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Abstract

Antibiotic resistance is a growing concern for global health, demanding innovative and effective strategies to combat pathogenic
bacteria. Pyoverdines, iron-chelating siderophores produced by environmental Pseudomonas spp., present a novel class of promis-
ing compounds to induce growth arrest in pathogens through iron starvation. While we previously demonstrated the efficacy of
pyoverdines as antibacterials, our understanding of how these molecules interact with antibiotics and impact resistance evolution
remains unknown. Here, we investigated the propensity of three Escherichia coli strains to evolve resistance against pyoverdine, the
cephalosporin antibiotic ceftazidime, and their combination. We used a naive E. coli wildtype strain and two isogenic variants carrying
the blarpm-1 B-lactamase gene on either the chromosome or a costly multicopy plasmid to explore the influence of genetic background
on selection for resistance. We found that strong resistance against ceftazidime and weak resistance against pyoverdine evolved in
all E. coli variants under single treatment. Ceftazidime resistance was linked to mutations in outer membrane porin genes (envZ and
ompF), whereas pyoverdine resistance was associated with mutations in the oligopeptide permease (opp) operon. In contrast, cef-
tazidime resistance phenotypes were attenuated under combination treatment, especially for the E. coli variant carrying blargy-1 on
the multicopy plasmid. Altogether, our results show that ceftazidime and pyoverdine interact neutrally and that pyoverdine as an
antibacterial is particularly potent against plasmid-carrying E. coli strains, presumably because iron starvation compromises both

cellular metabolism and plasmid replication.
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Introduction

Antibiotic-resistant bacteria pose a significant global health prob-
lem with estimates predicting 10 million annual deaths at-
tributable to antimicrobial resistance by 2050 (Ventola 2015, Mur-
ray et al. 2022). Consequently, there is an urgent need for new
and more sustainable approaches to effectively control pathogens
and to counteract the emergence and spread of resistance (Bell
and MacLean 2018, Monserrat-Martinez et al. 2019, Rezzoagli et al.
2020). While several alternative approaches to antibiotics are un-
der investigation (e.g. phage therapy, antibacterial peptides, and
antivirulence approaches) (Wale et al. 2017, Ghosh et al. 2019, Rez-
zoagli et al. 2020, Xu et al. 2020, Suh et al. 2022, Uyttebroek et
al. 2022), we have previously shown that siderophores from envi-
ronmental bacteria can have strong inhibitory effects on oppor-
tunistic human pathogens through the induction of iron limita-
tion (Vollenweider et al. 2024).

Particularly, we found that pyoverdines from environmental
Pseudomonas spp. show a great structural diversity and high iron-
chelation properties and are thus able to induce iron starvation
and growth arrest in difficult-to-treat pathogens such as Acine-
tobacter baumannii and Staphylococcus aureus (Vollenweider et al.
2024). Furthermore, we observed that pyoverdine treatment im-
proved the survival of infected Galleria mellonella host larvae, while
having minimal negative effects on mammalian cell lines and ery-
throcytes (Vollenweider et al. 2024). Finally, we found low levels

of resistance emerging in pathogens exposed to the pyoverdine
treatment compared to a conventional antibiotic (Vollenweider et
al. 2024).

While pyoverdines (or synthesized derivates) could become
potential novel antibacterials, one important aspect that needs
closer examination is how pyoverdine treatment interacts with
antibiotics and how combination treatment affects selection
for antibiotic resistance. Combination treatments are well-
established in clinical settings and have been proven successful
against Mycobacterium tuberculosis infections (Ginsberg and Spigel-
man 2007, Sacchettini et al. 2008), HIV infections (Richman 2001,
Lennox et al. 2009), and Plasmodium falciparum malaria infections
(Malenga et al. 2005). Here, we explored the efficacy and evolu-
tionarily sustainability of combination therapy involving pyover-
dine by using experimental evolution with the model pathogen
Escherichia coli. Specifically, we subjected this pathogen to either
pyoverdine 3G07 (one of the most potent pyoverdines against a
range of pathogens; Vollenweider et al. 2024; Fig. S1), ceftazidime
(a cephalosporin antibiotic), or a combination of the two.

Additionally, we asked whether the genetic background of the
pathogen influences the selection for resistance. We were partic-
ularly interested in whether the carriage of elements conferring
resistance to other antibiotics affects resistance evolution against
pyoverdine and/or ceftazidime. To address this question, we used
three different E. coli strains (San Millan et al. 2016). We took
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wildtype E. coli MG1655 (MG) as the naive susceptible strain.
We further used two isogenic MG variants that both carried the
B-lactamase gene blargv.1, conferring resistance to B-lactams,
such as ampicillin, but not against ceftazidime. One of the strains
harboured the blarpy.1 resistance gene on the chromosome (MGc),
while the other one carried the same gene on a small multicopy
plasmid (MGp). Carrying resistance elements is typically as-
sociated with fitness costs and the relative costs of resistance
may differ between chromosomal and plasmid-based variants.
Plasmids can be costly in the absence of antibiotics because they
often contain many genes beyond those involved in resistance,
including genes for plasmid replication and maintenance (Rankin
et al. 2011, Baltrus 2013). Chromosomally integrated resistance
elements should be less costly as long as they do not affect the
expression of other genes encoding critical cellular functions
(Alekshun and Levy 2007, Vogwill and MacLean 2015). Here, we
tested whether these differential costs affect the evolution of
resistance against pyoverdine 3G07 and ceftazidime single and
combo treatments. We first defined drug efficiency ranges and
drug interaction patterns, and then conducted an experimental
evolution experiment to test whether the emergence and fre-
quency of resistance phenotypes differ across treatments and
strains. Finally, we sequenced the genomes of evolved populations
to uncover the genetic basis of putative resistance mechanisms.

