while animal and
environmental sources each contributed only 5.3% (n = 8) and 3.9% (n = 6)
of isolates. tLST1a followed a similar pattern, predominantly occurring in
wastewater (59.5%, n = 25) and human samples (33.3%, n = 14), with
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minimal representation in environmental (4.8%, n = 2) and animal (2.4%,
n = 1) sources. For tLST2b 86.4% (n = 19) of isolates were from human
sources and the remaining 13.6% (n = 3) from wastewater. However, given
the inherent sampling biases in public genome databases, we caution
interpreting these patterns as prevalence differences and instead report
them to contextualise where tLST variants have been identified to date. For
example, the apparent clinical bias of tLST3a likely reflects the over-
representation of clinicalP. aeruginosa isolates in sequence databases rather
than a true ecological preference. Conversely, the broader source distribu-
tion of tLST1 may reflect the more extensive sampling of E. coli across
multiple niches due to its key role in OneHealth AMR surveillance, driving
sampling from clinical, animal, food, and environmental sources.

Plasmid-mediated distribution of tLST1_AW1.7
Among all tLST variants, tLST1_AW1.7 displayed a distinctive pattern of
plasmid association (Fig. 1c). This variant demonstrated a confined dis-
tribution within the Enterobacteriaceae family, primarily occurring in
Enterobacter (47/145, 32.4%) and Klebsiella (84/145, 57.9%) species, with
occasional presence in E. coli (9/145, 6.2%). Plasmid typing revealed that
91.7% of tLST1_AW1.7 was carried on IncF plasmids (133/145). BLAST
analysis of these plasmids revealed limited sequence conservation beyond
individual strains, with similarity dropping rapidly to 60%or 20% coverage,
suggesting substantial plasmid diversity despite shared replicon types.

Genetic characterisation of tLST1_AW1.7-carrying plasmids revealed
selective carriage of virulence determinants. The mrkABCDFJ operon,
associated with biofilm formation and enhanced biocide tolerance51, was
present in 31.7% (46/145) of plasmids. In contrast, other virulence factors
were rare, with only astA detected in only two plasmids. ARGs were

similarly uncommon, with only 11 completed plasmids carrying resistance
determinants. Nevertheless, many of these tLST-positive plasmids had
extensive AMR profiles. For example, IncHI2:ST1 plasmid OW849321.1,
originating from a clinical Enterobacter cloacae isolate from Spain in 2018,
carried 18 ARGs conferring in silico resistance to carbapenem (blaVIM-1),
colistin (mcr-9), ESBL (blaCTX-M-9), rifampicin (arr-3), macrolides (mphA),
fluoroquinolones (qnrA1, aac(6′)-lb-cr6), chloramphenicol (catB3), ami-
noglycosides (aac(6′)-lb9, ant(2′′)-Ia, ant(3′′)-Ila), trimethoprim (dfrA16,
dfrB1), beta-lactams (blaOXA-1), sulphonamides (sul1) and tetracyclines
(tet(A)). Another eight tLST-positive IncF plasmids, all from Enterobacter
species (E. asburiae, E. roggenkampii, E. kobei), carried colistin resistance
gene mcr10.1.

tLST sequence type and lineage associations
Within the study collection, the tLST was found to be most prevalent in
specific high-risk lineages (Supplementary Data 1E), notably Enterobacter
hormaechei ST108 (n = 11) (phylogeny provided in Supplementary Fig. 5),
Klebsiella pneumoniae ST20 (n = 10) and Pseudomonas aeruginosa ST111
(n = 10), as well as emerging pathogenic lineages such as E. coli ST399
(n = 11). Complete genotyping, including AMR, VAG andmetal resistance
was performed for all isolates (Supplementary Data 2–5). This association
between tLST and these STs warranted detailed examination given their
established and emerging clinical significance, thus draft genomes for each
ST were analysed in addition to the original completed genome dataset.

