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Bacteria exhibit remarkable adaptability in response to selective pressures
encountered during infection and antibiotic treatment. We characterize four
Yersinia enterocolitica clonal isolates from successive bacteremia episodes that
evolved within an elderly patient over 14 years. Their common evolution is
characterized by a genome size reduction resulting in the loss of about a
hundred genes and a so far undescribed deletion in the DNA gyrase gene gyrA
conferring quinolone resistance. Third-generation cephalosporin resistance of
the last isolate correlates with a truncation of OmpF in synergy with an
increased production of BlaA and AmpC (3-lactamases. A strong proteome
remodeling of the isolates reveals a perturbed stringent response, as well as
impaired metabolism which substantiate their severe growth defects in vitro,
accounting for antibiotics tolerance and possibly therapeutic failure. This
study documents previously unreported genetic and phenotypic changes
associated with in-host adaptation of a pathogenic Yersinia species under
antibiotic pressure.

In the past few years, genome evolution of pathogenic bacteria during
chronic infection has been analyzed to unprecedented depth through
whole-genome sequencing-based longitudinal studies of clinical
isolates'. Mainly focusing on cystic fibrosis-associated bacteria such as
Staphylococcus aureus, Pseudomonas aeruginosa, and Burkholderia
species but also encompassing other important pathogens such as

Mycobacterium tuberculosis, Salmonella enterica, Helicobacter pylori or
Enterococcus species, these studies unraveled shared within-host evo-
lution mechanisms such as genome size reduction, metabolic adap-
tation, virulence modulation or hypermutation'™. Furthermore,
longitudinal genomic studies shed light on antibiotic resistance
emergence during chronic infection by the mean of various evolutive
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or ecological mechanisms®*. In constrast, in-host evolution of anti-
biotics tolerance that contributes to this emergence’ is still poorly
understood® .

In-host evolution has not been reported for infections associated
with Yersinia spp. Yersinioses include fulminant infections such as
plague caused by Yersinia pestis, as well as mild or severe enteritis
caused by Yersinia pseudotuberculosis or Yersinia enterocolitica (Ye)’.
The latter represents the third most common cause of enteritis from
bacterial origin in temperate and cold countries'. Systemic Ye infec-
tions occur mostly in elderly patients with underlying disorders such
as diabetes, iron overload, or cirrhosis".

Persistent Ye infections in patients causing relapses for several
years have been reported, but the potential genetic relationships
between the isolated strains was not determined.

In this work, we report a previously undescribed in-host evolution
of a pathogenic Yersinia species in a patient presenting iterative epi-
sodes of bacteremia over 14 years despite long-term antibiotics

treatments. Analyzes of 4 clinical isolates reveal genome size reduc-
tion, impaired metabolism and increased doubling time, hallmark of
antibiotics tolerance, in the latest isolates. This tolerance likely paves
the way to quinolone resistance acquisition via a previously unde-
scribed mutation in the gyrA gene encoding the DNA gyrase A subunit,
and, ultimately, to OmpF- and f-lactamase-mediated ceftriaxone
resistance acquisition in the latest isolate, leading to therapeutic
failure.

Results

Case description

An elderly patient presented with an atrioventricular block thatled to a
pacemaker implantation in September 1998. In December 1999, the
patient had a first septicemic episode resulting in the isolation of a Ye
strain (Ye.l) (Fig. 1a). She received ceftriaxone and netilmicin treat-
ment for 4 weeks and recovered. In February 2000, the patient
experienced a second episode of bacteremia with isolation of another
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Fig. 1| Clinical case description. a Clinical case description of Ye chronic infec-
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observation of vegetations on the pacemaker atrial lead. Periods of antibiotics
treatment are shown in a darker color on the chronograph, with the associated
treatment names on the left and antibiotic classes on the right. Ab: antibiotics.
CeftriaxoneR: resistant to ceftriaxone. Nalidixic acidR: resistant to nalidixic acid.

Endocarditis + sepsis

Nalidixic acidR R
Nalidixic acidR
e ) Srowth defect __ _ _ Growthdefect _
Ye.3 Ye.4
2013 2014

1
1
1 I Aminoglycoside
1
: : Quinolone
U Macrolide
. i
1 1 Sulf./Trimetho.
1
Pneumonia Heart
ailure

11:44:37
#170
100mm

TE-V5M
6.0MH2)
ETO
General
Temp Sonde<37.0°C

[36"}

84dB
Gain=

S1/ 0/1/4
-6dB  A=2

o

FC= 60bpm

*

e ] ____'
1Drst = 0 79cm

Dist = 1 57cm

Sulf: sulfonamide. Trimetho: Trimethoprim. Created in BioRender. Lé-bury, P
(2025) https://BioRender.com/7nptf49 b Vegetation on pacemaker lead. Transe-
sophageal echocardiography performed July 27, 2006, showing large vegeta-
tions on the pacemaker lead in the right atrium. Vegetations formed a sheath
around the electrode, measuring 1.6 cm by 0.8 cm.
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Ye strain (Ye.2). She was treated with the same antibiotics for four
weeks, followed by 18 months of ciprofloxacin therapy (until July
2001), during which monthly blood cultures were negative. A third
bacteremia occurred in August 2001 with isolation of a third Ye (Ye.X,
not kept in collection) that showed a decreased growth rate, and was
resistant to nalidixic acid but susceptible to ciprofloxacin, which had
been used for treatment. The patient received a long-term ceftriaxone
therapy until July 2005, and monthly blood cultures were negative. In
June 2006, the patient was hospitalized for a sepsis but had a negative
blood culture. For the first time, echocardiography evidenced vege-
tations on the pacemaker atrial lead, suggesting endocarditis due to
bacterial growth on the cardiac device (Fig. 1b). A 6-year ceftriaxone
treatment was administered, leading to vegetation disappearance. In
December 2012, the patient suffered from pneumonia, and ceftriaxone
treatment was replaced by spiramycin. In January 2013, she presented
with another bacteremia with isolation of a fourth Ye strain (Ye.3) and
vegetations reappeared on the pacemaker atrial lead. Strain Ye.3, like
Ye.X, was resistant to nalidixic acid and showed a severe growth defect.
The patient was treated with piperacillin/tazobactam/amikacin for one
week, followed by a 9-month ceftriaxone therapy. The patient had a
last bacteremia in October 2013, during which a fifth Ye strain (Ye.4)
was isolated. Minimum inhibitory concentration (MIC) of ceftriaxone
increased from 0.19 mg/L (Ye.3) to 2mg/L (Ye.4) leading to anti-
microbial treatment modification with cotrimoxazole. Three months
later, the patient died of heart failure.

Antibiotic susceptibility evolution upon long-term treatment
The five strains isolated during the iterative bacteremia were initially
identified as Ye using a VITEK2 GN card. Ye.l and Ye.2 (also referred as
“early isolates”) were identified as Ye bioserotype 4/0:3 by phenoty-
pical characterization; Ye.3 and Ye.4 (also referred as “late isolates”)
were not characterized by these methods. A substantial increase in
mid-exponential phase doubling time at 37 °C was measured, from 49
and 44 min for Ye.l and Ye.2 to 5h38 and 4h46 for Ye.3 and Ye4,
respectively. Doubling times at 28 °C were slightly longer, with 57 min
for Ye.l and Ye.2, 6h49 for Ye.3 and 5h28 for Ye.4 (Supplemen-
tary Fig. 1).

