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INTRODUCTION

Abstract

Aims: Bacterial response to temperature changes can influence their pathogenic-
ity to plants and humans. Changes in temperature can affect cellular and physio-
logical responses in bacteria that can in turn affect the evolution and prevalence of
antibiotic-resistance genes. Yet, how antibiotic-resistance genes influence microbial
temperature response is poorly understood.

Methods and Results: We examined growth rates and physiological responses to
temperature in two species—E. coli and Staph. epidermidis—after evolved resistance
to 13 antibiotics. We found that evolved resistance results in species-, strain- and
antibiotic-specific shifts in optimal temperature. When E. coli evolves resistance to
nucleic acid and cell wall inhibitors, their optimal growth temperature decreases,
and when Staph. epidermidis and E. coli evolve resistance to protein synthesis and
their optimal temperature increases. Intriguingly, when Staph. epidermidis evolves
resistance to Teicoplanin, fitness also increases in drug-free environments, inde-
pendent of temperature response.

Conclusion: Our results highlight how the complexity of antibiotic resistance is am-
plified when considering physiological responses to temperature.

Significance: Bacteria continuously respond to changing temperatures—whether
through increased body temperature during fever, climate change or other fac-
tors. It is crucial to understand the interactions between antibiotic resistance and

temperature.
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et al., 2010; Lewis et al., 2015; Torda et al., 2017). Each
type of stressor plays an important role in the dynam-

Environmental stressors—such as pH, antibiotics or
temperature—affect the growth, replication and physio-
logical welfare of bacterial populations that result in evo-
lutionary trade-offs (Bennett & Lenski, 2007; Deatherage
et al., 2017; Duran et al., 2019; Frey et al., 2013; Gething

ics and prevalence of antibiotic-resistance genes (Al-
Nabulsi et al., 2015; Bengtsson-Palme et al., 2018; Letoffe
et al., 2014; Li et al., 2020; Mueller et al., 2019; Tan
et al., 2019; Yang et al., 2014). For example, cold tem-
peratures, acidic pH and salt stressors increase antibiotic
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resistance in L. monocytogenes (Al-Nabulsi et al., 2015),
and pH impacts the efficacy of antibiotics against resis-
tant pathogens that cause urinary tract infections (Yang
et al., 2014) and modifies antibiotic resistance prevalence
when elevated (i.e., higher alkalinity) (Letoffe et al., 2014).
Antibiotic resistance genes and mobile genetic elements
are also less common in saline soils (Tan et al., 2019).

The effects of temperature on the minimum inhibitory
concentrations (MICs) of antibiotic-resistant bacteria are
highly variable across species. For example, for three bac-
terial species—E. coli, Salm. enterica and Staph. aureus—
the MICs of various antibiotics decrease when exposed to
low temperatures but increase when exposed to high tem-
peratures (McMahon et al., 2007). Cold temperatures also
result in an increased number of colony-forming units
(CFUgs) of Francisella tularensis, L. monocytogenes and KI.
preumoniae resistant to gentamicin at 26°C (compared to
37°C) (Loughman et al., 2016). In agriculture, increased
MICs to ampicillin and tetracycline in swine intestinal
flora are linked to cold exposure (Moro et al., 1998). For
Ac. baumannii, an opportunistic pathogen commonly
found in hospitals, surface-associated motility was sig-
nificantly reduced when cooled to 28°C, while biofilm
formation on plastic surfaces was increased (De Silva
et al., 2018). At 28°C, Ac. baumanni was also less suscep-
tible to aztreonam but more susceptible to the combina-
tion treatment trimethoprim-sulfamethoxazole (De Silva
et al., 2018). Overall, the impact of temperature on MICs is
complex and poorly understood because it varies by both
species and antibiotic mechanism of action, and the ge-
netic underpinning of these phenotypic responses is un-
known (Cruz-Loya et al., 2019; Cruz-Loya et al., 2021; De
Silva et al., 2018; Deatherage et al., 2017; Li et al., 2020;
Loughman et al., 2016; MacFadden et al., 2018; McGough
et al., 2018).

Temperature can also induce physiological responses
similar to those caused by some antibiotics (Cruz-
Loya et al., 2019). Studies show that high temperatures
mimic the effects of aminoglycosides, which inhibit pro-
tein synthesis, as well as antibiotics that target DNA or
DNA synthesis (Cruz-Loya et al., 2019; Vanbogelen &
Neidhardt, 1990). Cruz-Loya et al. (2019) also show that
heat-adapted strains become more sensitive to antibiot-
ics that mimic the effects of cooler temperatures, such as
DNA gyrase inhibitors (fluoroquinolones) and 30S ribo-
some inhibitors (tetracyclines), and that heat-shock and
cold-shock genes are induced by heat-similar or cold-
similar antibiotics. Further studies show that macrolides
affect ribosome-mediated protein folding in ways similar
to high temperatures (Akerfelt et al., 2010; De Maio, 1999;
Kurtz et al., 1986; Mondal et al., 2014; Richter et al., 2010;
Stewart & Young, 2004; Vabulas et al., 2010). Overall, these
studies suggest that antibiotic mechanisms of action play

an important role in bacterial physiological responses at
various temperatures.