Materials and methods

Bacterial strains

We used the E. coli K-12 substr. MG1655 (MG) strain and two iso-
genic constructs containing the g-lactamase gene blargy.1 either
on the chromosome (MGc) or on a nontransmissible multicopy
plasmid (MGp) with identical promoters. TEM-1 confers resistance
to ampicillin and approximate IC50 concentrations of 0.5 mg/l,
42 mg/l, and 7169 mg/l were calculated for MG, MGc, and MGp, re-
spectively (see IC50 determination below). The plasmid (5369 bp)
furthermore contains a gfp gene under the control of an inducible
L-arabinose promoter and is maintained on average at 19 copies
per bacterium. All strains were kindly provided by Professor Al-
varo San Millan (Centro Nacional de Biotecnologia—CSIC, Madrid).
The construction of MGc and MGp is described in detail in San
Millan et al. (2016). For the single-gene knockout mutant experi-
ments, we used mutants AoppA-D from the Keio collection (Baba
et al. 2006).

Growth conditions and media

Escherichia coli overnight cultures were grown either in 8 ml
lysogeny broth (LB; dose-response curves, competition experi-
ments, and experimental evolution assay) in 50 ml tubes or in
200 ul LB in 96-well plates (phenotypic growth assays) at 37°C
and 170 rpm agitation. Cultures grown overnight in tubes were
washed twice with 0.8% NaCl and adjusted to an optical density
at 600 nm (ODgno) of 0.1. Cultures from well plates were used
directly for experiments. The iron-limited casamino acid (CAA)
medium (1% casamino acids, 5 mM Ky;HPO4 x 3H,0, 1 mM MgSO4
x 7H,0, 25 mM HEPES buffer) was used for all experiments. Cef-
tazidime pentahydrate stocks of 1 mg/ml, ampicillin sodium salt
stocks of 10 mg/ml, and pyoverdine stocks of 30 mg/ml were pre-
pared in CAA. We used crudely purified pyoverdines from super-
natants of the environmental Pseudomonas strain 3G07 (described
in detail elsewhere; Vollenweider et al. 2024). Briefly, we grew the
strain in 500 ml CAA medium, supplemented with 250 uM of the
strong iron-chelator 2,2’-bipyridyl for 120 h at 28°C and shaken

at 170 rpm. We then centrifuged the cultures (15 049 x g) for
15 min, decanted the supernatant and adjusted its pH to 6 us-
ing 1 M HCl. We harvested the pyoverdines by running the su-
pernatant over Amberlite XAD 16-N resins and eluting the py-
overdines with 50% methanol. We lyophilized fractions contain-
ing the highest amount of pyoverdines (measured by fluorescence,
excitation: 400 nm and emission: 460 nm) and stored it at —20°C.
Since we used crude pyoverdine extracts, the absolute concentra-
tion of pyoverdine was unknown and thus expressed relative to
the highest concentration of 6 mg/ml used. All chemicals were
purchased from Sigma-Aldrich (Buchs SG, Switzerland).

Dose-response curves and IC50 calculation

To determine the inhibitory potential of pyoverdine, ceftazidime,
and ampicillin, we subjected the three E. coli strains to serially di-
luted crude pyoverdine extracts (highest concentration 6 mg/ml),
to ceftazidime (highest concentration 4 mg/l), or to ampicillin
[highest concentration 8 mg/ml (MG), 1024 mg/ml (MGc), and 16
384 mg/ml (MGp)]. To this end, bacterial cultures were grown
overnight and prepared as described above. 2 jl of diluted culture
were then added to a total of 200 pl medium with treatment on a
96-well plate in triplicates. Bacteria grown in CAA without treat-
ment were included in each assay. Plates were incubated at 37°C
in a plate reader and the ODgyo was measured every 15 min for
48 h. We subsequently subtracted the blank and background val-
ues caused by the medium and the treatment from the growth
values and calculated the area under the growth curve (AUC; in-
tegral) using the R package Growthcurver (Sprouffske and Wagner
2016). AUC values were then expressed relative to the untreated
controls and plotted for each concentration. Finally, we fitted 5-
parameter logistic regressions using the nplr package (Commo
and Bot 2016) and extracted the IC50 values.

Competitive fitness assays

To assess the potential cost of carrying antibiotic resistance on
plasmids, we evaluated growth of MGp alone or in competition
against MG and MGc. Bacteria were cultured overnight in LB and
washed as described above. Competitions were initiated with a
1:1 mixture with each competitor at ODgoy = 0.05. The exact
initial proportions were determined via flow cytometry using a
Cytek Aurora 5 1 spectral analyzer (Cytek Biosciences, Amster-
dam, The Netherlands) at a low flow rate and maximum mix-
ing speed (1500 rpm) for 2 s prior to measurement at the Cy-
tometry Facility of the University of Zurich. We recorded 50 000
events. We then diluted the cultures further to ODggo = 0.001 and
incubated the competitors alongside monocultures in CAA or in
CAA supplemented with 0.5 mg/l ampicillin at 37°C and shaken
at 170 rpm for 46 h. After incubation, cultures were diluted in
1x phosphate buffer saline (Gibco, ThermoFisher, Zurich, Switzer-
land) to ODggo = 0.05. To distinguish MGp from the competitors,
we induced green fluorescent protein (GFP) expression by adding
0.2% L-arabinose for 2 h at room temperature and added propid-
ium iodide (PI, 2 pl of 0.5 mg/ml solution) to distinguish live from
dead cells. Upon signal induction, we determined strain propor-
tions with flow cytometry (all eventsin a 5 pl volume) using a high-
throughput plate loader system and the following filters (laser:
488 nm, filter: 530/30, for GFP; laser: 355 nm, filter: 720/29, for PI).

