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Introduction: The survival of bacterial cells exposed to antibiotics depends on 
the mode of action, the antibiotics concentration, and the duration of treatment. 
However, it also depends on the physiological state of the cells and the environmental 
conditions. In addition, bacterial cultures contain sub-populations that can survive high 
antibiotic concentrations, so-called persisters. Research on persisters is challenging 
due to multiple mechanisms for their formation and low fractions, down to and below 
one millionth of the total cell population. Here, we present an improved version of the 
persister assay used to enumerate the amount of persisters in a cell population.

Methods: The persister assay with high antibiotic stress exposure was performed at 
both growth supporting and non-supporting conditions. Escherichia coli cells were 
pregrown to various growth stages in shake flasks and bench-top bioreactors. In 
addition, the physiological state of E. coli before antibiotic treatment was determined 
by quantitative mass spectrometry-based metabolite profiling.

Results: Survival of E. coli strongly depended on whether the persister assay 
medium supported growth or not. The results were also highly dependent on 
the type of antibiotic and pregrown physiological state of the cells. Therefore, 
applying the same conditions is critical for consistent and comparable results. 
No direct connection was observed between antibiotic efficacy to the metabolic 
state. This also includes the energetic state (i.e., the intracellular concentration of 
ATP and the adenylate energy charge), which has earlier been hypothesized to be 
decisive for persister formation.

Discussion: The study provides guides and suggestions for the design of future 
experimentation in the research fields of persisters and antibiotic tolerance.
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1. Introduction

Antimicrobial resistance (AMR) is increasing and is considered a global health threat. A 
recent comprehensive review estimates that more than 6 million deaths worldwide were related 
to AMR in 2019 (Murray et al., 2022). During the last decades, few new antibiotics have been 
discovered, and there is an urgent need to develop new antibiotics to tackle the increasing 
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resistance (Lewis, 2020). However, it is also imperative to study the 
bacterial stress responses to known and already approved antibiotics 
to optimize and develop new clinical intervention strategies (Meylan 
et al., 2018; Murray et al., 2022; Verstraete et al., 2022). Bacteria have 
evolved advanced and diverse strategies for survival during 
environmental, nutritional, and toxic stress conditions, including 
antibiotic exposure (Hengge, 2011; Tkachenko, 2018). New targets for 
antimicrobial therapy can also be identified through such research. 
Many basic studies relate the applied concentration of antibiotics to 
either a fraction or multiple of the minimal inhibitory concentration 
(MIC). MIC is recorded by a standardized protocol (Andrews, 2001) 
and is not directly relevant to stress response and physiological studies 
in growing cultures at different densities. Nevertheless, it is a relevant 
measure for estimating high-and low-stress exposures. Low-stress 
exposure studies aim to monitor stress responses at high survival rates, 
while high-exposure studies aim to assess killing effects.

Interestingly, already in the 1940s, it was realized that bacterial 
populations contain a subpopulation that is tolerant to high doses 
(> 10–100 × MIC) of antibiotics, called persisters or persistent bacteria 
(Hobby et al., 1942; Bigger, 1944). This subpopulation is genetically 
identical to their sensitive counterparts, unlike antibiotic-resistant 
bacteria that have acquired mutations that increase their tolerance 
(Balaban et  al., 2019). Persisters are believed to contribute to 
recalcitrant infections and increase the likelihood of antibiotic 
resistance development (Levin-Reisman et al., 2017). Persister cells 
arise either spontaneously or are triggered by different environmental 
stimuli. Spontaneous persisters occur with very low frequencies (e.g., 
< 10−3 to 10−6) in normal growing cultures (Balaban et  al., 2019), 
which makes revealing the mechanisms behind their formation 
challenging. Studying the metabolic state of the cells activating and 
reaching this survival state is also challenging due to the low frequency 
of formation. Recent single-cell studies have provided some novel 
insights, and future developments in such analytical methodology will 
be crucial for further advances (Shan et al., 2017; Kim et al., 2018; 
Svenningsen et al., 2019; Manuse et al., 2021). Triggered persisters 
often occur with higher frequencies, and the environmental stimuli 
that can induce these include starvation, changes in pH, high cell 
numbers, and exposure to antibiotics (Balaban et al., 2019).