Given the increasing amount of antibiotics in the en-
vironment as a result of human and agricultural use
(Butaye et al., 2001; Heuer et al., 2011; Martinez, 2009;
Perreten et al., 1997; Zhu et al., 2013) along with changes
in body temperature during a fever or global changes in
temperature as a result of climate change, it is important
to understand how temperature, antibiotics and resis-
tance interact and affect bacterial fitness. Recent studies
have investigated the effects of temperature on bacte-
ria after antibiotic resistance has evolved. For example,
chloramphenicol-resistant E. coli has greater fitness costs
at varying temperatures than non-resistant E. coli (Herren
& Baym, 2022). Another study shows an increase in per-
centage of antibiotic-resistant pathogens in warmer cli-
mates (MacFadden et al., 2018). However, there is almost
no study of the reverse question: how is temperature re-
sponse impacted by the evolution of antibiotic resistance?
We investigate how evolved resistance to a range of anti-
biotics with different mechanisms of action impacts the
temperature response, optimal temperature and growth
rates in one gram-negative and one gram-positive bacte-
rial species, E. coli and Staph. epidermidis respectively.
Specifically, we ask: (1) Do increasing levels of antibi-
otic resistance result in shifts in optimal temperature or
growth rates? (2) How does cell wall structure influence
these shifts? (3) Do antibiotics with similar mechanisms
of action induce similar shifts in optimal temperature and
growth rates?

MATERIALS AND METHODS

Measuring minimum inhibitory
concentrations (MIC) of ancestral strains
and evolved isolates

We evolved six independent isolates of E. coli (BW25113)
(Datsenko & Wanner, 2000) and six independent isolates
of Staph. epidermidis (ATCC 12228) (Zhang et al., 2003)
to 4X the Minimum Inhibitory Concentration (MIC) of
each of the antibiotics listed in Table 1. Cultures were
grown and evolved in LB media (10 g tryptone, 5 g yeast
extract, 10 g NaCl). We first obtained initial ICy5 values
for each species and antibiotic using a 10-step, two-fold
serial dilution on 96-well plates — which we refer to as
MIC. We inoculated approximately 10° cells in each
well and allowed them to grow for 22 h at 37°C. We read
the endpoint optical density (ODgq,) using the Tecan
Infinite M200 PRO Multimode Microplate Reader and
calculated an estimate of the MIC value using the dose-
response curve (“drc”) package in R, version 3.0-1. MIC
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TABLE 1 Antibiotics, abbreviations, ancestral MIC (ICy5) and MIC range of evolved isolates evolved with each antibiotic

Evolved resistance MIC

Ancestral MIC (pg/ml) (pg/ml)
Staph. Staph.

Gram —/+ Antibiotic Abbreviation E. coli epidermidis E. coli epidermidis
—/+ Amoxicillin AMX 4.8 0.26 42-237 258-9678
- Azidothymidine AZD 0.014 7367.3* >5000 *
—/+ Ceftazidime CAZ 0.16 4.9 205-5000 538-10,000
—/+ Cephalexin CLX 12.4 1.5 680-4110 3753-10,000
—/+ Chloramphenicol CHL 419.9 85.1 >20,000 827-5000
- Colistin COL 0.32 531.8 45-102 840-5000
—/+ Fosfomycin FOS 0.70 1.09 5-1000 32-1000
+ Gentamicin GEN 26.4 0.89 423-2264 17-21
—/+ Levofloxacin LVX 0.064 0.11 0.37-0.535 *
—/+ Meropenem MER 0.125 0.26 10-90 12-51
—/+ Nitrofurantoin NIT 14.4 8.4 65-142 483-2000
+ Teicoplanin TCP 10602.3* 1.02 * 6-221
—/+ Trimethoprim TMP 0.29 0.54 4-2982 10-5000

Note: The bacterial type (gram-negative or gram-positive) targeted by each drug is listed in the first column followed by the antibiotic name and abbreviation.
The MIC for each antibiotic is listed for the ancestral strains of E. coli and Staph. epidermidis. Evolved resistance MIC columns contain the range of MIC values
across the six isolates evolved to each antibiotic. A complete list of evolved MIC values for each biological replicate can be found in Figure S1. Asterisks (*)
denote antibiotics that were not used for a particular species because of solubility or evolvability issues during the evolution process.

estimates were determined by the lowest antibiotic con-
centration observed to inhibit growth by at least 95%
(ICy5) when compared to the positive control (Table 1,
columns 4 and 5).

We also calculated the MICs of all six most resistant
isolates (exposed to 4X the ancestral MIC—described in
detail below) to their selecting antibiotic to confirm that
the identified level of resistance had been achieved (i.e.,
that the MIC increased to at least 4X the ancestral value).
The MIC range for all six evolved isolates can be seen in
Table 1, columns 6 and 7 (individual MIC values can be
found in Figure S1).

Evolving E. coli and Staph. epidermidis to
13 antibiotics

We evolved the populations in 96-well plates. Each well
was filled with 200 pl of LB media (10 g tryptone, 5 g yeast
extract, 10 g NaCl). We began by exposing the strains to
0.125X MIC for 2days at 37°C. We serial transferred 5 pl of
each well to a clean 96-well plate with fresh media and anti-
biotic daily. Every other day we doubled the concentration
of antibiotic (to 0.25X, 0.5X, 1X, 2X and 4X ancestral MIC).
We did this for 12days total, resulting in approximately
120 generations, with 6 independent populations saved at
each concentration increase. Each independent popula-
tion is referred to as an “evolved population.” This process

resulted in a complete library for each species-antibiotic
pair, consisting of 42 unique populations in each library
(six evolved populations at each of six concentration steps,
plus six replicates of the ancestral populations). We refer
to the evolved populations at each concentration step as
‘resistance levels’. We created double-library plates that
contain all 42 unique populations from E. coli and all 42
unique populations from Staph. epidermidis (Figure S2).
We also evolved ancestral populations in a no-drug envi-
ronment for 12days, serial transferring populations daily
in fresh LB at 37°C. These populations are referred to as
the “positive control’.