For analysis, we used the software Flow]Jo (BD Biosciences, Ash-
land, OR) and followed the same gating strategy for all samples.
First, we used forward- and side-scatter height values to sepa-
rate bacterial cells from background. Within this gate, we ex-
cluded any doublings and retained only single cells using the



forward- and side-scatter height and area values, respectively.
Next, dead cells were excluded based on PI staining. Fi-
nally, we distinguished MGp from competitors by dividing cells
into GFP-positive and negative populations. The relative fit-
ness of MGp was then calculated using the formula In(v) =
In{[assx(1—a0)]/[aox(1—a4s)]}, Where ap and asg are the frequen-
cies of MGp at the beginning and at the end of the competition,
respectively (Ross-Gillespie et al. 2007). For each competition and
treatment, a total of six replicates were measured, and two inde-
pendent experiments were performed.

Synergy degree of pyoverdine-antibiotic
combination treatment

We used the Bliss independence model to calculate the degree
of synergy (S) for growth of each E. coli strain in the pyoverdine-
antibiotic combination treatment (Baeder et al. 2016). We used the
formula S = f(x,0) x f(0,y) — f(x,y), where f(x,0) is the growth
(integral) measured under antibiotic exposure at concentration X;
£(0,y) is the growth (integral) measured under pyoverdine expo-
sure at concentration Y; and f(x,y) is the growth (integral) mea-
sured in the combined treatment at concentration X and Y. If S =
0, pyoverdine and antibiotic act independently; S > 0 represents
synergy, while S < 0 indicates antagonism.

Experimental evolution

To determine whether pyoverdine-antibiotic combination treat-
ment can reduce selection for resistance, we experimentally
evolved the three E. coli strains in single pyoverdine and cef-
tazidime treatments, in the combination of both and in a no-drug
control treatment for 15 transfers. We used rounded values of the
calculated IC50 concentrations for the single treatments (relative
pyoverdine concentration of 0.16 and 0.4 mg/1 for ceftazidime) and
combined these concentrations for the combination treatment.
We initiated the experiment with six independently evolving lin-
eages per strain and treatment and arranged them diagonally in
six 96-well plates. Evolving populations were surrounded by blank
wells to reduce the risk of cross-contamination during transfer.
Prior to the assay, strains were grown and prepared as described
above, and 2 pl of culture were added to a total of 200 pl medium
with or without antibacterial treatment. Plates were incubated at
37°C at 170 rpm for 46.5 h before bacterial cultures were diluted
100-fold into fresh treatment. At the end of each cycle, we added
glycerol to the old plates at a final concentration of 15% and stored
the plates at —80°C.

Phenotypic characterization of evolved
populations

We investigated possible resistance evolution after repeated py-
overdine and ceftazidime treatment by comparing the growth of
the evolved populations with that of the ancestor. To do so, we
prepared overnight cultures of the evolved populations in 96-well
plates as described above and then diluted the cultures 1000-fold
into fresh treatment. We included six ancestors per strain and
treatment, and 18 ancestors in plain medium. Plates were then
incubated at 37°C in a plate reader and growth was measured ev-
ery 15 min for 48 h. For analysis, we first subtracted the blank
and background values from the growth data. Next, we calculated
the AUC and expressed the values relative to the mean ancestor
growth in plain medium. Finally, we calculated the growth differ-
ence between the evolved and the ancestors in the same treat-
ment, which allows us to assess the growth gain of the evolved
populations compared with the unevolved populations. To deter-
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mine whether pyoverdine reduced the selection for ceftazidime
resistance in the combo treatment, MGp populations that had
evolved in the combo treatment were subjected to conditions
without pyoverdine, as well as to single treatments of pyoverdine
and ceftazidime, and to the combo treatment, following the same
procedure described above.

Genomic analyses of evolved populations

For genomic analyses, we selected the four evolved populations
with the highest growth gains observed in our phenotypic screen
(Fig. 3) for each of the three treatments (pyoverdine, ceftazidime,
and combo) for strains MG and MGp. We further included three
growth medium-adapted control populations and one ancestor
clone per strain. For sequencing, we grew the populations and
clonesin 12 ml LB at 37°C and 170 rpm and measured their ODggo
after 6-8 h. When cultures reached an ODgoo between 0.8 and 1, we
pelleted the cultures by centrifugation (7500 x g, 3 min), washed
them in 0.8% NaCl, centrifuged again, and finally resuspended the
pellet in DNA shield buffer (Zymo research). Cultures were then
sent to MicrobesNG (Birmingham, United Kingdom) for library
preparation and whole-genome sequencing on the Illumina No-
vaSeq6000 platform (paired-end, 150 base-pair reads, minimum
coverage 30x). Adapter sequences were trimmed using Trimmo-
matic v0.30 (Bolger et al. 2014) with quality cut-off of Q15, reads
were aligned to the closest available reference genome using BWA
mem (Li and Durbin 2009), de novo assemblies were performed
using SPAdes v3.7 (Bankevich et al. 2012), and contigs were anno-
tated with Prokka v1.11 (Seemann 2014). Variants were predicted
by using the breseq 0.37.0 pipeline (Barrick et al. 2014, Deather-
age and Barrick 2014) using the polymorphism mode and the E.
coli MG1655 reference genome (NC_000913.3) and pBGT plasmid
genome (San Millan et al. 2016). Variants that were present in the
ancestral clones relative to the reference sequence were excluded.

Statistical analysis

All statistical analyses were performed in R 4.0.2 (R Core Team
2020) and RStudio version 1.3.1056 (RStudio Team 2020). One-
sample t-tests were used to compare the relative fitness and
the degree of synergy in growth. We used analysis of variance
(ANOVA) to test whether evolved populations grew significantly
different than the ancestors and adjusted the P-values for mul-
tiple comparisons using the Tukey HSD test. The same analysis
was applied to the experiments involving single-gene knockout
mutants.