After isolation of the four strains, we parallelly assessed the sus-
ceptibility of Ye.l to Ye.4 to single antibiotics or to antibiotic combi-
nations (Abs) by disk diffusion assay (33 Abs) and Etest (10 Abs)
(Table 1). All strains were resistant to the penicillins amoxicillin and
ticarcillin. Ye.1 and Ye.2 were resistant to 1°-generation cephalosporin
and they were susceptible to all other tested antibiotics, as usually
observed for Ye bioserotype 4/0:3, although Ye.2 showed a small
resistance increase to several -lactams and netilmicin, the aminogly-
coside (AG) which was administered in combination with the 3-gen-
eration cephalosporin (C3G) ceftriaxone between Yel and Ye.2
isolation. Ye.3 and Ye.4 acquired a resistance to the quinolone nalidixic
acid, as observed with Ye.X, and an AG MIC decrease was observed
compared to the early isolates Ye.l and Ye.2. Furthermore, Ye.4 was
fully resistant to the C3G ceftriaxone as well as the 2"-generation
cephalosporin (C2G) cefoxitin, and was slightly more resistant than
Ye.3 to piperacillin-tazobactam, the combination of a penicillin and a
B-lactamase inhibitor administered before ceftriaxone between Ye.3
and Ye.4 isolation.

To better understand how the late isolates survived long-term
ciprofloxacin treatment despite absence of detectable resistance, we
measured the killing kinetics when bacteria were exposed to various
ciprofloxacin concentration to assess tolerance. Of note, as the latest
isolates could not grow in Mueller-Hinton (MH) broth, we measured
the survival in Lysogeny Broth (LB). Interestingly, while MIC mea-
sured by Etest on the standard MH agar were fairly constant between
the four isolates, we observed an increasing resistance from early to
late isolates when MIC were measured in LB broth by microdilution
assay (Table 1). However, LB is a complex and unstandardized

medium for MIC determination, limiting interpretation of these dif-
ferences. To evaluate killing kinetics, a range of ciprofloxacin con-
centrations was first tested on the most sensitive isolate Ye.l
(Supplementary Fig. 2a, b). Two concentrations were then chosen to
assess the killing kinetics of the four isolates with enough sensitivity.
The highest concentration (0.25 pg/mL) was 2- to 16-fold the LB MIC
of Ye.l, Ye.2 and Ye.3, although it was below the Ye.4 MIC measured
in LB. At this concentration, Ye.1 and Ye.2 were killed within the first
3h, while Ye.3 displayed a slower killing rate and could still be
detected after 25 h of incubation (Fig. 2, Supplementary Fig. 2c-j). At
alowest concentration (0.0625 pg/mL), Ye.2 showed a better survival
than Ye.1 (Fig. 2i) after 3 h of incubation. Overall, these results show
an increase in tolerance to ciprofloxacin from isolates Ye.1 to Ye.3.

Genomic evolution during the chronic Ye infection

Taxonomic assignment of the 4 isolated strains was obtained based on
a core-genome multi-locus sequence typing (cgMLST) with 500 core
genes using whole-genome de novo sequences, confirming that strains
Ye.lto Ye.4 belong to the Ye genotype 4, corresponding to bioserotype
4/0:3. To investigate whether the multiple infection episodes were
independent or due to a chronic colonization by a unique evolving
bacterial strain, we studied the genetic relatedness of strains Ye.l to
Ye.4 by a core-genome single-nucleotide polymorphism (SNP) analy-
sis, with inclusion of 259 additional Ye biotype 4 strains isolated
between 1963 and 2016 (Supplementary Data 1). The phylogenetic tree
reconstruction based on analysis of 4,738 SNPs showed that Ye.l to
Ye.4 were closely related and formed a unique clade separated from
other Ye strains, and that the late isolates belonged to a long branch,
suggesting an unusual accumulation of SNPs (Fig. 3a). Using Bayesian
phylogenetic inference, we estimated the substitution rate for the four
strains to 10~ and 1076 substitutions per site per year (Supplementary
Fig. 3a), which is comparable to the rates observed in other in-host
evolving bacterial strains'. These results strongly suggest that the
patient suffered from a chronic infection due to a unique evolving Ye 4/
0:3 strain.

We next analyzed the molecular events that characterized the in-
host evolution of Ye.1 to Ye.4. Genomic comparison and pan-genome
phylogenetic analysis did not evidence any gene acquisition or small
insertion/deletion events that were common and specific to the four Ye
isolates. Ye.l (isolated in December 1999) and Ye.2 (isolated in Feb-
ruary 2000) were identical except for the loss in Ye.1 of a 1.5 kb region
(between nucleotides 4,282,424 and 4,283,952 from the Y11 reference
genome), indicating that detectable genetic divergence occurred
within the first months of infection. Using the phylogenetic tree, we
selected 4 other strains with the shortest genetic distance to the 4 Ye
clinical isolates and investigated the putative presence of a temporal
signal. Due to the unusual accumulation of SNPs, Ye.3 and Ye.4
represented outliers and were excluded from the analysis. We found
evidence of a temporal signal present in the evolution of the 6 other
strains (Supplementary Fig. 3b). The use of the least-squares dating
tool (https://Isdating.pasteur.fr) estimated the closest internal node
for Ye.l and Ye.2 in October 1999, suggesting that the patient was
contaminated at least two months before the first bacteremic episode
(Fig. 3b). The closest internal node for Ye.3 (isolated in January 2013)
and Ye.4 (isolated in October 2013) was estimated to be January 2011
(Fig. 3b). Their common ancestor accumulated 285 SNPs before
diverging into Ye.3 and Ye.4, which since accumulated 31 and 52
additional SNPs, respectively (Fig. 3a, Supplementary Data 2). 140
genes containing mutations vertically acquired from their common
ancestor (synapomorphies) were identified in the Ye.3 and Ye.4 gen-
omes, including the gyrA gene (see below and Supplementary Data 3).
Ye.3 and Ye.4 shared three identical large deletions: a 2-gene deletion
of 2.5 kb, which additionally led to the truncation of the dksA gene (see
below), a 9-gene deletion of 9.9 kb, and a 28-gene deletion of 32.7 kb
(Supplementary Data 4). These strains also shared 41 small insertions/
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Table 1| Antibiotic susceptibility profiling of the 4 clinical isolates

Antibiogram
Class Subclass Antibiotic Ye.l Ye.2 Ye.3 Ye.4
-lactam penicillin (4 G) piperacillin-tazobactam?® - - - -
penicillin (4 G) piperacillin - r - -
penicillin (4 G) ticarcillin R R R R
penicillin (3 G) amoxicillin R R R R
carbapenem ertapenem - - - -
penicillin ticarcillin-clavulanate - - - -
cephem (3G) ceftazidime - r - -
cephem (2G) cefoxitin - r - R
penicillin (4 G) temocillin - r - -
carbapenem imipenem - r - -
penicillin (3G) amoxicillin-clavulanate - r - -
cephem (3G) cefotaxime - r - -
cephem (3G) ceftazidime-avibactam - r - -
carbapenem meropenem - - - -
monobactam aztreonam - - - -
cephem (4 G) cefepime - - - -
cephem (3G) moxalactam - r - -
penicillin mecillinam - r - -
cephem (5 G) ceftolozan-tazobactam - r - -
cephem cefiderocol - r - -
quinolone quinolone nalidixic acid - - R R
fluoroquinolone levofloxacin - - - -
fluoroquinolone ciprofloxacin? - - - -
tetracycline tigecycline - - - -
fosfomycin fosfomycin - - - -
nitrofuran nitrofurantoin - - - -
sulfonamide-trimethoprime sulfamethoxazole-trimethoprim - - - -
amphenicol chloramphenicol - - - -
polymyxin colistin - - - -
aminoglycosides gentamicin - - - -
amikacin® - - - -
tobramycin - - - -
netilmicin™ - r - -
MIC
Class Subclass Antibiotic Yel Ye.2 Ye.3 Ye.4
B-lactam cephem (3G) ceftriaxone™ 0.047 0.094 0.094 > 256
cephem (2G) cefoxitin 4 12 12 > 256
penicillin (4 G) piperacillin-tazobactam?® 0.094 0.25 <0.016 0.094
aminoglycosides and netilmicin® 0.75 3 0.064 0.064
aminoglycosides-like e ——s 3 3 2 1
tobramycin 1 1 0.094 0.094
gentamicin 0.5 1 0.094 0.094
spectinomycin 12 24 0.094 0.094
Quinolone fluoroquinolone ciprofloxacin? (Etest - MH) 0.008 0.012 0.002 0.032
fluoroquinolone ciprofloxacin? (microdilution - LB) 0.015 0.03 0.125 0.5
fluoroquinolone levofloxacin 0.032 0.032 0.008 0.032

'Administred treatment between Ye.1 and Ye.2 isolation.