Library purification and confirmation of
evolved resistance

Once the populations grew successfully at 4X the ances-
tral MIC, all evolved populations went through a three-
step purification process to confirm their resistance
phenotype: First, the 4X populations were inoculated in
liquid LB (10 g tryptone, 5 g yeast extract, and 10 g NaCl)
with no antibiotic to ensure overnight growth. Second,
on the following day, each population was plated on
LB agar (LB+15g/L agar) containing the antibiotic at
the concentration at which they were selected (e.g., 4X
MIC populations were plated on LB agar containing 4X
the MIC of the ancestral strain). Finally, we considered
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the colonies that grew as confirmation of resistance. A
single colony from each independent population was
picked and again grown overnight in liquid LB only.
Each independent isolate was saved in a cryogenic
master tube with 25% final concentration of glycerol.
Complete double library master plates from the single
isolates (E. coli+ Staph. epidermidis) were also saved in
a 96-well plate with 25% glycerol (Figure S2). Each dou-
ble library plate represents both E. coli and Staph. epi-
dermidis with evolved resistance to the same antibiotic
at a range of 0.125X to 4X ancestral MIC, resulting in a
total of 14 double library plates—one for each antibiotic
used plus one positive control plate evolved for 12 days
without antibiotics at 37°C. All experiments were per-
formed on the clonal isolates.

Characterizing temperature response
curves and determining optimal
temperature

To obtain temperature response curves as resistance
evolved, the glycerol double library master plates were
thawed at room temperature for 1h before pinning over
to a clean (LB only) 96-well plate. The pinned plate was
inoculated at 37°C for 16-18h to confirm growth, lack of
contamination during the pinning process, and that sta-
tionary phase was reached so that approximately the same
number of cells could be pinned over for the experimental
plates. Experimental 96-well plates then were pinned from
the fresh double library plates, using three replicate plates
per temperature treatment (16°C, 18°C, 22°C, 24°C, 28°C,
30°C, 34°C, 36°C, 38°C, 40°C, 42°C, 44°C, 48°C and 50°C).
Because there was a small amount of growth at 50°C in the
isolates evolved to amoxicillin, ceftazidime and cephalexin,
we also measured optical density at 52°C and 54°C. The
endpoint ODg,, was read between 16-18h after incuba-
tion to characterize the temperature response curves for
each biological replicate. All temperature response curves
can be found in the supplemental information (Figure S3,
Mendeley Data Depository doi: 10.17632/vb25gvtcx4.1).

To describe the resulting temperature responses,
we used a model created and described by Cruz-Loya
etal. (2021). In brief, this model is a modified Briere model
that has been reparametrized as shown in Equation (1).
For our purposes, g, is the maximum growth (ODg,
value), and s and « are parameters that determine the
shape of the curve.

T_Tmin * Tmax_T e 1 i
s (22) (3257) (27n)

All three replicates for each experimental plate were
pooled together to fit the model using the nls.LM func-
tion (part of the minpack.lm package) in R (Bates &
Chambers, 1992; Bates & Watts, 1988). Once we fit the
data to the model, we used the resulting coefficient values
to determine the optimal temperature (T,,,), as shown in
Equation (2).

Topt =0Ty + (1 — 0Ty @)

Linear regressions and bootstrap analysis

To determine the effects of resistance evolution on op-
timal temperature, we performed a linear regression
on optimal temperature (T,,) and resistance level for
each biological replicate using the ‘lm’ function in R.
We used an analysis of variance (ANOVA) to test if spe-
cies and antibiotic had significant effects on the shifts in
optimal temperature. We used the aov function in R to
compare mean optimal temperatures across resistance
levels (isolates evolved to 0.125X, 0.25X, 0.5X, 1X, 2X
and 4X ancestral MIC) while considering the variability
of species and antibiotics.

We acknowledge that our initial dataset did not
meet all the assumptions of the NLS (variance was not
homogenous), although we were still able to obtain
reasonable fits. To check for the effects of the lack of
homogeneity, we plotted the residuals. We observed as
the coefficients of the model became larger for Staph.
epidermidis, i.e., larger values of T,,,, and T,;, (higher
temperatures), the residuals also increased—indicating
higher variation. This was most likely a result of hetero-
scedastic variation in our data. For this reason, we used
nonparametric bootstrapping methods (bootstrap with
replacement) and applied the NLS for every bootstrap
iteration to fit the modified Briere model (Equation 1)
and to calculate the optimal temperature (T,,,) for each
iteration. The optimal temperatures from three experi-
mental replicates were pooled, and then bootstrapping
methods were used to determine a 95% confidence in-
terval for each optimal temperature. These confidence
intervals describe the range of values that contain 95%
of the T, values from the bootstrap.