Results

Pyoverdine and ceftazidime treatments curb the
growth of all E. coli strains

To confirm the efficacy of pyoverdine 3G07 and ceftazidime
against E. coli MG1655, we exposed the three MG strains to in-
creasing drug concentrations and assessed their growth perfor-
mance (Fig. 1). For both treatments we observed conventional
dose-response curves, with no growth inhibition at low concentra-
tions, followed by a decrease in bacterial growth at intermediate
and high concentrations. There were no differences in the overall
dose response (area under the curve) between the three E. coli vari-
ants (ANOVA for pyoverdine: Fy s = 0.13, P = .8830; for ceftazidime:
Fy9 = 0.80, P = .4790). For pyoverdine, we estimated the following
half maximal inhibitory (IC50) concentrations: MG = 0.15, MGc =
0.27, and MGp = 0.17. Note that the absolute pyoverdine concen-
tration cannot be assessed from the crude extracts we used here,
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Figure 1. Dose-response curves for E. coli strains MG, MGc, and MGp following treatment with pyoverdine 3G07 or ceftazidime. (A) We exposed the
three E. coli variants, MG (wildtype MG1655), MGc (carrying the blaTEM-1 resistance gene on the chromosome), and MGp (carrying the blaTEM-1
resistance gene on a multicopy plasmid) to increasing concentrations of pyoverdine 3G07 and ceftazidime and calculated the integral below the
growth curves. These values were then scaled relative to the untreated control in CAA medium. Dots and error bars show mean values and standard
errors, respectively, across a minimum of six replicates per concentration. Dose-response curves were fitted using 5-parameter logistic regressions. (B)
Box plots show the median together with the first and third quartiles and whiskers represent the 1.5x interquartile range. Individual data points show
the integrals of the dose-response curves from (A) for the three E. coli variants.

Table 1. Interaction (degree of synergy, S) between pyoverdine and ceftazidime treatments based on the Bliss independence model.

Mean measured growth in...

Ceftazidime Pyoverdine Mean degree of
Strain f(x,0) f(0,y) Combo f(x,y) synergy (S)? SE t-value df P-value
MG 0.4044 0.4921 0.1538 0.0294 0.0739 0.3979 2 7291
MGc 0.3998 0.3813 0.1044 —0.0277 0.0574 —0.4823 2 6772
MGp 0.3434 0.5096 0.1931 0.0446 0.0186 2.4011 2 1383
Combined 0.3825 0.4670 0.1505 0.0155 0.0297 0.5209 8 .6166

as = f(x,0) x f(0, y)—f(x, y); synergistic S > 0, additive (neutral) S = 0 or antagonistic S < 0 interaction.

and that is why we express concentrations relative to the weighed
amount of 6 mg/ml. For ceftazidime, estimates of IC50 concentra-
tions were 0.31 mg/1 for MG, 0.32 mg/1 for MGc, and 0.29 for MGp,
and were highly consistent across the three strains.

Pyoverdine 3G07 and ceftazidime show a neutral
interaction

To quantify whether the interaction between pyoverdine 3G07
and ceftazidime is antagonistic, neutral (additive), or synergistic,
we used the Bliss model to compare whether the combo treat-
ment is less, equally, or more inhibitory than expected, respec-
tively (Baeder et al. 2016). For this comparison, we used a rela-
tive pyoverdine concentration of 0.16 and a ceftazidime concen-
tration of 0.4 mg/l1 for both single and combo treatments, which
displayed intermediate inhibition (Fig. 1). We found that all inter-
action terms are approximately zero, and when combined across
strains, the interaction was not significantly different from the ex-
pected value (one-sample t-test: tg = 0.52, P = .6166; Table 1). This
result suggests that the interaction between pyoverdine 3G07 and
ceftazidime is neutral (additive).

Plasmid-based antibiotic resistance entails a
fitness cost

Next, we investigated whether carrying a plasmid encoding a re-
sistance gene is associated with fitness costs. To this end, we com-
peted the plasmid-carrying strain MGp against the isogenic strain
MG and the chromosomally resistant strain MGc both in medium
without and with ampicillin, the antibiotic to which blargy.1 con-
fers resistance. For all competitions, we used 0.5 mg/l ampicillin,
which represents the IC50 concentration of strain MG (Fig. S2).

In the absence of ampicillin, the fitness of MGp was signifi-
cantly reduced compared to MG (one-sample t-test, ts = —3.15,P =
.0254) and MGc (ts = —3.96, P = .0107) (Fig. 2). These results demon-
strate that plasmid carriage is associated with fitness costs in the
absence of antibiotics. Meanwhile, in the presence of ampicillin,
the benefits of carrying a resistance plasmid exceeded its cost,
resulting in MGp exhibiting significantly higher fitness compared
to the susceptible strain MG (ts = 29.50, P < .0001). Nonetheless,
even in the presence of ampicillin, MGp exhibited reduced fitness
compared to MGc (ts = —2.72, P = .0416), showing that plasmid-
based resistance entails higher costs than chromosomal-based re-
sistance in our system.
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Figure 2. Relative fitness of plasmid-carrying E. coli MGp in competition
against E. coli MG and MGc. We tested whether carrying an antibiotic
resistance plasmid has a cost compared to a naive strain (MG) and a
strain carrying the resistance gene on the chromosome (MGc).
Escherichia coli MGp was therefore competed against MG and MGc for 48
h, starting at a 1:1 ratio. The dashed line indicates fitness parity, at
which neither of the competing strains has a fitness advantage. Without
any antibiotic treatment (0 mg/l ampicillin), MGp had a fitness
disadvantage (fitness values <0) compared to MG and MGc, showing the
cost of plasmid-based resistance. When treated with 0.5 mg/l ampicillin,
MGp experienced highly significant fitness advantages (fitness values
>0) compared to MG, and slight significant fitness disadvantages
compared to MGc. All data are shown as means =+ standard errors
across six replicates from two independent experiments. Significance
levels are based on one-sample t-tests (comparison against the
null-line): * P < .05; ** P < .01; and ** P < .001.