2Administred treatment between Ye.2 and Ye.3 isolation.

3Administred treatment between Ye.3 and Ye.4 isolation.

3 G: 3rd generation. 4 G: 4th generation. 5 G: 5th generation. -: susceptible. R: resistance. r: increased resistance compared to previous strain. MH: Mueller-Hinton. LB: Lysogeny Broth. Source data
are provided as a Source Data file.
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Fig. 2 | Ye survival curves during ciprofloxacin exposure. Survival curve until:
a-d3h;e-h25hfor:a, e Yel; b, fYe2; c, g Ye3; d, hYe4 exposed to various
concentration of ciprofloxacin at 37 °C in LB. The individual values of n =2 repli-
cated wells are plotted and the line represents the geometric mean. The limit of
detection is at 100 colony forming units (CFU)/mL. A duplicate experiment can be
found in Supplementary Fig. 2. i Survival of the four isolates after 3 h of incubation.
Plotted are log;o(foldchange) of CFUs at 3 h compared to inoculum. Data comes

from n =11 replicated wells from 4 independent experiments (Ye.1), n = 4 replicated
wells from 2 independent experiments (Ye.2), n =8 replicated wells from 3 inde-
pendent experiments (Ye.3), and n =4 replicated wells from 2 independent
experiments (Ye.4). Statistics are computed by two-way ANOVA with Tukey mul-
tiple comparisons test (non-directional) on the log;o(foldchange) and only selected
p value are plotted for clarity. Source data are provided as a Source Data file.

deletions (Supplementary Data 4), overlapping with the previous
synapomorphies. While 6 genes did not exhibit any frameshift, 35
genes displayed a mutation potentially leading to a truncated form of
their product. Out of the 74 truncated genes and genes in deleted
regions, 64 belonged to Ye core-genome (defined as genes present in
more than 95% Ye genomes) while 10 belonged to the remaining
accessory genome. They were found to be involved in essential phy-
siological functions such as transcription, translation, replication,
respiration, division, and carbohydrate and iron metabolisms (Sup-
plementary Data 4). We identified several mutated genes potentially
leading to truncated or modified products which had already been
shown to be involved in antibiotics resistance or evolvability such as
the DNA gyrase subunit A gene gyrA, the RNA polymerase-binding
transcription factor gene dksA, the outer membrane porin gene ompF
or the transcription-coupled repair (TCR) factor gene mfd.

Genetic basis of antibiotics resistance and susceptibility

The genetic basis of antibiotic resistance was investigated upon bac-
terial genome sequencing. Comparison of gyrA sequences of Ye.l to
Ye.4 with those of the reference strains Y11 and 1P38477, which are
susceptible to nalidixic acid, showed that Ye.3 and Ye.4 displayed the
same 3-nucleotide deletion at positions 245-247 in the quinolone
resistance-determining region (QRDR) of gyrA (Supplementary
Fig. 4a). This so far undescribed deletion leads to replacement of
aspartic acid 82 and serine 83 with a unique glycine without any fra-
meshift (Supplementary Fig. 4b). Ye.4 additionally showed a nucleo-
tide substitution leading to the substitution of aspartic acid 87 with an
asparagine, a mutation already known to confer nalidixic acid

resistance™". To further investigate the impact of these mutations, we
introduced the Ye.3 3-nucleotide deletion in the Ye.l genetic back-
ground (Ye.1-gyrA¥®?) as well as the D87N substitution present in Ye.4
in the Ye.1 genetic background (Ye.1-gyrA°®™), and we verified by whole
genome sequencing (WGS) the absence of other mutations in genes
known to confer quinolone resistance. As expected, Ye.1-gyrA®™ was
resistant to nalidixic acid. Due to the difficulty in removing an amino
acid from an essential gene like gyrA, we could only obtain a single Ye.1-
gyrA*®3 clone, in which we observed 2 additional SNPs (Supplementary
Table 1) along the expected gyrA mutation. By assessing the antibiotic
susceptibility profiles with the same Abs as before, we observed that
the Ye.1-gyrA¥® clone was resistant to nalidixic acid and showed a MIC
increase for the fluoroquinolones ciprofloxacin and levo-
floxacin (0.006 to 0.047 and 0.023 to 0.125 pug/mL respectively), but
not antibiotics from other classes (Table 2). Despite the presence of
two additional mutations involving genes not previously associated
with nalidixic acid resistance, we thus expect this gyrA"** mutation to
be the genetic basis of the quinolone resistance in Ye.3 and Ye.4.

We also observed a nucleotide substitution which introduced a
stop codon in position 78 of the Ye.4 OmpF porin, truncating the
protein at one fifth of its length (Supplementary Data 2). As porin
mutations are usually associated with a decreased antibiotics uptake
through the outer-membrane™'®, we introduced this specific SNP in
the Ye.l genetic background to assess its role in resistance to the Abs
panel. The resulting Ye.l-ompF'** strain showed a substantial increase
in cefoxitin MIC (6 to 24 ug/mL), a C2G highly sensitive to membrane
permeability, but only a slight resistance increase for the C3G cef-
triaxone and the piperacillin-tazobactam combination (0.047 to 0.094
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Fig. 3 | Phylogenetic reconstruction. a Maximum likelihood phylogeny recon-
structed with IQ-TREE2 under TIMEe+ASC model as defined by “ModelFinder” with
100 bootstraps based on 4,738 SNPs identified in 262 strains. The genome of the
Y11 strain (NC_017564) was used as reference for variant calling. Numbers close to
the branches indicate SNPs numbers. The tree was rooted at midpoint. Branches

are colored according to bootstrap values. Metadata (category, origin, and coun-
try) are plotted on 3 colored outer rings. b Estimation of the date of internal nodes
using least-squares dating (https://Isdating.pasteur.fr) among the 4 strains isolated
from the patient. Green bars represent the standard deviation of the

estimated date.

and 0.19 to 0.38 ug/mL respectively), suggesting that OmpF truncation
could play a role but is not sufficient to promote ceftriaxone resistance
in Ye.4. OmpF truncation also led to a slight increase in ciprofloxacin
resistance (0.006-0.012 ug/mL) and did not have any effect on the
other tested antibiotics such as AG (Table 2).

Additionally, we observed that the stringent response (SR) reg-
ulator DksA was potentially truncated in the late isolates due to a large
deletion (Supplementary Data 4). As DksA was already described to
modulate antimicrobial resistance”*°, we introduced the large dele-
tion from Ye.3 comprising pncB and gluQRS genes and dksA truncation

in Ye.l (Ye.l-dksA"*?) and verified the clone by WGS (Supplementary
Table 1). By testing antimicrobial susceptibility, we could observe that
the deletion of this region increased the susceptibility to most -
lactams and AG while it did not impact ceftriaxone susceptibility
(Table 2). This could partially explain Ye.3 and Ye.4 increased sus-
ceptibility to AG.