Growth rate analysis

For growth rate analysis, double library plates were
pinned using the same method as for the temperature re-
sponse assays. Kinetic calculations were taken by measur-
ing ODg, every 30 min for 22 h using the Biotek Epoch2 at
37°C. Growth rates were calculated using the GrowthRates
program version 4.5 (Hall et al., 2014). GrowthRates uses 5
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sequential data points of the exponential phase of growth
(plotting the natural log of ODg, vs. time) and provides
correlation coefficients (R) for the calculated linear fits.
We only considered growth rates that had correlation
coefficients of >0.995 in our analysis. We performed an
ANOVA and a Dunnett's test to correct for multiple test-
ing in R to determine any significant differences in growth
rates between highest evolved isolates and the ancestral
populations. The complete set of growth rate output can
be found in Table S1.

RESULTS

We evolved E. coli and Staph. epidermidis indepen-
dently to 13 antibiotics and confirmed resistance was
achieved through 4- to 20,000-fold increases in MIC val-
ues (Table 1). The antibiotics were chosen to span vari-
ous mechanisms of action because of their availability and
solubility. We identified the optimal temperature for each
resistance level using a modified Briere model (Cruz-Loya

Applied Microbiology

et al., 2021). An example of how the temperature response
curves shift as resistance evolves to two different cell wall
inhibitors is shown in Figure 1. A list of the optimal tem-
peratures, parameter values and significance can be found
in Table S2. To measure confidence intervals, we per-
formed a nonparametric bootstrap analysis (see Methods
and Table S3). We confirmed that species and antibiot-
ics have significant impacts on optimal temperature and
growth rates by using an analysis of variance (ANOVA),
p-values were less than 0.001 for all six evolved isolates
(Tables S4 and S5).

Trends in optimal temperature after
evolved resistance

We found several patterns in how optimal temperature
changesasresistance evolved to the 13 antibioticsin both E.
coli and Staph. epidermidis. Generally, for E. coli we found
a decrease in optimal temperature as resistance evolved to
cell-wall inhibitors and nucleic-acid synthesis inhibitors

E. coli S. epidermidis
Cephalexin (CLX) Meropenem (MER)
Resistance Resistance
] T
1.5F 1 r |
- 1 38.1°C 36.1°C | -
— 3%}”6(: \ :<_ Ancestor Ancestor [\(| / 4%‘T’CC
MIC MIC
8 2,041 pg/mL : 12.4 pg/mL 0.26 pg/mL : 51 pg/mL
> 1.0 ! - |
s d [
0 1 !
C 1 |
() 1 |
(] |
—_ | dg@
© N L
g 05 o
=t ! )
o 1 [}
@) : |
! |
0Or : - | )
| '] 1 1

20 30 40 5

20 30 40 50

Temperature (°C)

FIGURE 1 Shifts in optimal growth temperature as Staph. epidermidis and E. coli evolve resistance to cell wall inhibitors. Using a
modification of the Briere model (Cruz-Loya et al., 2021), we identified the optimal temperature for each species as resistance evolves. This
figure shows the temperature response curve for E. coli (left) and Staph. epidermidis (right) as they evolve resistance to cephalexin and
meropenem, both cell-wall inhibitors. Panels represent the optical density (OD) plotted against temperature (°C) for one biological replicate
of each species at the highest resistance levels, MIC shown in boxes. The temperature response curve of the ancestral strain, no resistance
(black curve) and the 95% confidence interval via bootstrap (dark grey shaded area) are shown. The CI is hardly visible as the estimate of
the curve has low variation. The black dotted vertical line represents the optimal temperature of the ancestral strains—38.1°C for E. coli and
36.1°C for Staph. epidermidis (full data in Figure S3). The blue data represents single measurements from triplicate experimental runs for
one biological replicate. The estimated optimal temperature (blue vertical line), and the 95% confidence interval based on 10,001 bootstrap

replicates (blue shaded curve) are shown. The confidence interval goes below the mean value but is challenging to see.
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FIGURE 2 Optimal temperature varies depending on antibiotic as resistance evolves in E. coli. Optimal temperature in °C (y-axis)

plotted against resistance level (x-axis) for E. coli. Standard error is shown in the shaded regions and bootstrap confidence intervals are

shown by error bars. Panels represent optimal temperature for each resistance level from the lowest level of resistance (isolates exposed to

0.125 times the ancestral MIC) to the highest level of resistance (isolates exposed to four times the ancestral MIC). The first evolved isolates

are shown except for GEN (third biological replicate shown). Evolved isolates 2-6 can be found in Figures S4-S9, positive control Figure S16.

Antibiotics are colour-coded by mechanism of action. The black line represents the optimal temperatures of the positive controls that were

evolved for 12 days without antibiotics. Plots show the optimal temperature of the positive control for days 2, 4, 6, 8, 10 and 12 of being

evolved at 37°C without drugs. A linear regression was fit across all data. The shaded area represents the bootstrap confidence interval of the

fitted linear regression. The ancestral optimal temperature is shown as a black dotted horizontal line.

(Figure 2-blue and orange trend lines) and an increase
in optimal temperature as resistance evolved to protein-
synthesis inhibitors (Figure 2-green trend line). On the
other hand, when Staph. epidermidis evolved resistance,
we observed a general increase in optimal temperature
across most antibiotics tested, regardless of mechanism of
action (Figure 3). It is important to note that both species
evolved at a slightly different optimal temperature (37°C)
compared to their ancestral optimal temperature, E. coli
(38.1°C) and Staph. epidermidis (36.1°C).