Combination treatment reduces selection for
resistant phenotypes in E. coli MGp

We then conducted an experimental evolution to assess whether
E. coli strains MG, MGc, and MGp evolve resistance to either py-
overdine 3G07, ceftazidime, or the combo treatment. We propa-
gated six independent populations per condition and strain every
other day to fresh medium for 15 transfers (30 days in total). To
control for adaptation to the growth medium, we also evolved the
three E. coli strains in the absence of drugs, resulting in a total of
72 evolving populations (Fig. S3). Subsequently, we subjected the
evolved populations from the final transfer to the conditions they
evolved in and compared their growth relative to the ancestral
wildtypes (Fig. S4) by calculating the difference in growth between
the evolved and ancestral populations.

We found that evolved MG populations grew significantly bet-
ter under pyoverdine, ceftazidime, and the combo treatment com-
pared to the control populations that evolved without antibac-
terials (global analysis: ANOVA, F3,0 = 51.07, P < .0001; Fig. 3).
This suggests that MG populations evolved (at least partial) re-
sistance to pyoverdine, ceftazidime, and the combo treatment. In
contrast, evolved MGc populations only showed significantly im-
proved growth under ceftazidime and the combo treatment but
not under pyoverdine single treatment (compared to evolved con-
trol: ANOVA, F3 00 = 19.6, P < .0001). Finally, the evolved MGp pop-
ulations grew significantly better only under ceftazidime treat-
ment, but not under pyoverdine or the combo treatment (com-
pared to evolved control: ANOVA, F3 9 = 30.14, P < .0001). These
results suggest that MGp evolved resistance to ceftazidime, but
not against treatments containing pyoverdine. An alternative ex-
planation is that MGp grew more slowly under treatment such
that the number of generations and mutation supply for adap-
tive evolution might have been reduced in this strain. We found
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no evidence for this hypothesis as generation times and thus the
expected number of mutations did not significantly differ among
the ancestral E. coli variants neither under pyoverdine (Fys; =
2.13, P = .1290) nor ceftazidime (Fy33 = 0.22, P = .8010) treat-
ments (Table S1). Taken together, our analyses indicate that the
genetic background of the strains influences resistance evolution,
and that resistance evolution seems lowest in MGp.

Independent mode of action of pyoverdine hides
ceftazidime resistant phenotypes in E. coli MGp
populations

Given the reduced growth gain in evolved E. coli MGp populations
in the combo compared to the ceftazidime single treatment, we
wondered whether pyoverdine 3G07 can indeed reduce selection
for resistance or whether ceftazidime resistance still emerges but
remains phenotypically hidden. This could happen due to the in-
dependent (additive) inhibitory effect of pyoverdine. To differen-
tiate between these two possibilities, we exposed the MGp ances-
tor and MGp populations evolved in the combo treatment to sin-
gle pyoverdine 3GO7 and ceftazidime treatments as well as the
no-drug control treatment. We monitored their growth for 48 h
(Fig. S5) and calculated the growth gain as described above.

We found that the MGp populations evolved in the combo treat-
ment showed significant differences in growth gain when exposed
to single treatments (ANOVA, F; 15 = 32.90, P < .0001; Fig. 4). No
significant difference in growth gain occurred between the no-
treatment control and the pyoverdine treatment (Tukey post hoc: P
= .6635), suggesting low levels of pyoverdine resistance. By con-
trast, growth gains in MGp populations evolved in the combo
treatment were substantial under ceftazidime exposure and sig-
nificantly higher in the ceftazidime single (mean + SD: 0.392 +
0.082) than in the combo (0.283 £ 0.056) treatment (P = .0207).
This shows that pyoverdine 3G07 does not prevent the evolution
of ceftazidime-resistant phenotypes in MGp populations under
combo treatment. It supports the notion that the two drugs in-
teract neutrally, making the evolution of resistance for the two
drugs independent.

Mutation frequencies of evolved E. coli MG and
MGp populations

The above growth screen suggests that E. coli MG populations de-
veloped resistance to both pyoverdine 3G07 and ceftazidime treat-
ments, while E. coli MGp specifically acquired resistance to cef-
tazidime. To link these observed phenotypes to mutational pat-
terns, we sequenced four evolved populations per antibacterial
treatment and three no-treatment control populations from the
final day of experimental evolution. Overall, we sequenced 30 pop-
ulations, 15 each for MG and MGp. We excluded mutations present
in ancestral clones and focussed on those accumulated during ex-
perimental evolution.

In total, we identified 453 and 1221 mutations across all MG
and MGp populations, respectively. Mutation frequencies within
populations ranged from 5% (our lower cut-off) to 100%. Across
all evolution conditions and strains, mutation frequencies exhib-
ited a bimodal distribution: the majority (1371) of mutations oc-
curred at low frequencies (<30%), while a minority (303) occurred
at higher frequencies (>30%; Fig. 5A). The low-frequency muta-
tions appeared in intergenic regions (47.8%), pseudogenes (24.9%),
coding regions (22.1%), and noncoding regions (5.1%; Table S2). We
excluded these low-frequency mutations from further analyses
since we argue that many of them might be neutral and subject
to drift rather than selection.


https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae021#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae021#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae021#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae021#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae021#supplementary-data
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Figure 3. Growth gain of evolved E. coli MG, MGc, and MGp populations relative to ancestral populations in the no-treatment control, or the three

antibacterial treatments pyoverdine 3G07, ceftazidime, and their combo.