Persistence triggered by antibiotic exposure has a clear clinical 
relevance regarding recurrent infections and the potential 
development of antibiotic resistance (Balaban et al., 2019; Windels 
et al., 2019). Nutritionally triggered persistence is also an essential 
adaptation to survive starvation and harsh conditions (Brown, 2019), 
not for the individual bacteria but the bacterial community as a whole, 
like a bet-hedging strategy. Toxin–antitoxin systems and the stringent 
response signaling molecule guanosine pentaphosphate [(p)ppGpp] 
have been associated with triggered persistence (Chowdhury et al., 
2016; Goormaghtigh et  al., 2018; Holden and Errington, 2018; 
Svenningsen et al., 2019; Pacios et al., 2020). Despite this, no consensus 
on the mechanism of formation has been reached, and there are 
probably several events or mechanisms that promote survival upon 
exposure to high doses of antibiotics.

Since the exact mechanisms for persister formation and 
resuscitation remain to be fully elucidated, further studies on different 
aspects of these survivors of high doses of antibiotics are needed. The 
research field of bacterial persistence has struggled with many 
controversies due to ambiguous definitions and the fact that there is 
likely not one single, unique mechanism associated with the formation 

of persisters (Wilmaerts et al., 2019). Contradictory reports in the 
literature need to be evaluated with close attention to the experimental 
design (Kim and Wood, 2016, 2017; Harms et al., 2017). Therefore, it 
was highly pertinent that many contributors in this field came together 
and discussed definitions and guidelines for research on antibiotic 
persistence a few years ago (Balaban et al., 2019). Despite this, the 
protocols and study designs reported in the persister literature still 
show significant differences, making comparisons between 
studies challenging.

The experimental setup used to investigate survival after high 
doses of antibiotics is often referred to as the persister assay. This 
is usually performed by transferring aliquots of whole cultures to 
vials before treatment with high doses of antibiotics (10 – 100 × 
the MIC; Goormaghtigh and Van Melderen, 2016). The surviving 
persisters are then monitored by use of colony-forming unit 
(CFU)-plating on growth-supporting solid agar. The CFU-plating 
is often performed in time series after treatment to observe the 
characteristic biphasic killing curve, termed the hallmark of 
persisters (Goormaghtigh and Van Melderen, 2016; Balaban et al., 
2019). The surviving fraction after the persister assay will regrow 
in conditions without antibiotics and display the same frequency 
of persisters upon subsequent antibiotic exposure, unlike resistant 
bacteria that would have an increased survival upon subsequent 
exposures (Balaban et al., 2019). We have revisited two critical 
stages in the bacterial responses to high doses of antibiotics: the 
pre-cultivation conditions before antibiotic treatment and the 
nutritional conditions during treatment. Reproducible 
experimental conditions, such as cultivation, are prerequisites for 
unambiguous data. First, using a defined mineral growth medium 
instead of complex, rich medium (such as lysogeny broth, LB) 
makes the cultivations, and hence results, more reproducible, 
which has previously been discussed (Harms et al., 2017). Using 
defined medium also enables the design of conditions with clearly 
defined nutrient limitations, such that the cells run out of a 
specific nutrient first (for example, nitrogen or carbon). In 
contrast, nutritional depletion is difficult to follow in rich medium 
since it has several possible carbon and nitrogen sources and 
continuously runs out of amino acids during cultivation. Secondly, 
bioreactors are highly recommended since pH and oxygen level 
can be monitored and controlled continuously.