Significant shifts in optimal temperature

To consider the environmental impacts of the evolution
process, the optimal temperature was measured on the
positive control (ancestral strains evolved at 37°C in no
drug environment for 12days). We noticed a rapid in-
crease in optimal temperature after the first 2days evolved
in no drug environment—from 36.1°C to 40.8°C in Staph.
epidermidis and from 38.1°C to 40.5°C for E. coli. Then,
from days 2-12days, the optimal temperature continued
to increase slightly—E. coli from 40.5°C to 40.7°C and

Staph. epidermidis from 40.8°C to 41.7°C (control lines,
Figures 2 and 3). Overall, we found the shifts in optimal
temperature to be distinctive to the individual antibiotic-
evolved isolates. While we observed increasing and de-
creasing shifts in optimal temperature in both species and
many antibiotics, in most evolved isolates, these shifts
were not significant (Figure 4, white boxes). When E. coli
evolved resistance to amoxicillin, ceftazidime, colistin,
fosfomycin, meropenem, nitrofurantoin, levofloxacin, azi-
dothymidine and trimethoprim, the optimal temperature
significantly decreased in some, but not all, evolved iso-
lates (Figure 4, blue-shaded boxes). Amoxicillin, ceftazi-
dime, colistin, fosfomycin and meropenem are cell wall
inhibitors, while nitrofurantoin, levofloxacin, azidothy-
midine and trimethoprim inhibit nucleic acid synthesis
and DNA replication. We also found significant increases
in optimal temperature in some E. coli isolates when re-
sistance evolved to meropenem, gentamicin, chloram-
phenicol, nitrofurantoin and azidothymidine (Figure 4,
red-shaded boxes). Similar to E. coli, when Staph. epider-
midis evolved resistance, shifts in optimal temperature in
most evolved isolates were not significant. However, there
were fewer significant shifts compared to E. coli. Only
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FIGURE 3 Optimal temperature varies depending on antibiotic as resistance evolves in Staph. epidermidis. Optimal temperature in

°C (y-axis) plotted against resistance level (x-axis) for Staph. epidermidis. Standard error is shown in the shaded regions and bootstrap

confidence intervals are shown by error bars. Panels represent optimal temperature for each resistance level from the lowest level of

resistance (isolates exposed to 0.125 times the ancestral MIC) to the highest level of resistance (isolates exposed to four times the ancestral
MIC). The first evolved isolates are shown. Evolved isolates 2-6 can be found in Figures S10-S15, positive control Figure S16. Antibiotics
are colour coded by mechanism of action. The black line represents the optimal temperatures of the positive controls that were evolved for

12 days without antibiotics. Plots show the optimal temperature of the positive control for days 2, 4, 6, 8, 10 and 12 of being evolved at 37°C

without drugs. A linear regression was fit across all data. The shaded area represents the bootstrap confidence interval of the fitted linear
regression. The ancestral optimal temperature is shown as black dotted horizontal line.

three of the 13 antibiotics tested had significant shifts in
optimal temperature for Staph. epidermidis. Cephalexin
had significant decreases, gentamicin had significant in-
creases and colistin had both a significant increase and
decrease in optimal temperature (Figure 4, red- and blue-
shaded boxes).

Exposure to antibiotics results in an overall
lower optimal temperature

When E. coli evolved resistance to azidothymidine and
levofloxacin, there was a decrease in optimal tempera-
ture below ancestral optimal temperature (38.1°C) in
all evolved isolates, except isolate 6 for azidothymidine.
This also occurred in isolates that evolved to nitrofuran-
toin, fosfomycin, gentamicin and colistin although some
of the confidence intervals overlap with the ancestral op-
timal temperature (Figure 2; Figures S4-S9a). Although
these trends themselves did not significantly decrease as
resistance evolved, once isolates were exposed to the low-
est concentration of antibiotic, their optimal temperature
decreased and remained below the ancestor's optimal
temperature. On the other hand, when Staph. epider-
midis isolates evolved resistance, the optimal temperature

remained above the ancestral optimal temperature, 36.1°C
(Figure 3; Figures S10-S15). Interestingly, as resistance
evolved in Staph. epidermidis the optimal temperature
also increased, but at a slower rate than the positive con-
trol populations, indicating that exposure to the antibiot-
ics slows the change that the environment has on optimal
temperature. We also found that the optimal temperature
of isolates evolving resistance to amoxicillin and cefalexin
overlapped with the positive control (Figures S10-S15).

Influence of species and antibiotic
mechanism of action on optimal
temperature

We found that shifts in optimal temperature can be
species-specific, strain-specific and drug specific. When
considering antibiotic mechanism of action, shifts in op-
timal temperature varied for E. coli. For example, nucleic-
acid synthesis inhibitors led to both increased (AZD) and
decreased (LVX, TMP) optimal temperatures, suggesting
that physiological responses to temperature are drug-
specific, not mechanism of action specific. The same was
true for cell-wall inhibitors for both species (Figure 4).
Interestingly, in the case of four antibiotics—meropenem,

85UB017 SUOLILLOD AII8.D 3(dedtdde 8y} Aq peusenob 8e SSdILE VO ‘SN JO $8|NI J0j ARIq 1T 8UIUO AB|IA UO (SUONIPUOD-PUE-SWSIAL0Y A8 |Im Akeq Ul juoy//:Sdny) SUORIPUOD pue swie | 8y} 88S *[2202/2T/20] uo Akeiqiauliuo A8|im ‘9buy o - eiuiolied Jo AisieAlun A 9€/ST WRITTTT 0T/I0p/wod 48| im Ake.d 1 |pul|uo's fuano fwe s//sdny Wwoly pepeojumoq v ‘220z ‘ZL92S9ET



2662

MIRA ET AL.