tLST association in Klebsiella pneumoniae ST20
Hypervirulent andMDRK. pneumoniae ST20has been identified inEurope
(Spain andGreece), NorthAmerica (Canada), SouthAmerica (Brazil), Asia

Fig. 1 | Genomic structure and phylogenetic distribution of tLST variants across
bacterial species. a Structural comparison of tLST variants showing open reading
frames (ORFs) colour-coded by function: protein homeostasis/heat resistance (red),
cell envelope stress response (yellow), oxidative stress response (blue), variable
ORFs (pink), and insertion elements (green). bMidpoint rooted phylogenetic tree,
generated by mashtree software, of tLST-positive species with corresponding

variant distribution. The heatmap indicates variant presence (darker red indicating
higher frequency) and shows the percentage of tLST-positive genomes within each
species (rightmost column). Species are colour-coded by family affiliation. Novel
variants are highlighted by bars above the distribution matrix. c Table showing the
genomic context (plasmid versus chromosomal) and source origin of each tLST
variant.
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(China, South Korea) and New Zealand52. Among the 220K. pneumoniae
ST20 isolates analysed here, from 31 countries, more than half (n = 124,
56.4%) harboured tLST. The plasmid-associated variant, tLST1_AW1.7,
predominated, accounting for 98.4% (n = 122) of all tLST-positive isolates.
The source distribution of ST20 isolates primarily reflected human origins
(n = 184, 84%), with smaller numbers from environmental (n = 9, 4.1%),
animal (n = 2, 0.9%), andwastewater sources (n = 2, 0.9%). This patternwas
similarly reflected in the tLST-positive isolates: human (n = 103, 91.2%),
environmental (n = 8, 7.1%), animal (n = 1, 0.9%), and wastewater (n = 1,
0.9%). Analysis of closely related clades revealed variation in tLST presence,
indicating that tLST acquisition likely occurred through horizontal gene
transfer rather than strictly following vertical inheritance (Fig. 2).

K. pneumoniaeST20 isolates exhibitedhighly conserved intrinsicAMR
profiles,with fosfomycin resistance genes (fosA, fosA10) detecteduniversally
across all 220 isolates. Phenicol/quinolone resistance genes (oqxA, oqxB32)
were also highly prevalent (n = 183, 83.2%). Non-ESBL/non-carbapene-
mase beta-lactamases (blaSHV-1,11,14,187) were found in 95.5% (n = 210).

Conversely, acquired resistance determinants displayed more variability—
ESBLs (blaCTX-M-3,12,14,15,154, blaSHV-2,5,7,12) and carbapenemases (blaIMP-

1,4,26, blaVIM-1,4,24, blaNDM-1,5,7, blaOXA-48,181,232, blaKPC-2,3) were each
detected in 27.8% (n = 61) of isolates while other non-ESBL/non-carbape-
nemase beta-lactamases (blaOXA-1,2,9, blaLAP-2, blaTEM-1, blaSCO-1) were
found in 35.1% (n = 79). Additional resistance determinants included sul-
phonamide resistance genes (sul1,2,3; 35.5%, n = 78), quinolone resistance
genes (qnrA1, qnrB1,2,4,6,7,19,91, qnrS1; 33.6%, n = 74), streptomycin
resistance genes (aadA1,2,4,5,16, aph(3′′)-Ib, aph(6)-Id; 33.6%, n = 74), and
trimethoprim resistance genes (dfrA1,5,7,8,12,14,15,17,19,25,27; 30%,
n = 66). Statistical comparison of AMR profiles between tLST-positive and
tLST-negative isolates revealed important observation. The tLST-positive
isolates demonstrated significantly lower ESBL carriage (17% vs. 42%,
p = 0.002, chi-squared test with Bonferroni correction). No statistically
significant differences were observed for other resistance determinants. The
class 1 integron integrase gene (intI1) was present in 34.1% (n = 75) of all
ST20 isolates, with 24% (n = 30) of tLST-positive isolates harbouring this