Positive selection of the PitA transporter and TesB thioesterase
A positive selection signal was detected in the phosphate trans-
porter PitA (Supplementary Table 2), where a deletion in its
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Table 2 | Antibiotic susceptibility profiling of the Ye.1 and IP29610 wild type and mutated strains

Antibiogram
Class Subclass Antibiotic Ye1 1P29610  Ye.l- Ye.1- Ye.1- Ye.1- Ye.1- 1P29610-
gyrAVeAG ompFVe.4 dksAYeAS pitAVeAG tesBIPZSGH) tes! BVeJ
B-lactam penicillin (4 G) piperacillin- - - -
tazobactam?®
penicillin (4 G) piperacillin - - - - s s
penicillin (4 G) ticarcillin R R R R R R R R
penicillin (3G) amoxicillin R R R R R R R
carbapenem ertapenem - - - - -
penicillin ticarcillin-clavulanate - - - - -
cephem (3 G) ceftazidime - s - - s s
cephem (2 G) cefoxitin - - - r s
penicillin (4 G) temocillin - - - - -
carbapenem imipenem - - - - -
penicillin (3G) amoxicillin-clavulanate - - - - s - s
cephem (3 G) cefotaxime - - - - s
cephem (3 G) ceftazidime-avibactam - - - - -
carbapenem meropenem - - - - -
monobactam aztreonam - - - - -
cephem (4 G) cefepime - - = = =
cephem (3 G) moxalactam - - - - -
penicillin mecillinam - - - - -
cephem (5 G) ceftolozan-tazobactam - - - - s
cephem cefiderocol - - = = =
quinolone quinolone nalidixic acid - - R - -
fluoroquinolone levofloxacin - - r - -
fluoroquinolone ciprofloxacin? - - r - -
tetracycline tigecycline - - - - -
fosfomycin fosfomycin - - - - -
nitrofuran nitrofurantoin - - r - s - - r
sulfonamide- sulfamethoxazole- - s - - s
trimethoprime trimethoprim
amphenicol chloramphenicol - - r - s
polymyxin colistin - - - - -
aminoglycosides gentamicin - - - - s
amikacin® - - - - s s
tobramycin - - - - s
netilmicin® - - - - s
MIC
Class Subclass Antibiotic Ye1 IP29610 Ye.1- Ye.1- Ye.1- Ye.1- Ye.1- 1P29610-
gyrAYe.3 ompFVeA dksAYe.3 p,‘tAYe.3 tesBIP2961O tesBYe.1
B-lactam cephem (3G) ceftriaxone™ 0.047 0.047 0.047 0.094 0.047 0.047 0.047 0.064
cephem (2 G) cefoxitin 6 4 6 24 2 4 4 6
penicillin (4 G) piperacillin- 0.19 0.19 0.25 0.38 0.094 0.25 0.094 0.19
tazobactam?®
aminoglycosides and netilmicin® 0.5 0.75 0.75 0.5 0.25 0.5 0.5 1
aminoglycosides-like amikacin® 3 3 3 3 1 2 15 2
tobramycin 0.75 0.75 1 0.75 0.38 0.5 0.75 15
gentamicin 0.75 0.5 1 0.75 0.19 0.5 0.5 1
spectinomycin 16 24 24 24 32 16 24 48
Quinolone fluoroguinolone  ciprofloxacin? 0.006 0.003 0.047 0.012 0.003 0.006 0.004 0.006
fluoroquinolone  levofloxacin 0.023 0.023 0.125 0.023 0.006 0.006 0.012 0.023

'Administred treatment between Ye.1 and Ye.2 isolation.

2Administred treatment between Ye.2 and Ye.3 isolation.

SAdministred treatment between Ye.3 and Ye.4 isolation.

3G: 3rd generation. 4 G: 4th generation. 5 G: 5th generation. -: susceptible. s: increased susceptibility compared to wildtype Ye.1. R: resistance. r: increased resistance compared to wildtype Ye.l.
Source data are provided as a Source Data file.
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C-terminal region was observed only in Ye.3 and Ye.4, affecting
two cytoplasmic, one non cytoplasmic and three transmembrane
regions (Fig. 4a, b). The pitA allele from Ye.l was replaced with
the Ye.3 pitA allele, resulting in the Ye.1-pitAY** mutant, validated
by WGS (Supplementary Table 1). According to the Yersiniomics
database”, expression of PitA is downregulated at 37°C and
intracellularly, so we assessed bacterial viability upon phagocy-
tosis by macrophages but could not observe any significant dif-
ferences between strains, irrespective of the inoculum
temperature (Supplementary Fig. 5). In contrast, we observed a
slight but constant reduction of AG resistance of Ye.l-pitAY®?
compared to the wild type (WT) Ye.l strain (Table 2), as reported
for a P. aeruginosa pitA mutant®, suggesting that PitA truncation
influences the transporter activity.

a
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Fig. 4 | Structure and phenotypical analysis of PitA and TesB mutation.

a, ¢ Domain analysis of Y11 PitA and TesB proteins respectively, as found on InterPro
on 2025.02.12. Mutation position is shown by a vertical magenta line and residues
from the catalytic triad or dimer interface close to the TesB mutation are annotated.
Domains are annotated with entry numbers for InterPro (IPR), NCBIfam (NF or
TIGR), PANTHER (PTHR) Pfam (PF), CATH-Gene3D (G3DSA), SUPERFAMILY (SSF) or
CDD (cd). Non cytoplasmic, cytoplasmic and transmembrane regions are anno-
tated via Phobius and Transmembrane Helix are annotated via TMHMM. AlphaFold
confidence (pLDDT) is colored from very low confidence (orange) to very high
confidence (dark blue). b AlphaFold prediction structure for PitAY*! (left) and

Another positive selection signal was present in all isolated
strains, in the acyl-CoA thioesterase Il TesB, which regulates levels of
acyl-CoAs, free fatty acids, and coenzyme A. In position 280 of this
enzyme, a glycine is conserved in diverse eukaryotic and bacterial
species® while a serine was present in Ye.l to Ye.4. Position 280 is
located next to the active site of TesB, consisting of a Q278, D204 and
T228 triad, as well as in the vicinity of dimer interface residues V277
and V28l (Fig. 4c). Mutation in E279, forming a trypsin-like catalytic
triad together with H58 and S107 has also been shown to influence
TesB activity?. TesB structure is highly conserved between Escherichia
coli and Yersinia species®. To understand the structural impact of the
G280S substitution, we used the crystal structure of E. coli TesB dimer
and the AlphaFold-predicted structure of Ye IP29610 TesB dimer (an
isolate close to Yel, but which does not harbor the G280S

X
/Z C);
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Sesaas
.
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s
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0.05
strain
g 004 O 1P29610 WT
§ m IP29610-tesB"e!
S R IP29610-tesB™*"
® o3 O YeAwr
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0 10 20 30 40
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PitA"** (right). Truncated residues are displayed with the same color code as the
regions in panel (a). d Structure of the TesB active site of E. coli with a G280S
mutation, annotated in magenta, showing an additional interfering hydrogen bond
from the serine side chain. Carbon atoms are shown in green, oxygen atoms in red,
nitrogen atoms in blue and hydrogen atoms in white. e Thioesterase II activity of
1P29610 and Ye.l mutant harboring different tesB alleles (IP29610 allele in orange
and Ye.l allele in blue), measured by the CoA release from decanoyl-CoA. Each
point shows the mean and standard deviation of n =3 replicated wells in one
experiment. The green curve represents the negative control without substrate.
Source data are provided as a Source Data file.
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substitution) (Supplementary Fig. 6a, b). By modeling the G280S
substitution in both structure, we observed that the hydroxymethyl
side chain of the serine was oriented towards the first catalytic triad
(Q278, D204 and T228) but neither toward the dimer interface nor the
trypsin-like catalytic triad (Supplementary Fig. 6¢, d). We also observed
that the hydroxyl group of the S280 side chain could form a hydrogen
bond with the oxygen from the Q278 amide group, presumably
interfering with the hydrogen bond network, destabilizing the H,O
molecule” and impacting the enzymatic activity (Fig. 4d).