We exposed the evolved E. coli populations to the conditions in which they

evolved in (no-treatment control, pyoverdine 3G07, ceftazidime, and combo treatment). We further exposed the ancestors to the same four conditions.
We quantified growth by calculating the integrals under the growth curves, which were then scaled relative to the ancestral growth in plain CAA
medium. The difference in growth values was subsequently calculated between evolved and ancestor populations that experienced the same
treatment condition. This difference corresponds to the growth gain of evolved populations. Each dot denotes a population and represents the mean

value across six replicates. Box plots show the median together with the
The dotted line represents the ancestral baseline and the P-values above

first and third quartiles and whiskers represent the 1.5x interquartile range.
antibacterial treatment boxplots indicate the significance levels relative to

the no-treatment control (assessed by ANOVA with adjusted P-values using the Tukey HSD method, « = 0.05).

E. coli MGp evolved in combo treatment
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Figure 4. Growth gain of E. coli MGp populations evolved in the combo
treatment and tested under single pyoverdine 3G07 and ceftazidime
treatments. We exposed the six E. coli MGp populations that evolved in
the combo treatment to single pyoverdine and ceftazidime treatments,
as well as to the no-treatment control and the combo treatment in
which they evolved. Growth gain is represented by the scaled difference
in growth integral between evolved and ancestor populations. Each dot
denotes a population and represents the mean value across six
replicates. Box plots show the median together with the first and third
quartiles and whiskers represent the 1.5x interquartile range. Statistical
analysis was performed using ANOVA with adjusted P-values using the
Tukey HSD method (¢ = 0.05).

Focusing on high-frequency mutations (>30%), we identified
single-nucleotide polymorphisms (SNPs) as the most common
mutation (135), followed by deletions (97), insertions (50), mobile
element insertions (MOB; 20), and amplification (1). Most muta-
tions appeared in intergenic regions (52.5%), followed by coding
regions (47.2%) and pseudogenes (0.3%).

Next, we excluded genes with synonymous mutations and
genes that mutated in both no-treatment control and antibacte-
rial treatments as they are probably associated with adaptation
to the growth medium. After this filtering process, the frequen-
cles of the remaining mutations were similar in the pyoverdine
treatment (12 and 15 mutations), the ceftazidime treatment (11

and 12), and the combo treatment (15 and 19 mutations in MG
and MGp, respectively), and did not differ between MG and MGp
(Fisher’s exact test, P = .9619).

Comparison of mutational patterns in single and
combo treatments

To identify putative key mutations responsible for resistance
phenotypes, we compared the number of mutations unique to
a particular antibacterial treatment with those shared between
treatments. This analysis yielded little overlap in the mutational
patterns between treatments (pairwise comparisons) and no
mutation occurred in all three treatments (Fig. 5B). However,
those mutations that occurred in two treatments reached high
frequencies and surfaced in multiple populations, and we thus
expect these mutations to be associated with the observed
population-level resistance phenotypes. We now go through the
list of these mutations and assess their potential association with
antibacterial resistance (Table S3).

For ceftazidime single and combo treatments, mutations in the
following genes occurred multiple times at high frequencies (in
17 out of 27 cases the frequency was 100%; Table S3): ompF (MG
= 7/MGp = 7), envZ (4/2), blargm.1 (0/2), and proQ (4/1). OmpF en-
codes the outer membrane porin F (Cai and Inouye 2002, Hirakawa
et al. 2003), a known entry point for antibiotics. Loss-of-function
mutations in ompF reduce membrane permeability, leading to in-
creased levels of antibiotic resistance (Vergalli et al. 2020, Masi
et al. 2022). Mutations in envZ could have a similar effect. EnvZ
is a periplasmic protein that senses changes in the environment
and controls the phosphorylation state of its cognate response
regulator OmpR, which is a repressor of ompF. Thus, mutations
in envZ could result in the down-regulation of ompF expression
(Cai and Inouye 2002, Hirakawa et al. 2003). Blareum.1 is the resis-
tance gene introduced in E. coli MGp (San Millan et al. 2016) and
encodes a beta-lactamase with high activity against ampicillin.
In its original form, it has minimal activity against ceftazidime,
but mutations can expand its activity range to ceftazidime (Ne-
gri et al. 2000, Salverda et al. 2010, Livermore et al. 2015). ProQ is
an RNA chaperon involved in the post-transcriptional control of


https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae021#supplementary-data
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Figure 5. Mutational patterns in E. coli MG and MGp after evolution in pyoverdine 3G07, ceftazidime, or the combo treatment. (A) Bimodal distribution
of the number of mutations per population of MG and MGp after evolution. In total, 1371 mutations were present at low frequency (<30%), while 303
mutations were present at higher frequency (>30%). (B) Venn diagrams showing the genes unique to or shared between populations evolved in
pyoverdine 3GO7 (left circle), ceftazidime (right circle), or the combo (center circle) treatment for MG (top) and MGp (bottom). Bold letters indicate
mutations in intergenic regions and numbers in brackets indicate the number of independent mutations observed within that region/gene.

ProP levels, which are plasma membrane transporters that sense
and respond to osmotic changes (Sheidy and Zielke 2013). Here,
it is less clear how mutations in this gene could be involved in
ceftazidime resistance.

For the pyoverdine 3G07 single treatment, we identified a SNP
in the regulatory region between genes encoding the ferric en-
terobactin outer membrane transporter FepA (Klebba 2003, An-
namalai et al. 2004, Chakraborty et al. 2007) and the ferric en-
terobactin esterase Fes (Brickman and McIntosh 1992, Schalk and
Guillon 2013) in both MG and MGp (Fig. S6). Enterobactin, a high-
affinity siderophore produced by E. coli, binds iron and is trans-
ported by FepA, while Fes catalyses the hydrolysis of the ferric—
enterobactin complex in the cytosol (Raymond et al. 2003). No-
tably, the ferric uptake regulator (Fur) protein-binding site, which
is crucial for regulating the response to iron starvation, is situated
between FepA and Fes (Pettis et al. 1988, Hunt et al. 1994, Escolar
et al. 1998). Consequently, mutations in this region may result in
a constant dissociation of Fur and consequently to a constitutive
expression of genes related to enterobactin transport and utiliza-
tion. The upregulation of enterobactin could be beneficial, as this
siderophore has higher iron affinity than pyoverdine and could
thus alleviate the iron starvation imposed by pyoverdine.