Fig. 2 | Midpoint rooted maximum-likelihood core genome phylogenetic tree of
K. pneumoniae ST20 (alignment length: 3,638,007 bp; variable sites: 29,487;
IQTREE Best Fit Model: GTR+ F+ R5). Leaf labels in red indicate complete
genomes included in the earlier part of study. From inner to outer, the coloured rings
show tLST variant, source, and country of origin. IncF RST shown as determined by

pMLST. The blue heatmap represents yersiniabactin high pathogenicity island
(ICEKp) associated genes, followed by intI1 gene length detected. The red heatmap
summarises antimicrobial-resistance classes of detected ARGs; with specific colours
for ESBLs (light green: blaCTX-M, dark green: others) and carbapenemases (dark
brown: blaKPC, light brown: others).
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element. Notably, tLST-positive isolates were significantly associated with
copper (pco; p = 0.002), arsenic (ars; p = 0.001) and silver (sil; p = 0.00006)
resistance genes.

A distinct lineage of 14 isolates from Singapore was identified, with a
high prevalence of tLST (78.6%, n = 11). These isolates differed by an
average of 4 SNPs (range: 0–9 core SNPs), carried IncF K5:A-:B- plasmids
and demonstrated a consistent multidrug resistance profile, harbouring
acquired genes conferring resistance to multiple antimicrobial classes:
blaOXA-1, aadA16, sul1, dfrA27, tet(A), qnrB6, aac(6′)-Ib, catB3, blaKPC-2,
aac(3)-IIe, and arr-3. Despite being highly clonal, these isolates from Sin-
gapore were collected from at least three hospitals, from different pathol-
ogies and sources (e.g. blood, liver abscess, rectal swabs) and different years
(2012–2015).

tLST associations in Pseudomonas aeruginosa ST111
Our analysis encompassed 380 P. aeruginosa ST111 isolates, predominantly
of human origin (n = 274, 72%). The ST111 lineage exhibited close genetic
relatedness, with pairwise core SNP distances ranging from 0 to 3635
(mean = 119 core SNPs). The isolates demonstrated a global distribution,

with representatives from diverse geographical regions including Germany,
Lebanon,Russia,Colombia, andother countries. The tLST (either tLST3aor
tLST3b), present in 141 isolates (37.1%), showed restricted distribution
within the ST111 population, being primarily concentrated in one specific
sublineage (Fig. 3, blue highlighted clade). This sublineage comprised 149
isolates, with 77.2% (n = 115) derived from human sources, including iso-
lates fromblood, sputum, bronchoalveolar lavage, bone, skin and soft tissue,
and urine (Supplementary Data 3A and 4.0% (n = 6) from environmental
sources.Within this sublineage, tLSTwas highly prevalent, present in 81.2%
(n = 121) of isolates (all tLST3b). There was a strong association of Class 1
integrons (intI1) carriage across the entire ST111collection (n = 300, 78.9%)
and this association was also evident in the lineage carrying tLST3b (100%;
all 1014 bp). The ST111 lineage exhibited extensive AMR. We observed
universal resistance to kanamycin and fosfomycin (100%), with near-
complete resistance to quinolones (98.9%) and chloramphenicol (95.8%).
Resistance to sulphonamideswas also common(83%) (SupplementaryData
3B).Most strikingly, tLST-positive isolates showed a strong associationwith
MBLcarbapenemase genes, such as blaIMP-1,blaIMP-18,blaVIM-2, andblaVIM-

9 (91.5%, n = 129) compared to tLST-negative isolates (34.3%, n = 83;