To investigate the effect of this mutation on TesB enzymatic
activity, we replaced the WT tesB gene allele from IP29610 (tesB™*¢'°)
with the tesB allele from Ye.l-Ye.4 (tesB'*"), leading to the 1P29610-
tesB"*! mutant strain. Similarly, we replaced tesB'*! by tesB™°° in the
Ye.l genetic background, resulting in the Ye.l-tesB"*° mutant. By
assessing thioesterase I and thioesterase Il activities of the various WT
and mutated strains, we demonstrated that the single amino acid
substitution present in the Ye.l to Ye.4 isolates decreased TesB enzy-
matic activity (Fig. 4e, Supplementary Fig. 7), while no clear antibiotic
susceptibility differences could be observed (Table 2).

Proteome remodeling of Ye isolates

To further characterize Ye evolution during the course of in-host
infection, we analyzed proteomes of the four isolates by mass spec-
trometry. Out of the =2,200 proteins identified, 277 proteins were
differentially abundant between the two early isolates and 323 proteins
between the two late isolates. In contrast, 845 to 1,070 proteins were
differentially abundant in the 4 pairwise comparisons of early versus
late isolates, which account for almost half of the identified proteome
(Supplementary Data 5). These proteome differences correlate with
the genetic distances between early and late isolates. The vast majority
(85-97%) of the genes coding the differentially abundant proteins in all
comparisons belonged to Ye core-genome (Supplementary Data 5). Of
note, for the remaining accessory genome, the proportion of less
abundant proteins was greater in the latest isolates than in the earliest
isolate in each comparison. This suggests a global downregulation of
the accessory genomes over time during chronic infection.

The annotated proteins from Ye.1 to Ye.4 were mapped to the Ye
genotype 4 reference strain Y11 (Supplementary Data 6). We validated
the 3 large genomic region deletions as well as the impact of the
truncations on protein abundance (Supplementary Data 4). Gene set
enrichment analysis (GSEA) on biological process gene ontology (GO)
terms revealed isolate-specific variations as well as common trends in
early versus late isolate comparisons (Fig. 5a). The loss of the pYV
virulence plasmid (probably during subculture, a known laboratory
artifact) in all strains but Ye.1 could be observed through the enrich-
ment of the type Ill secretion system term in Ye.l. Ye.2 was specifically
characterized by an enriched galactose metabolism proteome. Amino
acid biosynthetic process was the most specific enriched term in late
isolates versus early isolates. Mapping of the protein abundance
comparisons on the global metabolic map of Y11 (Supplementary
Fig. 8, 9) and on specific KEGG pathways (Supplementary Data 7)
showed a strong metabolic rewiring from early to late isolates, such as
a decreased purine, pyrimidine or riboflavin metabolism, one-carbon
pool by folate, carbohydrate metabolism and oxidative phosphoryla-
tion, and a perturbated amino acid metabolism such as increased
histidine, serine, tryptophan or leucine biosynthesis, or reduced argi-
nine or methionine biosynthesis and glycine cleavage (Supplemen-
tary Data 7).

Virulence-associated proteins (e.g. attachment locus Ail, fimbriae
MyfA, serine protease ecotin, superoxide dismutases or positive reg-
ulator RovA) were less abundant in late isolates, while RovM or YmoA
negative virulence regulators had an increased abundance (Fig. 5b).
Additionally, the invasin Inv was less abundant in Ye.3, and a mutation
in its initiation codon (Supplementary Data 2) completely abrogated
its production in Ye.4. On the other hand, the chemotactic operon

cheAWYZ was more abundant in late isolates, along increased levels of
quorum sensing autoinducer-1 Yenl and decreased levels of
autoinducer-2 proteins LsrGFBDCARK. While we could not test the
differential pathogenicity of the clinical isolates due to loss of the pYV
virulence plasmid, we assessed cell invasivity, which is independent of
the type 3 secretion system encoded by pYV genes, with isolates
curated from the pYV plasmid. We demonstrated a reduced cell inva-
sion for Ye.4 at 2 h post infection, concordant with Inv inactivation. We
additionally observed a reduced ability to replicate inside epithelial
cells for the latest isolate compared to early isolates at 6 and 24 h post
infection (Supplementary Fig. 10).

Iron import systems such as the hemin import system encoded by
the hmuRSTUV operon or the TonB/ExbB/ExbD transport system were
more abundant in the late isolates, while iron storage abundance such
as the non-heme ferritin FtnA or the bacterioferritin Bfr was decreased
(Fig. 5b). These changes correlated with a decreased abundance of the
iron metabolism repressor Fur, showing a probable adaptation to the
free iron-scarce environment during Ye evolution in the bloodstream.

We next analyzed the protein levels of antibiotics resistance and
susceptibility factors such as B-lactamases, porins or efflux pumps
(Fig. 5b). An increased abundance of the category A B-lactamase BlaA
was observed for the late strains and even more in Ye.4, negatively
correlating with the regulator AmpE. More importantly, the category C
BlaB (or AmpC) f-lactamase was more abundant in the ceftriaxone-
resistant isolate Ye.4 compared to all other isolates. In addition to its
truncation in Ye.4, the porin OmpF was less abundant in Ye.2 com-
pared to Ye.l, possibly causing a decreased permeability of the outer-
membrane to antibiotics. The OmpC porin showed variable abundance
levels, correlating with OmpR/EnvZ two components system abun-
dance, while other porins such as OmpW, OmpF_2 and Y11 12201 were
much more abundant in the late isolates. Abundance of efflux pump-
related proteins did not change significantly, except for the macrolide-
specific efflux protein MacA which was only detected in the late iso-
lates and more abundantly in Ye.3, the strain isolated during spir-
amycin treatment.

Late Ye isolates display a perturbed stringent response

To better understand which genetic differences could be the cause of
the overall changing proteome, correlation of the 6 pairwise com-
parisons was measured against 57 published Ye transcriptome com-
parisons that we previously gathered on the Yersiniomics database”
(Supplementary Data 8). After clustering by correlation distances, we
could define specific biological condition comparisons associated to
several clusters, such as temperature switch, culture with or without
host cells, or strain comparisons (Fig. 6). Interestingly, one cluster
grouped logarithmic versus stationary phase growth comparisons with
AdksA, ArelAAspoT and AdksAArelAAspoT versus WT comparisons®.
We defined it as a stringent response-associated cluster (SR cluster), as
this mechanism is linked to both dksA, relA and spoT mutants and
growth phase transition. Early versus late Ye isolate comparisons had a
moderate but significant correlation with this cluster, and more spe-
cifically with the AdksA versus WT comparison (correlation coefficient:
-0.32 to -0.46). Importantly, comparisons of early isolates with Ye.4
had higher correlation coefficients than comparisons of early isolates
with Ye.3 when correlating with the SR cluster, which also translated in
a significant correlation between Ye.3 versus Ye.4 comparison and the
SR cluster. These data suggest that SR is differentially activated in early
and late isolates, and even more strongly in Ye.4.

The observation that the “translation” and “tRNA processing” GO
terms are upregulated in the late isolates and even more in Ye.4
(Fig. 5a) corroborates the correlations observed with the SR-cluster.
Ribosomal- and tRNA-associated proteins were upregulated in both SR
mutants® and late isolates; other accessory molecules and regulators
(RimM, RaiA, Hpf), were either down- or up-regulated in a similar
manner between SR mutants and Ye.3/Ye.4 (Supplementary Fig. 11).
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Other protein abundance changes correlating with SR mutants inclu-
ded increased levels of magnesium/cobalt transporter CorA, sulfur-
transferase TusA, the shikimate pathway enzyme AroB and AroK, the
porin OmpF_2 or the acetate uptake transporter SatP among others,
while some were only depending on dksA mutation such as the hemin
transporter subunits HmuR, HmuS and HmuT, the proline pathway
enzymes ProA and ProB or the porin Y11_12201. On the other hand, SR
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mutants were associated with the downregulation of the previously
mentioned Isr operon, urease ureABCDEFGD and glycogen utilization
glgBXCAP operons, ferritin Bfr, stress response protein ElaB, super-
oxide dismutase SodC, entericidin A/B, glycine cleavage system
enzyme GevT and fatty acid degradation enzymes FadA and FadB. SR
mutants also correlated with a strong expression decrease of acs and
actP, genes that are truncated in late isolates. Most importantly, the
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Fig. 5| Ye proteomic analysis. a Gene set enrichment analysis (GSEA) of biological
process gene ontology terms across pairwise comparisons of Ye proteomes. Posi-
tive normalized enrichment scores (NES) calculated by GSEA algorithm are shown
in red and correspond to enriched terms in the first isolate in the comparison, while
negative NES are shown in blue and correspond to enriched term in the second
isolate in the comparison. The nominal p-value is calculated according to GSEA
algorithm. Multiple testing is adjusted by the Benjamini-Hochberg procedure
(p.adjust). b Heatmap for all pairwise comparisons of protein differential