Applied Microbiology

Antibiotics E. coli S. epidermidis
1 2 3 4 5 6 1 2 3 4 5 6
~+— AMO J
Cell Wall/Cell Et\:
Membrane _
Inhibitors coL
FOS
~— MER
SPr::}em_ L — GEN
ynthesis
Inhibitors CHL \4 v 4 4
NIT N
Nucleic Acid LVX
Synthesis == AZD
Inhibitors TCP 0N
— TMP 0
| Decrease in Optimal Temperature » Higher Growth Rate
Increase in Optimal Temperature NA Lower Growth Rate
No Significant Changes - Solubility or Growth Issues

FIGURE 4 Evolved resistance to various classes of antibiotics results in significant changes in growth rate and optimal temperature.
Results of six evolved isolates of E. coli (left) and Staph. epidermidis (right) evolved to 13 antibiotics. Antibiotics are organized by mechanism
of action. Nitrofurantoin (NIT) acts both as a protein-synthesis inhibitor and a nucleic-acid synthesis inhibitor. Linear regressions and
bootstrap analysis were used to determine shifts in optimal temperature as resistance evolves. Colour-filled boxes represent significant
decrease (blue) or a significant increase (red) in optimal temperature as resistance evolves, p <0.05 solid and p <0.1 dashed boxes. ANOVA
and a Dunnett's Test were used to compare the growth rates of the ancestral populations to the highest evolved strains (exposed to 4X the
ancestral MIC). Significant decreases in growth rates are shown in downward pointing arrows () and significant increases in growth rates

are shown in upward pointing arrows (1) (p <0.05).

nitrofurantoin, azidothymidine (E. coli) and colistin
(Staph. epidermidis)—temperature shifts varied when
isolates evolved resistance to the same drug (Figure 4)
indicating that responses to temperature are also strain-
specific. We also observed species-specific responses. For
example, colistin resistance led to a significant decrease
in optimal temperature for two evolved isolates of E. coli
but a significant increase in optimal temperature for one
evolved isolate of Staph. epidermidis (Figure 4). Finally,
we saw some drug-specific responses that were consistent
across species. For example, significant increases in op-
timal temperature when both species evolved resistance
to gentamicin, and significant decreases in optimal tem-
perature when both species evolved resistance to colistin
(Figure 4).

Changes in growth rate associated
with resistance

Using growth rate as a proxy for fitness, we examined if
there were significant fitness costs associated with evolved

resistance across the 13 antibiotics tested. We compared
growth rates of the isolates exposed to 4X the ancestral
MIC to the growth rate of the ancestor. We found signifi-
cant decreases in growth rate as E. coli evolved resistance
to amoxicillin, fosfomycin, chloramphenicol and nitro-
furantoin (Figure 4, downward arrows), and significant
increases in the growth rate as E. coli evolved resistance
to nitrofurantoin and trimethoprim. Only one isolate of
Staph. epidermidis had a significant increase in growth
rate- when resistance evolved to Teicoplanin (Figure 4,
upward arrows). Interestingly, we observed no cases in
which resistance caused significant decreases in growth
rate for Staph. epidermidis. Growth rate data can be found
in Table S1. To confirm the evolved isolates indeed grew
faster, we compared colony forming unit (CFU) counts of
two resistant E. coli isolates (FOS1 and NIT6) and one re-
sistant Staph. epidermidis population (TCP5) to ancestral
populations (Figure S17). For the E. coli isolates, the CFU
counts were higher for NIT6 and lower for FOS1 which
supports the quantitative results we observed (Figure 4).
However, this was not the case for Staph. epidermidis. The
teicoplanin-resistant isolate showed a significant increase
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in growth rate but had lower overall CFU counts com-
pared to ancestral Staph. epidermidis (Figure S17). This
result suggests that other factors are impacting the higher
OD readings, such as biofilm formation.

DISCUSSION

Our work suggests there exist complex interactions be-
tween the evolution of antibiotic resistance, tempera-
ture response and growth rates across species. Evolved
isolates exhibited shifts in optimal temperature that are
drug-specific, species-specific and strain-specific and re-
flect distinctive differences likely due to pleiotropic effects
and epistasis. When Staph. epidermidis evolved resist-
ance, we observed significant decreases and increases in
optimal temperature or increases in growth rate in seven
isolates compared to the ancestor. When E. coli evolved
resistance, 30 isolates had significant changes - increases
or decreases in optimal temperature and/or growth rate,
depending on the antibiotic. In both species, shifts in op-
timal temperature either above or below the ancestral op-
timal temperature occurred at the lowest level of adapted
resistance to most drugs (isolates exposed to 0.125X ances-
tral MIC); this is likely due to the dual-stressors of antibi-
otic and temperature and suggests that exposure to even
low concentrations of antibiotics can impact physiological
responses to temperature.