Fig. 3 | Midpoint rooted maximum likelihood core genome phylogenetic tree of
P. aeruginosa ST111 (alignment length: 4,247,477 bp, variable sites: 7698;
IQTREE Best Fit Model: TIM+ F+ R10). Leaf labels in red indicate complete
genomes included in the earlier part of study. Blue highlighted area indicates major
tLST presence. From inner to outer, the coloured rings show tLST variant, source

and country of origin. These are followed by the length of intI1 gene if present, and
serotype. Red heatmap summarises antimicrobial-resistance classes of detected
ARGs with specific colours for ESBL (green) and carbapenemases (dark brown:
blaKPC, light brown: others).
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p = 3.48 × 10⁻26). All isolates carrying tLST3b carried blaVIM-2, with six
additionally carrying either blaVIM-9 (n = 3) or blaIMP-18 (n = 3). Conversely,
tLST-negative isolates exhibited significantly higher prevalence of ami-
noglycoside resistance genes conferring resistance to gentamicin (48.1%,
n = 115 vs. 16.3%, n = 23; p = 2.18 × 10−8) and streptomycin (39.3%, n = 95
vs. 12.1%, n = 17; p = 4.84 × 10−7).

tLST associations in Escherichia coli clonal complex (CC) 399
E. coli ST399 and ST635 had the most instances of tLST in the completed
genome dataset and both STs belong to CC399. For more comprehensive
tLST screening, and to elucidate anyAMRandvirulence correlations, ST399
(n = 514) and ST635 (n = 317) genomes were sourced from Enterobase and
analysed. In ST399, 196 isolates (38%) carried at least one tLST variant,
while ST635 showed an even higher proportion with 198 isolates (62%)
being tLST-positive. The distribution pattern of tLST variants showed both
similarities and distinctions between the sequence types. In ST399, tLST1
was predominant (n = 139), followed by tLST2b (n = 40), tLST1_AW1.7
(n = 21), tLST2c (n = 19), tLST3a (n = 19), and tLST2 (n = 5). Carriage of

more than one tLST variant was notable in 51 ST399 genomes, with tLST1/
tLST2b (n = 29) and tLST1/tLST2c (n = 16) being the most frequent com-
binations. Similarly, ST635 isolates primarily carried tLST1 (n = 167), fol-
lowed by tLST2c (n = 89) and tLST3a (n = 3), with 61 isolates harbouring
two tLST variants simultaneously.

Both sequence types generally maintained limited AMR profiles
(Figs. 4 and 5). However, an outbreak of a clonal lineage of ST399 carrying
the Yersiniabactin high pathogenicity island (HPI) and plasmid encoded
blaOXA-48 engendering resistance to carbapenems, occurred on a vascular
surgery ward housing predominantly diabetic patients with foot ulcers and
compromised vasculature in a newly built hospital53. These outbreak ST399
isolates carried either tLST2b (n = 6) or tLST2b and tLST1 (n = 14). A
second, predominantly environment-sourced (hospital sinks) E. coli
ST635 subclade of 85 isolates (Fig. 5) also revealed a distinct AMRprofile, of
which 76% carried tLST (65/85), and 77 (91%) harboured class 1 integrons
(intI1). The same isolates harboured consistent ARGs, including
β-lactamases (blaTEM-1 or blaOXA-1), sulphonamide resistance determinants
(sul1, sul2), aminoglycoside resistance genes (aadA1, aph(3′′)-Ib, aph(6)-Id),

Fig. 4 | Midpoint rooted, maximum likelihood core genome phylogenetic tree of
E. coli ST399 (alignment length: 2,772,212 bp; variable sites: 28,844; IQTREE
Best Fit Model: GTR+ F+ R2). Leaf labels in red indicate complete genomes
included in the earlier part of study. The inner coloured rings show tLST variants,
source, and country of origin. These are followed by serotype and IncF RST as text

labels. The blue heatmap represents yersinabactin high pathogenicity island (HPI)
associated genes, which are followed by the length of intI1 gene detected and the
outer red heatmap summarises antimicrobial-resistance classes of detected ARGs
with specific colours for ESBL (light green = blaCTX-M; dark green = other) and
carbapenemases (dark brown: blaKPC, light brown: others).
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trimethoprim resistance (dfrA14 or dfrA19), and aminoglycoside-
modifying enzymes conferring gentamicin resistance (aac(3)-IIe, aac(3)-
IIg). ESBLgenes (blaCTX-M-15,blaSHV-12)were detected in76 isolates (89.4%)
and colistin resistance (mcr-9) in 64 isolates (75.3%). Most (91%) carried
F100:A-:B- plasmids and the subclade as awhole demonstrated high genetic
relatednesswith amean SNPdistance of 27 (range: 0–115core SNPs). These
observations reinforce the concept that lineages harbouring tLST can carry
an impressive arsenal of antibiotic resistance genes, expanding on their
ability to resist heat and a broad array of chlorine-based oxidising agents.