abundance between the 4 clinical isolates, with the corresponding genes displayed
on the right. Proteins are grouped in categories with different colors based on Y11
RefSeq and Uniprot annotations, and bibliography. Log,(foldchange) shown in red
corresponds to a protein more abundant in the first isolate in the comparison, while
log,(foldchange) shown in blue corresponds to a protein more abundant in the
second isolate in the comparison. In each category, proteins are ordered by Y11
locus order. Source data are provided as a Source Data file.

stationary phase sigma factor RpoS (¢°) and growth-dependent
metabolism regulator Fis were down- and upregulated, respectively,
in both SR mutants and late isolates, which could contribute to the
differential abundance of ribosomal and metabolic enzymes. These
results highlight the pivotal role of SR in metabolism regulation and its
probable implication during in-host evolution under antibiotics
exposure.

Discussion

This study documents a previously undescribed chronic Ye infection
case due to a strain evolving in the same patient. Between December
1999 and October 2013, antibiotics were apparently successful in the
treatment of five independent Ye bacteremia episodes; however, dis-
continuation of antibiotics was always followed by a new bacteremia.
The appearance of vegetations observed by echocardiography in
2006, and their disappearance during therapy, argue for Ye growth on
the atrial lead of the pacemaker and release into the bloodstream
during the antibiotic discontinuation periods.

Genomic and proteomic analyses of four Ye strains (Ye.1 to Ye.4)
isolated from the patient allowed us to identify different mechanisms
of resistance to various antibiotic classes. Resistance to nalidixic acid
was already observed from August 2001 after long-term ciprofloxacin
treatment. Resistance to quinolones usually involves mutations in the
QRDR of the gyrA gene, leading either to (i) a change of glycine 81 into
cysteine, (ii) a change of serine 83 into arginine, isoleucine, or cysteine,
or (ii) a change of aspartic acid 87 into a tyrosine, asparagine, or
glycine™***% In Ye.3 and Ye.4, we observed a previously undescribed
deletion of 3 nucleotides in the gyrA QRDR, leading to substitution of
aspartic acid 82 and serine 83 by a unique glycine. Our work thus
identifies a previously undescribed mutation in gyrA leading to qui-
nolone resistance.

After the long-term ciprofloxacin treatment was changed to
C3G ceftriaxone, Ye.4 became resistant to cefoxitin and cef-
triaxone. Abrogation of OmpF porin production is a widely shared
strategy to reduce membrane permeability to antibiotics and was
shown to be induced in E. coli upon exposure to ceftriaxone®. A
study showing OmpF (YOMP-C in this previous work) mutations
selected by cefoxitin treatment in Ye and leading to increased [3-
lactam resistance supports the antibiotic import via this porin'.
B-lactamase induction has long been studied in Ye?® and a recent
study suggested an increased BlaB inducibility in Ye biotypes 2
and 4”°. According to our present work, while OmpF truncation
alone was not sufficient to induce ceftriaxone resistance in Ye.l,
the class A B-lactamase BlaA and class C B-lactamase BlaB (or
AmpC) were more abundant in the Ye.4 isolate, probably playing
a synergistic role together with the porin inactivation, as both 3-
lactamases have been shown to be involved in ceftriaxone resis-
tance in Ye biotype 1B*. Interestingly, the macrolide efflux pump
MacA was more expressed in Ye.3, which was isolated during the
pneumonia treatment with the macrolide spiramycin.

The SR regulator DksA was also brought to light as a key element
modulating antimicrobial susceptibility, with variable results
depending on the pathogens, strains or experimental conditions” %,
Interestingly, in our case, insertion of the region corresponding to
the deletion, i.e. comprising pncB, gluQRS genes and dksA truncation,

in Ye.l led to increased susceptibility to AG, to nearly all 3-lactams
except ceftriaxone (used as a long-term treatment), as well as to
other antibiotic classes, confirming and expanding previous results
on Ye. Additionally, we observed that the pitA truncation could also
contribute to the AG susceptibility”, and a rlmE (or rrmj/fts/) muta-
tion, found in the late isolates, could also lead to an increased sus-
ceptibility to chloramphenicol, gentamicin, spectinomycin and other
antibiotics as shown in E. coli’. The role of other mutated genes, such
as mfd, previously shown to be involved in antibiotics resistance
evolvability®® remains to be further investigated in the context of in-
host evolution.

We observed an increased ciprofloxacin MIC of late isolates when
assaying by microdilution in LB, which is a complex and non-
standardized medium unsuitable for MIC assessment, but necessary
for our survival experiments. Nevertheless, exposure to ciprofloxacin
concentrations higher than the MIC showed an increased tolerance of
Ye.3, which could be explained by the severe growth defect observed
for Ye.X (which was isolated after ciprofloxacin treatment), Ye.3 and
Ye.4%*, In the late isolates, we identified mutations in genes involved in
metabolism or growth. The cumulative mutations in genes encoding
the RNA polymerase subunits RpoC* and RpoD, the DNA topoi-
somerase ParE®, the 50S ribosomal protein RplF*, the rRNA methyl-
transferase RImE/Rrm]J/Fts)*"*” or the SR regulator DksA""*** could
account for slow growth. Proteomics analysis of the isolates revealed a
strong metabolic rewiring with reduced carbohydrate utilization and
reduced purine, pyrimidine, riboflavin and folate metabolisms, toge-
ther with decreased respiration, which overall corroborate the slow
growth phenotype.

Vegetations detected on the pacemaker argue for the formation
of a biofilm by the Ye strains. Ye biofilm production has been reported
on medical devices such as feeding tubes® and can account for anti-
biotic treatment failure®*°. We identified several mutations in Ye.3 and
Ye.4 which can be associated with loss of motility and planktonic
growth, favoring biofilm formation: for example, mutation of the fla-
gellar genes flgD in both Ye.3 and Ye.4, and fIgG and figA in Ye.4. In this
direction, no flagellar proteins were detected for any isolate in our
culture conditions, in agreement with the reported low flagellar
expression in Yersinia species at 37°C*. Additionally, a decreased
expression or inactivation of adherence and invasion factors to host
cells such as Ail, MyfA or Inv could favor adhesion to an abiotic surface
by other adhesins. However, proteomics observations regarding
higher levels of chemotaxis and quorum sensing Al-1 as well as lower
levels of quorum sensing Al-2 protein in late isolates prevent us to draw
definitive conclusions on biofilm formation capacities of these isolates.
A recent study of SR in Ye also showed complex interactions between
SR genes and biofilm forming capability, preventing any further
interpretation".