Typically, the evolution of antibiotic resistance comes
with associated fitness costs, such as decreased growth
in no-drug environments compared to susceptible coun-
terparts (Andersson, 2006; Andersson & Hughes, 2010;
Andersson & Levin, 1999; Gagneux et al., 2006; Melnyk
etal., 2015). We found a pattern of different growth-rate re-
sponses between gram-negative E. coli and gram-positive
Staph. epidermidis. We suspect these differences are due to
the inherent genetic differences that evolved within each
independent isolate and are species-specific and strain-
specific. Compared to ancestral strains, different E. coli
isolate's growth rates either increased or decreased signifi-
cantly as resistance evolved across antibiotics. However,
Staph. epidermidis only showed one significant increase
in growth rate as resistance evolved to Teicoplanin. The
latter result is likely due to physiological changes that take
place in the cell wall of this gram-positive organism or be
due to the isolates adapting to a slightly higher tempera-
ture than the ancestral optimal temperature during the
evolution process (37°C compared to 36.1°C). As a de-
fence mechanism, Staph. epidermidis can replicate with-
out going through binary fission, so the cells containing
duplicated chromosomes begin to elongate (Giesbrecht
et al., 1998) or can form biofilms that adhere and accu-
mulate on the well of the 96-well plate (Zhou et al., 2015).

Applied Microbiology

These mechanisms could result in higher optical density
(OD) readings, and therefore faster growth rate measure-
ments, compared to E. coli (Al-Kafaween et al., 2019; Fey
& Olson, 2010; Zhou et al., 2015). We confirm this may
be the case through CFU counts. Even though Staph. epi-
dermidis had a significant increase in growth rate when
using OD, there was not a significant increase in CFUs
compared to the ancestral strain. Not only were there sig-
nificant differences in growth rates for each species, but
we also found significant changes in optimal temperature.

Shifts in optimal temperature differed across antibiot-
ics and evolved isolates as resistance evolved in both E. coli
and Staph. epidermidis. Some antibiotics led to a unidirec-
tional trend, in which all evolved isolates showed the same
increasing or decreasing trend. For example, when E. coli
evolved resistance to chloramphenicol, all evolved isolates
increased in optimal temperature. On the other hand,
when E. coli evolved resistance to cephalexin, all isolates
decreased in optimal temperature (Figure 2; Figures S4-
S9). Evolved resistance to other antibiotics resulted in a
bidirectional trend, where some evolved isolates increased
in optimal temperature while others decreased; for ex-
ample, this occurred when Staph. epidermidis evolved
resistance to fosfomycin or colistin (Figure 3; Figures S10-
S15). These findings suggest apparent genetic diversity in
resistance evolution across evolved isolates, resulting in
different phenotypic responses to temperature and the
large variation in MIC.

Temperatures that are higher than optimal can trig-
ger heat-shock responses from bacterial populations to
compensate for possible damage (e.g., protein misfolding)
from the increase in temperature (Akerfelt et al., 2010; De
Maio, 1999; Neuer et al., 2000; Richter et al., 2010; Vabulas
et al., 2010). This response prevents and repairs damages
caused by higher temperatures (Vabulas et al., 2010) and,
therefore, we expected to find decreases in optimal tem-
perature as resistance evolved. However, we observed
that Staph. epidermidis had a>1°C increase in optimal
temperature in 64% of the isolates adapted to 4X the an-
cestral MIC as compared to the ancestral strain, like the
positive control (no-drug) populations (Tables S2 and S3).
All six positive control populations evolved in the no-drug
environment, as well as those isolates evolved to fosfomy-
cin, gentamycin, meropenem and nitrofurantoin under-
went a 1-5°C increase in optimal temperature. Because
this increase also occurred in the no-drug environment,
we believe that the accumulation of resistance genes is
associated with other physiological responses to the in-
vitro environment, such as changes in cell wall structure.
Another important factor could be because these isolates
were evolved at 37°C, higher than the ancestral optimal
temperature of 36.1°C, which could have resulted in mu-
tations occurring within the heat-shock response system
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leading to the increase in optimal temperature that we no-
tice after 2days in the no-drug environment.

We suspect that the evolved Staph. epidermidis isolates
may have accumulated mutations in genes associated
with biofilm formation or cell wall structure, resulting in
increases in optical density, more growth at higher tem-
peratures, and faster growth rates. Whether these muta-
tions were a result from antibiotic stress, or temperature
stress because they were evolved in a slightly warmer en-
vironment compared to ancestral optimal temperature,
would require whole-genome sequencing analysis. Staph.
epidermidis is an important nosocomial pathogen, facil-
itating infections associated with biomaterials, such as
catheters (Fey & Olson, 2010). When exposed to changes
in temperature, Staph. epidermidis can alter its cell wall
structure (Onyango et al., 2012). Temperature changes
have also been shown to affect the expression of biofilm
formation genes (e.g., icaA, rbf) in another species of
Staphylococcus (Rode et al., 2007). Similarly, when P. aeru-
ginosa and Ac. baumannii evolve resistance to tobramycin,
mutations occur in two genes associated with biofilm for-
mation, even though neither gene is a direct target of to-
bramycin (Scribner et al., 2020). We suspect that the initial
shift in optimal temperature after the isolates were first
exposed to antibiotics could be due to resistant mutations.
However, the optimal temperature becomes closer to the
positive control optimal temperature as resistance evolves.
This could be caused by the accumulation of additional
compensatory mutations. E. coli also exhibits different
phenotypic outcomes as it evolves resistance.