Discussion
Bacterial survival and adaptation across diverse environments represent
fundamental drivers of evolutionary success, enabling microorganisms to
persist in the face of environmental challenges and selective pressures. The
tLST, an MGE that confers enhanced stress resilience, exemplifies how
bacteria acquire adaptive traits through horizontal gene transfer. Our
comprehensive genomic analysis of 48,183 bacterial genomes revealed the
distribution of tLST across 46 bacterial species spanning multiple genera,
including the identification of six previously undescribed tLST variants.We

demonstrated that tLST1_AW1.7, which we found predominantly asso-
ciated with F plasmids, dominates in Enterobacter and Klebsiella species,
while tLST1 was almost exclusive to E. coli, and tLST3a prevails in Pseu-
domonas. This taxonomic partitioning extended to the family level, with
Enterobacteriaceae members predominantly harbouring tLST1 and its
variants, while non-Enterobacteriaceae families, particularly Pseudomona-
daceae, primarily carried tLST3a. Characterisation of tLST1_AW1.7-car-
rying plasmids revealed selective carriage of virulence factors, notably the
mrkABCDFJ operon present in 31.7% of plasmids, conferring enhanced
biofilm formation capability and biocide tolerance. Although ARGs were
generally uncommon on these plasmids, those that did contain ARGs often
displayed extensive in silico resistance profiles, including resistance to last-
resort antibiotics such as colistin and carbapenems. Importantly, we iden-
tified notable prevalence of tLST in specific high-risk ESKAPE-E lineages.
Heat, chlorine and chlorine-based oxidising agents have been instrumental
in controllingmicrobial loads in healthcare environments including cooling
towers, WWTPs, recreational water systems, agricultural operations and
food production. As such, the concentration of tLST in specific high-risk
ESKAPE-E lineages represents one of the most concerning aspects of our

Fig. 5 | Midpoint rooted, maximum-likelihood core genome phylogenetic tree of
E. coli ST635 (alignment length: 3,148,157 bp; variable sites: 17,200; IQTREE
Best Fit Model: GTR+ F+ R4). Leaf labels in red indicate complete genomes
included in the earlier part of study. The inner coloured rings show tLST variant,
source, and country of origin, followed by serotype and IncF RST. Blue heatmap

represent yersiniabactin high pathogenicity island (HPI) associated genes, followed
by the length of intI1 gene detected and outer red heatmap summarises
antimicrobial-resistance classes of detected ARGs with specific colours for ESBL
(light green: blaCTX-M; dark green: other) and carbapenemases (brown: blaKPC, light
brown: others).
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findings because these successful pandemic lineages appear unencumbered
by fitness imposts that normally accompany the accumulation and main-
tenanceof thediversity of laterally acquired genetic cargo required to encode
virulence and resistance to diverse and clinically relevant antibiotics,
chlorine-based oxidising agents, heat, biocides and metals. The remarkably
high prevalence in K. pneumoniae ST20 and P. aeruginosa ST111, suggests
that stress tolerance provides additional selective advantages to successful
pathogenic lineages.