Additionally, we found that mutations in the genes of the
opp-operon were common (MG/MGp: oppA = 1/0, oppB = 4/7, oppC

= 0/1, and oppD = 3/1) in populations of the pyoverdine single and
combo treatments, reaching high frequencies (mean =+ SE, MG:
0.83 £ 0.05; MGp: 0.80 + 0.08; Table S4). Furthermore, two MGp
populations displayed the same 1199 bp deletion of the insH21 IS5
element, which is located upstream of the oppABCDF operon, and
one MG population acquired a mutation in the intergenic region
of insH21/oppA. This operon encodes an oligopeptide importer
(Masulis et al. 2020) and the uncovered mutations are likely
associated with a loss-of-function (Fig. S7). Since pyoverdine
is a modified oligopeptide, we speculate that loss-of-function
mutations in the opp-operon could potentially prevent the uptake
of apo-pyoverdine. A reduction in apo-pyoverdine uptake could
prevent this molecule from interfering with intracellular iron
homeostasis.

Enhanced growth of E. coli AoppA and AoppB
mutants in pyoverdine 3G07 treatment

While our previous work yielded little evidence for resistance evo-
lution against pyoverdine in other pathogens (A. baumannii, Kleb-
siella pneumoniae, and S. aureus) (Vollenweider et al. 2024), we here
identify the opp operon as a potential mutational target confer-
ring a moderate level of pyoverdine resistance. The operon op-
pABCDF consists of five genes, encoding a high affinity oligopep-
tide ABC transporter system with low specificity (Linton and


https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae021#supplementary-data
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Figure 6. Growth of E. coli opp single-gene knockout mutants in the presence and absence of pyoverdine 3G07. Growth kinetics of the E. coli knockout
mutants AoppA, AoppB, AoppC, AoppD, and the E. coli wildtype BW25113 in growth medium without pyoverdine (upper lines) and with pyoverdine
(lower lines) treatment over 48 h. Dots and error bars show mean values and standard errors, respectively, across a minimum of six replicates per
treatment from two independent experiments. Significance levels are based on two-sample t-tests with & < 0.05. Circles represent difference in the
end-point growth between the E. coli wildtype and the mutants in the no-pyoverdine control (grey lines). Asterisks denote significant differences in the
end-point growth between the no-pyoverdine condition and the pyoverdine treatment in each panel. © and * P < .05, °°° and *** P < .001.

Higgins 1998, Davidson et al. 2008). OppA is a periplasmic-binding
protein, which interacts with the two inner membrane subunits
OppBC (Doeven et al. 2004, Klepsch et al. 2011), and the ATP-
binding subunits OppDF (Moussatova et al. 2008, Masulis et al.
2020).

To understand whether mutations in the oppABCDF operon in-
deed confer resistance to pyoverdine, we subjected the E. coli mu-
tants AoppA, AoppB, AoppC, and AoppD to pyoverdine 3G07 treat-
ment and compared their growth to that of the parental wildtype
BW25133. These mutants originate from the Keio collection (Baba
et al. 2006), where the gene of interest is replaced by a kanamycin
resistance cassette and thus allows to analyse the effects of loss
of gene function.

We first examined whether the lack of a functional Opp-
transporter has fitness consequences for E. coli in the absence of
antibacterial treatment (Fig. 6; grey growth kinetics and circles).
We found that growth was reduced in AoppA (two-sample t-test:
t10 = 2.46, P = .0338) and AoppB (t10 = 6.34, P = .0001) compared to
wildtype but not in AoppC (t10 = 0.36, P = .7253) and AoppD (tip =
0.98, P =.3512). Overall, growth effects were small suggesting that
the Opp-transporter is not essential for E. coli.

Next, we tested whether the lack of specific Opp-proteins alle-
viates the significant growth reduction that pyoverdine treatment
has on the wildtype (tio = —13.76, P < .0001, Fig. 6; blue growth
kinetics and asterisk). Indeed, we found that growth yield after 48
h was restored to the level of the no-pyoverdine treatment con-
trol in AoppA (t10 = —1.33, P = .2146) and AoppB (t1o = —0.61, P =
.5676), and to some extent in AoppD (t10 = —1.97, P = .0777), but
not in AoppC (t1p = —15.06, P < .0001). However, albeit achieving
the same yield, the growth of all opp-mutants was still substan-
tially slowed down compared to the untreated controls during the
early growth phase. These results indicate that mutations in the
opp operon can confer partial resistance to pyoverdine.

Discussion

We previously demonstrated the potent inhibitory effects of iron-
scavenging pyoverdines from environmental Pseudomonas spp. on
opportunistic human pathogens through the induction of iron

limitation (Vollenweider et al. 2024). Building on this work, we
here investigated the interaction between pyoverdine 3G07 and
the antibiotic ceftazidime to explore how combination therapy
affects resistance evolution in three E. coli strains. We found neu-
tral drug interactions between pyoverdine and ceftazidime and
observed that pyoverdine could not prevent the evolution of cef-
tazidime resistance in a combination treatment in the naive E. coli
MG1655 strain (MG) during experimental evolution. In contrast,
the presence of pyoverdine reduced ceftazidime resistant pheno-
types in E. coli MGc (mild effect) and E. coli MGp (strong effect), two
strains carrying the B-lactamase gene blargy.1 (conferring resis-
tance to ampicillin) on the chromosome and a small multicopy
plasmid, respectively. Genetic analyses revealed that mutations
in the outer membrane porin F (OmpF) and the sensor histidine
kinase EnvZ were associated with ceftazidime resistance. Curi-
ously, the frequency of these mutations was similar in both E.
coli MG and MGp, regardless of whether they were treated with
ceftazidime alone or in combination with pyoverdine. This sug-
gests that pyoverdine cannot prevent resistance evolution per se,
but simply represses the ceftazidime resistance phenotype due to
its independent mode of action.