In addition to the evolutive pressure of antibiotics, Ye faced
the host immune system, nutritional immunity as well as a spe-
cific environment requiring a metabolic switch to adapt to a new
lifestyle in the blood*’. Requirements of amino acids such as
tryptophan for survival in blood could explain the perturbed
amino acid biosynthesis pathways in late isolates. Recent studies
also highlighted the role of glycine and other amino acids in
complement susceptibility, pointing to metabolism adaptation as
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Fig. 6 | Heatmap of omics comparison correlations. Spearman correlation of 63
Ye omic experiment comparisons, clustered by hierarchical clustering and showing
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isolate proteome comparisons are in bold, with early versus late isolate compar-
isons colored in magenta and their correlations with the stringent response cluster
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representation (the correlation coefficient is represented by color and filling of the
pie) and lower part is a square representation (the correlation coefficient is
represented by color and size of the square). Only correlation coefficient with a p-
value < 0.001 are shown. Coefficient (r) color scale is shown at the bottom. log.:
logarithmic phase. stat.: stationary phase. vs.: versus. Source data are provided as a
Source Data file.

a way to better survive complement****. Free iron scarcity in
blood favored upregulation of iron uptake and reduced abun-
dance of iron storage proteins. Interestingly, loss of the pore-
forming toxin YaxAB (Y11 10331/Y11.10321) as well as reduced
abundance of virulence factors such as Ail, MyfA, superoxide
dismutases, ecotin, invasin or the regulator RovA suggest that
bacteria defective for pathogenic functions that carry a fitness
cost can be selected to favor host adaptation™*™,

In our late isolates which show a perturbed SR, purine bio-
synthesis was strongly downregulated, and the pppGpp pyropho-
sphatase GppA (or Ppx) and the SR regulator DksA were mutated,
probably reinforcing unbalanced (p)ppGpp levels. Additionally, the
Ye.4 isolate showed an even closer proteome to SR mutants than
Ye.3, as shown by the higher ribosomal content or decreased fatty
acid degradation pathway for example”’®, suggesting that
ceftriaxone-resistant Ye.4 possesses a more dysregulated stringent
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response than Ye.3. This could be due to Ye.4-specific OmpF inacti-
vation, reducing nutrient import, however we cannot formally
exclude that other SNPs present in Ye.3 or Ye.4 genes are also
involved in the observed phenotype. Whether adaptation to the host
environment*® played a more important role than the antibiotic
treatment*® in selecting the perturbed SR in the late isolates remains
to be deciphered; nevertheless, it is interesting to mention that a
GppA truncation was recently shown to be a crucial step in Y. pestis
evolution toward human host adaptation®.

Positive selection analysis revealed two proteins whose activity
was changed during in-host evolution. TesB thioesterase was muta-
ted in all Ye clinical isolates which showed reduced enzymatic
activity. The first strain was isolated before any known antibiotic
treatment, and TesB mutants showed no clear changes in antibiotic
susceptibility profiles, suggesting that the mutation was selected for
host adaptation rather than antibiotics tolerance and resistance. Ye
thioesterase Il activity was impacted by the TesB mutation, while
thioesterase I activity was not, suggesting that this latter is accom-
plished by another enzyme such as TesA. Interestingly, TesA and YciA
thioesterases were more abundant in late than early isolates, con-
firming the importance of thioesterase activity during in-host evo-
lution. TesA is specific for long-chain acyl-CoA ester, while TesB has a
broader substrate range®, highlighting a fine-tuning of carbon utili-
zation according to fatty-acid availability in blood. On the other
hand, PitA truncation was only observed in late isolates and probably
led to loss of function. PitA is downregulated at 37 °C, suggesting a
role in the environment outside of the mammalian host®. Whether
this mutation was observed because of a specific selection pressure
or because of the absence of counter-selection in the host remains to
be deciphered.

Omics analyses showed a reduction in genome size during in-host
evolution, as described in other species?, as well as a downregulation of
non-core genome genes. Additionally, the relatively high evolutionary
rates observed were in the expected range of short term in-host evo-
lution, possibly due to strong genetic bottlenecks and lack of purifying
selection’. However, branches leading to the late isolates showed 60-
80% lower inferred evolutionary rates compared to those leading to
the early isolates, probably reflecting the slower growth rates of the
later isolates, mimicking results observed for persister strains of Ebola
virus®? or Mycobacterium tuberculosis®.

In conclusion, we report the unusual clinical case of a patient
with iterative bacteremia and endocarditis due to a Ye bioserotype 4/
0:3 strain evolving over a period of 14 years. The last two isolates,
which were simultaneously evolving in the patient, accumulated
mutations that allowed antibiotic resistance, including a previously
unknown substitution conferring resistance to quinolones, and
antibiotic tolerance. The latter phenotype was associated with a
reduction in genome size and loss of essential functions for growth
in vitro, while retaining the ability to survive in the host. The last
isolated strains caused bacteremia despite the continuity of the
antibiotic treatment, highlighting the transition occurring between
early onset tolerance and resistance, a critical problem in antibiotic
treatment that should urgently be addressed’. Our findings have
implications in case management, as they reinforce the need for early
pacemaker removal in addition to antibiotherapy**. They may also
guide future design of more effective treatments for chronic and
biofilm-associated bacterial infections. If the infected material can-
not be removed as it was the case in our study, the choice of the right
antibiotic is crucial. It must be well tolerated by the patient, be active
on the biofilm and should not promote the emergence of resistance
nor tolerance. It appears here that long-term ceftriaxone has been
well tolerated, however it probably induced tolerance and resistance
to this antibiotic. A better understanding of mechanisms modulating
antibiotic tolerance will be instrumental for optimal treatment of
long-term infections.

Methods

Our research complies with the relevant ethical regulations and has
been approved by the Ethics Committee In Human Research of the
Tours Hospital (France) under the project number 2025 032.

Phenotypic characterization

Bacterial strains were identified using the VITEK2 GN card (bioMér-
ieux) and were sent to the Yersinia National Reference Laboratory
(Institut Pasteur) for species confirmation/characterization as
described™. For the growth curves, bacteria were precultured in 5 mL
lysogeny broth (LB) at 37 °C under agitation at 200 rotation per minute
(rpm) for 16 to 96 h. Precultures were adjusted to ODgoonm =1, and
2.5mL were inoculated in 250 mL LB. Incubations were performed
either at 28 °C or 37 °C under agitation at 200 rpm. Optical density at
600 nm was recorded at different time points to monitor growth of the
isolates. Mid-exponential phase growth rate was calculated between 2
and 4 h for Ye.l and Ye.2, and between 7 and 31 h for Ye.3 and Ye.4.

Antibiotic resistance and tolerance assays

The antibiotic resistance profiles of the bacterial strains were first
determined using VITEK2 (bioMérieux) and by disk diffusion method
on Mueller-Hinton agar supplemented with 5% horse blood (bioMér-
ieux) for growth deficient isolates during the course of the clinical
case. A more comprehensive antibiotic resistance profiling and mini-
mal inhibitory concentration (MIC) measurement was respectively
performed by disk diffusion method and Etest on Mueller-Hinton agar
supplemented with 5% horse blood (bioMérieux) for the four strains
kept in collection at the end of the clinical case. Antibiotic resistance
profiling and MIC measurement for the constructed mutants were
performed on Mueller-Hinton agar. Interpretation was performed
according to the recommendations of the Antibiogram Committee of
the French Society for Microbiology. For microdilution and tolerance
assays, the four isolates were grown in 4.5 mL LB at 37 °C to reach an
optical density (ODgoonm) between 0.1 and 1, equivalent to around 108
and 10° bacteria per mL respectively. Microdilution assays were per-
formed by seeding 5.10° bacteria in 100 uL LB in 96-well plates with
increasing concentration of antibiotics and incubated for 48 h at 37°C.
Survival curves were done by seeding 10° bacteria in 500 pL LB with
antibiotics in deepwell plates and incubated at 37°C with an agitation
of 180rpm, with 20uL periodic sampling for live bacterial
enumeration.