K. pneumoniae ST20 is a pandemic lineage known for its association
with MDR and frequent hospital outbreaks, particularly within neonatal
units54–57. Of the 220K. pneumoniae ST20 genomes investigated here, 124
(56%) carried tLST, with the plasmid-associated variant tLST1_AW1.7
dominating 98.4% of tLST-positive isolates. This finding aligns with earlier
studies on the ClpK protein (also referred to as ClpG, confers remarkable
heat resistance and now known to be part of the tLST). Bojer et al.58, found
ClpK in 30% ofK. pneumoniae clinical isolates within an intensive care unit
and demonstrated its correlation with increased thermotolerance, suggest-
ing this mechanism could facilitate strain persistence in healthcare envir-
onments. This was subsequently confirmed by Jørgensen et al.59, who
isolated aClpK-producingK. pneumoniae strain fromanendoscopebiofilm
that survived standard chemothermal disinfection during an outbreak
investigation. Like most K. pneumoniae ST20 isolates, those harbouring
tLST were predominantly MDR. A striking example of this convergence of
MDR and stress tolerance was observed in a highly clonal cluster of K.
pneumoniae ST20 tLST-positive isolates from Singapore, where despite
minimal genetic differences (mean 4 SNPs), isolates persisted across mul-
tiple hospitals, pathologies, and years while maintaining extensive MDR
profiles including carbapenem resistance (blaKPC-2). The plasmid-mediated
co-localisation of stress tolerance, biofilm formation capabilities, and
extensiveAMRinK. pneumoniae ST20 represents a significant challenge for
infection control, as these strains can potentially survive both antimicrobial
therapy and standard disinfection procedures.

P. aeruginosa ST111 represents one of the most clinically significant
high-risk P. aeruginosa clones with global distribution, second only to
ST235 in its widespread prevalence60. Our genomic analysis of 380 ST111
isolates was comprised of strains from diverse geographical regions yet a
close genetic relatedness was observed (mean 119 SNPs). Most notably, our
investigation revealed a ST111 sublineage characterisedby ahighprevalence
of tLST (81.2%). Interestingly, the tLST3b variant dominated ST111, con-
trasting with the broader Pseudomonas population where tLST3a wasmore
prevalent. The difference between these two variants is the presence of orfB
in tLST3b, a gene that encodes for a diguanylate cyclase, known to control
exopolysaccharide-associated biofilm development61. This variant-specific
distribution suggests a potential selective advantage or co-evolutionary
relationship within the ST111 lineage. We observed a significant co-
occurrenceof tLST andMBLcarbapenemase genes in the ST111 population
(91.5% of tLST-positive isolates versus 34.3% in tLST-negative isolates,
p = 3.48 × 10−26). Indeed, all tLST3b-positive isolates carried blaVIM-2. Fur-
thermore, the universal carriage of Class 1 integrons in the tLST-positive
sublineage alignswithfindings byRath et al.62), who identifiedqacE/qacEΔ1
genes (part of a typical class 1 integron structure) conferring quaternary
ammonium compound resistance in ST111 outbreak isolates. This con-
vergence of disinfectant and AMR mechanisms highlights how genetic
environmental persistence elements like tLSTmay contribute to the success
of high-risk clones in healthcare settings, where both disinfectant and
antibiotic selection pressures are substantial.

Our analysis of E. coli ST399 and ST635 isolates provides critical
insights that challenge previous assumptions about tLST-positive E. coli
lineages and their relationship with AMR and virulence factors. The high
prevalence of tLST variants within these sequence types (38% in ST399 and
62% in ST635) supports their association with environmental adaptation,
particularly in engineered environments63,64. However, our examination of
specific subclades reveals amore complex evolutionary narrative. The tLST-
positive ST399 outbreak strain in the UK carried both the carbapenemase