Interestingly, when E. coli evolved resistance to nitro-
furantoin, there were multiple phenotypic outcomes: we
found increases and decreases in optimal temperature as
well as increases and decreases in growth rates. In different
evolved isolates, resistance to nitrofurantoin resulted in ei-
ther significant decreases or increases in optimal tempera-
ture or significant increases or decreases in growth rate.
One possible reason for this variation in response could be
due to nitrofurantoin’s multiple mechanisms of actions.
Nitrofurantoin is a broad-spectrum antibiotic used only to
treat carbapenem-resistant infections because it has been
shown to induce pulmonary injury (Cassir et al., 2014;
De Zeeuw & Gillissen, 2021; Mediavilla et al., 2016).
Nitrofurantoin causes nonnative disulfide bonds in the
bacterial cell wall (Bandow et al., 2003), damage DNA,
and inhibit total protein production in E. coli by reacting
with ribosomal proteins and rRNA (Thesauraus, 2021).
The latter process is followed by the activation of nitrofu-
rantoin by bacterial reductases to highly reactive electro-
philic intermediates; an inverse correlation exists between
the reductase activity of bacteria and their Nitrofurantoin
MIC (Shakti & Veeraraghavan, 2015). Species- and strain-
specific mutations and deletions have been identified

on nfsA, nfsB and ribE proteins and are associated with
high-level nitrofurantoin resistance in Enterobacteriaceae
(Sekyere, 2018). The mutations on nfsA and nfsB genes
encode for oxygen-insensitive nitroreductases and hin-
der the reduction of nitrofurantoin, preventing the for-
mation of the toxic intermediate compounds (Shakti &
Veeraraghavan, 2015). Deletions in the ribE gene also lead
to nitrofurantoin resistance because they inhibit the syn-
thesis of riboflavin, an important cofactor of nfsA and nfsB
(Sekyere & Asante, 2018; Vervoort et al., 2014). Because
nitrofurantoin has multiple mechanisms of action, resis-
tance can be caused by different mutational pathways lead-
ing to resistance, or epistasis. Epistasis has been shown to
play a major role in the diversity of antibiotic resistance
genes (Levin-Reisman et al., 2019; Mira et al., 2015; Mira
et al., 2021; @stman et al., 2012; Santos-Lopez et al., 2019;
Schenk et al., 2013). The range of antibiotic mechanism
of action and potential epistatic interactions across resis-
tance genes could help explain the multiple phenotypic
outcomes observed in nitrofurantoin-resistant E. coli.

Our results also support recent work that shows cer-
tain antibiotics induce similar physiological responses
as hot or cold temperatures (Cruz-Loya et al., 2019). We
found that, as resistance evolved to heat-similar or cold-
similar antibiotics, isolate's optimal temperature would
increase or decrease because of this co-opted adaptation.
When isolates evolved resistance to nitrofurantoin, for ex-
ample, optimal temperature significantly increased from
38.1°C (ancestor) to 38.8°C for one biological replicate of
E. coli. However, one isolate of E. coli that evolved resis-
tance to nitrofurantoin significantly decreased in optimal
temperature. Thus, although there is some evidence that
antibiotics and temperature induce similar physiological
responses, our results suggest that the physiological re-
sponses we observed could correspond to specific muta-
tions associated with resistance.

Another result of this work further supports the
idea that similar responses can be induced by tempera-
ture and antibiotics. When E. coli evolved resistance to
Levofloxacin (cold-similar drug), optimal temperature
significantly decreased across half evolved isolates from
38.1°C (ancestral strain) to between 33.5°C-34.6°C.
Levofloxacin falls under the quinolone class of anti-
biotics and targets DNA gyrase and topoisomerase 1V,
two enzymes critical in DNA replication, transcription
and repair. Mechanisms of quinolone resistance include
two types of mutations, with acquisition of resistance-
conferring genes occurring in one, or both, of the two
main drug target enzymes, resulting in reduced drug
binding ability (Aldred et al., 2014; Hooper, 1998;
Hooper & Jacoby, 2015; Wang, 1996). Other resistance
mutations have been observed in regulatory genes that
control the expression of efflux pumps within bacterial
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membranes (Aldred et al., 2014; Hooper, 1998). We sus-
pect that one, or both, of the two types of mechanisms
of quinolone resistance contribute to decreased optimal
temperature in E. coli, although DNA sequencing is nec-
essary to confirm this connection.

Climate change and antibiotic resistance are two of
the most pressing public health issues the world currently
faces. Changes in temperature can drastically influence
microorganisms’ ability to cause diseases in plants, an-
imals and humans (Baker-Austin et al., 2017; Danovaro
et al., 2009; Garcia et al., 2018; Kent et al., 2018; Liang &
Gong, 2017). Temperature changes can also influence the
evolution of antibiotic resistance, especially given the in-
creased global use of antibiotics (Cruz-Loya et al., 2021; De
Silva et al., 2018; Kent et al., 2018; MacFadden et al., 2018;
Rodriguez-Verdugo et al., 2020). Our findings show that
the presence of antibiotic resistance genes can cause shifts
in optimal growth temperature in two bacteria, E. coli and
Staph. epidermidis. We suspect that the genes responsi-
ble for resistance can influence heat- or cold-response
systems or those epistatic interactions exist between the
genes associated with antibiotic resistance and tempera-
ture response. Overall, our results show an increase in the
complexity of antibiotic resistance when looking at phys-
iological responses to temperature and demonstrate the
importance of understanding the interactions between
temperature and the evolution of bacterial responses.
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