We found additive (neutral) effects between pyoverdine 3G07
and ceftazidime. Given their independent modes of action—
pyoverdine induces iron starvation, while ceftazidime causes cell
lysis—neutral interactions between these two classes of antibac-
terials can be anticipated. Neutral drug interactions are benefi-
cial from a clinical perspective because they reduce the risk that
a single mutation can simultaneously confer resistance to both
antibacterials (Fischbach 2011). This notion is supported by our
data showing that there is hardly any overlap in high-frequency
mutations between the pyoverdine and ceftazidime single treat-
ments (Fig. 5B). However, neutral drug interactions are not neces-
sarily making treatments evolutionarily more sustainable, as the
combined drugs should not influence each other’s resistance evo-
lution (Michel et al. 2008, Bollenbach 2015). This notion is indeed
supported by our data, as we found (i) similar mutational patterns
in populations subjected to ceftazidime single and combo treat-
ments (Fig. 5B), and (ii) that ceftazidime resistance became visible
when pyoverdine was omitted from the combo treatment (Fig. 4).



Thus, our results show that pyoverdine cannot reduce selection
for ceftazidime resistance, but it can safely be combined with it
as cross-resistance is unlikely to evolve.

An important question to address is why the phenotypic sig-
nature of ceftazidime resistance is lower in the plasmid-carrying
E. coli MGp strain compared to the naive E. coli MG strain (Fig. 3).
We hypothesize that the metabolic burden of the multicopy plas-
mid (average copy number = 19) (San Millan et al. 2016) is re-
sponsible for this effect. For one thing, we show that MGp bears
a baseline plasmid carriage cost (Fig. 2), which is likely associ-
ated with plasmid replication and gene expression (San Millan
and MacLean 2017). On top, we argue that pyoverdine treatment
amplifies these costs because DNA and protein synthesis rely on
iron-containing enzymes (Messenger and Barclay 1983, Andrews
et al. 2003). Hence, the dual metabolic burden could explain why
evolved E. coli MGp populations remained more susceptible to the
combo treatment than evolved E. coli MG populations, even though
the two evolved strains exhibited similar mutational patterns re-
garding pyoverdine and ceftazidime resistance. While we used a
multicopy plasmid containing the blarpv1 gene for our experi-
ments, we anticipate that the dual metabolic burden could sim-
ilarly apply to any costly plasmid and particularly to those that
require gene expression (e.g. antibiotic resistance genes) for sur-
vival in the respective environment. Overall, our findings indicate
that targeting iron metabolism seems to be particularly effective
for pathogens with high iron requirements.

While our previous work yielded little evidence for pyoverdine
resistance evolution in several pathogens (A. baumannii, S. aureus,
K. pneumoniae, and P. aeruginosa) (Vollenweider et al. 2024), we here
identified a first putative target involved in partial pyoverdine re-
sistance in E. coli. We found that loss-of-function mutations in the
oppABCDF operon reduced susceptibility to pyoverdine (Fig. 6). The
oppABCDF operon codes for a periplasmic oligopeptide importer
(Davidson et al. 2008). Discovering this target of evolution sur-
prised us because it contradicts the basic premise that pyoverdine
can solely inhibit pathogens by sequestering iron extracellularly
(Vollenweider et al. 2024). Accordingly, we predicted that mecha-
nisms reducing drug entry into the cell should not be an effective
resistance mechanism against pyoverdine. Now we find exactly
such a mechanism to be associated with pyoverdine resistance.
To reconcile this apparent discrepancy, we propose a dual mode
of action of how pyoverdine can inhibit E. coli. The first mode of
action occurs extracellularly, whereby pyoverdine chelates iron in
the environment, thereby withholding it from E. coli. The second
mode of action could involve the translocation of iron-free (apo-)
pyoverdine via nonspecific importers (e.g. porins) to the periplasm
and from there via nonspecific oligopeptide transporters (e.g. Opp-
transporter) to the cytosol. In the cytosol, apo-pyoverdine can po-
tentially interfere with cellular iron homeostasis. Pyoverdine is
an oligopeptide (Fig. S1) and previous studies showed that the
Opp transporter is nonselective towards amino acid side chains,
allowing the transport of peptides of various lengths and struc-
tures (Doeven et al. 2004). Loss-of-function mutations in any of
the opp genes could thus potentially block this second mode of
action. While novel and speculative at the same time, our two
modes of action model would explain why mutations in the opp-
operon (cutting the second mode of action) only leads to partial
pyoverdine resistance, given that the first mode of action remains
functional. Clearly, further experiments are required to ascertain
whether apo-pyoverdine is indeed translocated into E. coli cells
and whether this mechanism is specific to E. coli, given the absence
of similar mutational targets in other pathogens (Vollenweider et
al. 2024).
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In summary, we show that pyoverdine is a potent antibacte-
rial against E. coli both as single treatment and in combination
with the antibiotic ceftazidime. The interaction between pyover-
dine and ceftazidime is neutral, both in terms of treatment effi-
cacy and selection for resistance. While pyoverdine is evolution-
ary more robust than ceftazidime, pyoverdine as an adjuvant does
not prevent the evolution of ceftazidime resistance. Pyoverdine
treatment is particularly potent against plasmid-carrying E. coli
strains, possibly due to a dual metabolic burden associated with
plasmid maintenance. This finding suggests the pyoverdine treat-
ment might be particularly effective against pathogens harbour-
ing costly antibiotic-resistance plasmids.
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