gene blaOXA-48 and the Yersiniabactin high pathogenicity island, which
contradicts earlier characterisations of tLST-positive strains as typically
lacking virulence determinants42,65. The Yersiniabactin High Pathogenicity
Island encodingYersiniabactin, a key iron acquisition siderophore, is highly
associated with death in a mouse sepsis model ranking higher than other
important iron acquisition operons strongly implicated in invasive ExPEC
disease including aerobactin and the sitABCD operon66. Similarly, the pre-
dominantlywater faucet-derivedST635 subclade combining tLSTpositivity
(76%) with extensive AMR profiles aligns with observations that a sig-
nificant proportion (87.5%)of ST635 isolates fromhospitalwastewaterwere
carbapenemase producers67. These findings suggest that environmental
persistence conferred by tLSTprovides certain lineageswith an evolutionary
platform upon which they can accumulate clinically relevant MGEs, par-
ticularly in healthcare settingswhere selective pressures are intense64. This is
especially concerning given that hospital wastewater contributes dis-
proportionately to the environmental burdenof resistance genes, potentially
creating a cyclical relationship where environmentally persistent strains
acquire clinical resistance determinants and subsequently establish resilient
reservoirs in hospital infrastructure68. The evolutionary convergence of
environmental persistence with AMR in these lineages underscores the
public health significance of monitoring tLST-positive E. coli in healthcare
environments, particularly as they may contribute to ongoing transmission
chains and persistent outbreaks64.

Our study, while comprehensive in its genomic analysis of tLST var-
iants, faced several limitations. As a purelyWGS study using genomes from
public databases, our analysis was constrained by the available bacterial
genomes and their associated metadata, which may not fully represent
global and source distributions, particularly from regions with limited
sequencing infrastructure, and is biased towards clinical isolates. Without
accompanying clinical or environmental metadata in many cases, we were
unable to systematically assess clinical outcomes or environmental pre-
valence. Without access to corresponding isolates, we could not experi-
mentally verify phenotypic traits associatedwith identified tLST variants, or
test disinfection efficacies against tLST-positive strains, limiting our ability
to provide evidence-based infection control recommendations. None-
theless, extensive studies have beenundertaken to evaluate the function(s) of
specific genes carried across most tLST variants29,48. While all identified
variants retain the core genes necessary for heat and chlorine resistance27,
their structural variations may reflect evolutionary optimisation for differ-
ent ecological contexts, with gene duplications potentially enhancing spe-
cific resistance mechanisms while deletions may reduce metabolic burden
without sacrificing essential protective functions. Despite identifying novel
tLST variants, our understanding of their evolutionary origins remains
incomplete due to the nature of public database sampling. Methodologi-
cally, our reliance on high sequence identity thresholds may have excluded
divergent variants.

The distribution of tLST across diverse bacterial pathogens represents
an observation that warrants further investigation regarding its potential
clinical and One Health implications. The presence of these elements in
certain high-risk lineages, often in association with extensive AMR and
enhanced environmental persistence capabilities, suggests these strains
possess multiple mechanisms for withstanding both therapeutic interven-
tions and infection controlmeasures.Moving forward, further research into
the functional characteristics of different tLST variants and their interac-
tions with host bacterial genetics will enhance our understanding of their
adaptive significance. Our findings highlight the value of comprehensive
genomic surveillance incorporating both clinical and environmental sam-
pling to monitor the distribution and evolution of these concerning ele-
ments. Increased awareness about tLST in clinical microbiology, industry
and public health contexts would be beneficial based on our analysis. Such
approaches will help us better understand the role of sanitation-tolerant,
multidrug-resistant pathogens, including pandemic lineages, in healthcare
settings and prevent their further dissemination through environmental
reservoirs.
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Methods
Screening for tLST
A total of 48,183 completed bacterial genomes and their corresponding
metadata, representing 7190 unique species, were downloaded on Feb-
ruary 5, 2024 (all completed genomes at the time), from the National
Center for Biotechnology Information (NCBI) using NCBI Datasets69.
To identify the presence of tLST variants, we screened all genomes using
abricate v0.9.8 (github.com/tseemann/abricate) against four known
reference sequences: tLST1 (NZ_CP025739), tLST2 (NZ_CP061749),
tLST3a (NZ_CP010237), and tLST3b (NZ_CP061755). Genomes were
classified as tLST-positive if they demonstrated sequence alignment with
≥90% identity and≥80% coverage length to any of the reference variants.
Further analysis focused on isolates showing multiple tLST hits with
≥90% identity and <80% but ≥20% coverage length. These sequences
were mapped against complete tLST reference sequences, leading to the
identification of six previously unreported tLST variants. Additionally,
we confirmed the presence of two previously reported variants: AW1.7
(LDYJ01000141) and FAM21805 (KY416992). New variants were
named according to their closest matching tLST version, with alpha-
betical designations for differentiation. The workflow used to screen for
tLST is illustrated in Fig. 6.We selected one representative genome from
each species containing any tLST variant and constructed a phylogenetic
tree of diverse bacterial species using mashtree70, confidence values were
estimated via 250 bootstrap replicates and visualised the relationships
using the Interactive Tree of Life (iTOL)71. Structural comparisons of all
tLST variants were visualised using EasyFig v2.2.572.