Whole genome sequencing and analysis

Bacterial genomes were sequenced and whole genome-based taxo-
nomic assignment was obtained using a 500-gene cgMLST-Yersinia as
previously described® (see Supplementary methods). 229 epidemio-
logically unrelated Ye 4/0:3 strains isolated in France between 1982
and 2016 were randomly selected and their genome sequenced and
public genomes of 34 additional strains were used for subsequent
analysis (Supplementary Data 1). The isolation dates of the selected
French strains encompass those of Ye.l to Ye.4, thereby reflecting the
diversity of strains circulating in France during this period. Genomes
assemblies’ statistics of the 263 isolates (Ye.1 to Ye.4) were determined
using CheckM version 1.1.3 (Supplementary Data 9). Paired-end FASTQ
files were used for variant calling using the Y11 reference strain
(accession number: NC_017564) with Snippy version 4.1.0°". SNP and
small insertions/deletions (up to 50 bp) were identified with snippy
with a minimum coverage of 10X, and allele frequency > 0.9, regardless
of their annotation (genes or intergenic regions). Putative recombi-
nogenic regions were detected and masked with Gubbins version
2.3.4°%, A maximum-likelihood phylogenetic tree was built from an
alignment of 4,738 chromosomal SNPs with IQ-TREE2 version 2.0.6%.
Tree visualization was created with iTOL v6°°. The Least-squares dating
tool (https://Isdating.pasteur.fr) was used to estimate dates from
phylogeny.
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Pan-genome phylogenetic analysis

A total of 96 Ye strains were randomly selected from the 263 gen-
omes used in this study along with the Ye.1-4 for Phylogenetic Ana-
lysis by Maximum Likelihood (PAML v1.3.1); the number of strains
was chosen to ensure a reasonable computational time. A pan-
genome was constructed using PPanGGOLIN v1.1.72%> with 80% cov-
erage and 80% amino acid sequence’s identity for gene clustering.
Each gene of the pan-genome (5,532 genes) was translated to pro-
teins and aligned using MAFFT v7.407%, allowing to search for genes
specific to Ye isolates. A strict core-genome (100%) of the four Ye
isolates was identified and consists in 3,829 genes. Back translation
to nucleotide was performed to obtain codon alignment, and a
phylogenetic tree was built for each gene using IQ-TREE v1.6.7.2°*. 1Q-
TREE’s ModelFinder®® was used to estimate the best variant of the
General Time Reversible (GTR) model. The 3,612 genes for which the
strains Ye.3 and Ye.4 are not sisters in the tree were removed.
Synapomorphies were analyzed using a dedicated script (https://
gitlab.pasteur.fr/GIPhy/findSynapomorphies/). PAML tests detected
genes under positive selection pressure.

Mutagenesis

Allelic exchanges between the various Ye strains were performed by
double crossover using the pKNG101 suicide plasmid®. We first
verified that the 1,000 base pairs upstream and downstream of the
target mutation were 100% identical between the template strain
(harboring the target mutation) and the recipient strain. We ampli-
fied this fragment by polymerase chain reaction (PCR) in the tem-
plate strain and cloned it in pKNG101 plasmid by Gibson assembly.
One Shot™ PIR2 chemically competent E. coli were transformed with
the resulting plasmid. Successful transformations were selected on
LB agar plates supplemented with 50 ug/mL streptomycin and pre-
sence of the insert was screened by PCR. We verified the constructed
plasmid by Nanopore sequencing and £. coli SM10 were transformed
with the validated plasmid. We then conjugated the SM10 harboring
the construct with the recipient Ye strain, in presence of E. coli HB101
harboring the pRK2013 helper plasmid. We selected the Ye mer-
odiploid strains on LB agar plates supplemented with 100 pyg/mL
streptomycin and 50 pg/mL carbenicillin, to which our Ye clinical
isolates were naturally resistant. We screened by PCR both WT and
mutant alleles in the merodiploid strains, which were then grown in
LB at 28 °C and plated on LB without NaCl + 10% sucrose to select for
absence of the pKNGI101 sacB gene. For the gyrA mutations, we
performed a disk diffusion assay using a nalidixic acid disk to select
resistant clones in the inhibition area. Clones were screened for the
presence of the target mutation and absence of the WT allele, and we
kept both mutated clones harboring the target mutation, and the
“reverted” clones that harbored the WT allele. Some mutants were
validated by WGS. PCR primers and programs are listed in Supple-
mentary Data 10.

Structure modelisation and prediction

E. coli TesB structure was downloaded on RCSB-PDB (1C8U) and loa-
ded on ChimeraX 1.9. G280S substitution was generated with the
rotamers tool (dynameomics library) and the rotamer minimizing the
number of clashes was chosen. Hydrogen-bond were modeled with the
default parameter. Ye TesB dimer and PitA monomer structures were
predicted using AlphaFold server (on 2025 February 21%) and edited
with ChimeraX 1.9.

Thioesterase activity

Thioesterase activity was measured as described before®’. Bacteria
were grown at 28°C (if not stated otherwise) in LB overnight. The 5 mL
overnight cultures were centrifuged at 5,000 x g for 20 min at room
temperature. The bacterial pellets were lysed and assessed for
thioesterase activity (see Supplementary methods).

Mass spectrometry-based proteomics

Ye.l and Ye.2 strains were grown overnight in LB at 37 °C under
agitation at 200 rpm. 200 uL of the culture were plated on 5
tryptic soy agar (TSA) plates and incubated for 24 h at 37 °C. Ye.3
and Ye.4 were grown for 3 days in LB at 37 °C under agitation at
200 rpm, then 200 pL of the culture were plated on 5 TSA plates
and incubated for 48 h at 37°C. For all Ye strains, the bacteria
were resuspended with an inoculation loop from the TSA plates in
1mL phosphate buffered saline (PBS) and washed two times by
centrifugation and resuspension in PBS. Bacterial pellets were
randomized, then lysed for protein extraction and digestion
before analysis by liquid chromatography and tandem mass
spectrometry (LC-MS/MS) as explained in Supplementary meth-
ods. For the 4 Ye strains, 5 biological replicates were processed
for a total number of 20 samples.

Proteome analysis

Annotated proteins of Ye.l to Ye.4 strains were blasted on the Y11
reference proteome (RefSeq annotation from December 2022, acces-
sion GCF_000253175.1), and the best hit for each Y11 protein was kept.
For each pairwise comparison based on the Ye.1 to Ye.4 loci database
described in the Supplementary methods, the duplicated Y11 loci were
removed by keeping the less differentially expressed value, assuming
the duplicated loci came from an annotation of a protein carrying a
SNP. The R package clusterProfiler v4.6.2 was used for enrichment and
gene set enrichment analysis®®. The GSEA function was used based on
the Y11 loci by mapping to an in-house annotation file extracted from
the Y11 Gene Ontology terms downloaded from the QuickGo website
accessed on May 25 2023%. Analysis was performed on proteins
detected in both conditions of each comparison, with all the proteins
identified in the experiments as statistical background. Published
transcriptomes were downloaded from the Yersiniomics website?.. Ye
8081, Y1 and Y11 reference genomes were blasted to find homologous
loci, and proteomes and transcriptomes were fused in a unique data-
frame. Spearman correlations and p-values of the foldchanges were
calculated in R with the Hmisc v5.2.2 package, clustered and displayed
by hierarchical clustering with the ward.D2 method using the corrplot
v0.95 package.

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

Data availability

Source data are provided with this paper. The genomic data generated in
this study have been deposited in the European Nucleotide Archive
database under accession code PRJEB19854. Sample ID starting with ERS
and accession numbers starting with FWC: Yel (ERS1580350,
FWCF02000001-FWCF02000181), Ye.2 (ERS1580351, FWCE02000001-
FWCE02000227), Ye.3 (ERS1580352, FWCB02000001-FWCB02000195),
and Ye.4 (ERS1580353, FWCD02000001-FWCD02000173). https://www.
ebi.ac.uk/ena/browser/view/PRJEB19854. The mass spectrometry pro-
teomics data generated in this study have been deposited in the Pro-
teomeXchange Consortium via the PRIDE partner repository” under
accession code PXD043567. https://proteomecentral.proteomexchange.
org/cgi/GetDataset?ID=PXD043567. Source data are provided with
this paper.

Code availability
R scripts were deposited on Zenodo”.
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