The data were then systematically classified into six distinct categories:
Human, Animal, Environment, Wastewater, Laboratory and Unknown.
For automated classification, the ChatGPT model ‘GPT-4o-mini’ was
employed with the following query: ‘Classify the following sample isolation
source into one of the categories: human, animal, environment, wastewater,
laboratory. If the description is vagueor unclear, and you cannot confidently
classify it, respond with ‘unknown’. Answer with just one term. Sample:
‘$Sample’.’All model-generated classifications were subsequently subjected
to manual curation to ensure accuracy and consistency. Metadata was
processed inR to extract key attributes, including host source and associated
details.

Genotyping andphylogenetic analyses of tLST positive genomes
For sequence type (ST) determination, we analysed tLST-positive assem-
blies using mlst (github.com/tseemann/mlst) with default parameters,

which require perfect hits for alleles (100% coverage and identity). We
conducted a detailed investigation of E. coli, P. aeruginosa, K. pneumoniae
and E. hormachei STs showing the highest tLST prevalence by retrieving all
publicly available corresponding ST genomes from EnteroBase73,
pubMLST74 and/or NCBI. Phylogenetic analysis ofK. pneumoniae ST20, P.
aeruginosa ST111 andE. coli ST399 and ST635 proceeded in two steps: first,
we generated core genome sequence alignments (Block Mapping and
Gathering with Entropy [BMGE] filtered) using panaroo v1.5.275 with -a
core --remove-invalid-genes --aligner MAFFT options, followed by max-
imum likelihood phylogenetic tree construction using IQ-TREE 2 v2.2.076

with ModelFinderPlus (-m MFP) to determine best-fit model and single
branch testing using ultrafast bootstrapping (1000 replicates) (--B 1000).
The resulting phylogenetic relationships were visualised using iTOL71.
Because recombination was not explicitly masked, branch lengths/supports
may be influenced by homologous exchange; we therefore avoided micro-
scale transmission inferences. To characterise these isolates comprehen-
sively, we enriched the phylogenetic visualisation with metadata and
molecular features on iTOLfigures.We screened forARGs,metal resistance
genes, insertion sequences, plasmid replicons, and virulence factors using
Abricate v1.0.1, accessing the CARD77, ISfinder78, PlasmidFinder79, and
VFDB80 databases, respectively. AbritAMR81 was used to classify ARGs
according to their corresponding antibiotic classes. Additionally, we con-
ducted F family plasmid replicon sequence typing using pmlst79, serotype
detection was done using ECTyper82 for E. coli and via PAst83 for P. aeru-
ginosa. K. pneumoniae ST20 isolates were additionally analysed using Kle-
borate v3.2.484 (default parameters) to separate intrinsicKlebsiellaAMRand
virulence determinants from acquired ones. All genotyping data and
metadata are available in Supplementary Data 1.

Data availability
To support the reproducibility of this workwe havemade the R scripts used
to process, analyse and visualise this data available at github.com/Tu6ka/
tLST_supdata_2025.

Code availability
To support the reproducibility of this workwe havemade the R scripts used
to process, analyse and visualise this data available at github.com/Tu6ka/
tLST_supdata_2025.
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Fig. 6 | Bioinformatic workflow for identifying and analysing transmissible locus of stress tolerance (tLST) variants across bacterial genomes.
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