In the persister assay, both media and bacterial density will 
differ when assaying cultures from different growth states or time 
points after inoculation or nutritional stress. In this study, 
we show the importance of performing antibiotic treatment for 
persister assays in the same medium background to obtain valid 
comparisons of surviving frequencies for different growth states. 
We  investigate the survival of spontaneous and triggered 
Escherichia coli persisters and have chosen to use the broader term 
surviving fraction. Our high-antibiotic stress (HAS) assay is 
similar to the conventional persister assay but has defined and 
comparable conditions during HAS. We included three antibiotics 
with different modes of action; ciprofloxacin, ampicillin, and 
streptomycin, which are commonly used in the field (examples: 
Dörr et al., 2010; Chowdhury et al., 2016; Harms et al., 2017). 
Finally, we  undertook a thorough metabolite profiling of the 
central carbon metabolism to unravel any potential link between 
the metabolic state of the whole culture before HAS and the 
surviving fraction in the different conditions.
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2. Materials and methods

2.1. Cultivation, strains, and media

Escherichia coli K-12 MG1655 (700926™, ATCC®) and a 
ΔrelA mutant of this strain were used for all experiments. The 
∆relA strain was generated by creating a P1 lysate from the Keio 
strain JW2755-3 (Baba et al., 2006) and transducing this into the 
above E. coli strain, and selecting with kanamycin (50 μg/ml). The 
kanamycin resistance selection marker, flanked by FRT sites, was 
removed using the FLP recombinase containing plasmid pCP20 
(Datsenko and Wanner, 2000).

For all experiments, overnight cultures (ONC) were prepared by 
adding 100 μl of a glycerol freeze stock (20% glycerol, stored at –80°C) 
of the bacterial strain to 100 ml glucose mineral medium in a 500 ml 
baffled shake flask. The cultures were incubated at 37°C with 
continuous stirring at 200 rpm for 16 ± 1 h.

2.1.1. Shake flask medium
The glucose mineral medium for shake flasks was prepared in 

milliQ-H2O (18.2 MΩ cm) by dissolving 11.2 g/l Na2HPO4–7H2O 
(S9390, Sigma-Aldrich), 3 g/l KH2PO4 (P5655, Sigma-Aldrich), 0.5 g/l 
NaCl (27810.295, VWR), 1 g/l NH4Cl (A9434, Sigma-Aldrich), 
0.2465 g/l MgSO4–7H2O (M5921, Sigma-Aldrich), 4 g/l glucose 
(101176 K, VWR), 2 ml/l of a 50 mg/l CoCl2–6H2O solution (C8661, 
Sigma-Aldrich) and 2 ml/l medium of a trace element solution 
containing 10 g/l FeSO4–7H2O (F8633, Sigma-Aldrich), 2.25 g/l 
ZnSO4–7H2O (Z0251, Sigma-Aldrich), 2 g/l CaCl2–2H2O (223506, 
Sigma-Aldrich), 1 g/l CuSO4–5H2O (197722500, Fisher Scientific), 
0.38 g/l MnCl2–4H2O (M5005, Sigma-Aldrich), 0.14 g/l H2BO3 (B6768, 
Sigma-Aldrich) and 0.1 g/l (NH4)6Mo7O24–4H2O (1011820250, Merck).

2.1.2. Bioreactor media and cultivations
One liter stirred benchtop Applikon bioreactors were used for all 

bioreactor experiments, with the same instrumental setup as described 
in (Thorfinnsdottir et al., 2023). The temperature was kept constant at 
37°C, and pH was monitored and adjusted automatically by addition 
of 4 M NaOH (28244.295, VWR). Aeration was ensured by continuous 
sparging of 600 ml/min of air and automatic increase of stirring to 
keep the level of dissolved oxygen above 30%. The bioreactor medium 
is described in Thorfinnsdottir et al. (2023). This medium contained 
5 g/l NH4Cl and 10 g/l glucose as nitrogen and carbon source, 
respectively, and was used for exponential phase and carbon-
limitation experiments. For nitrogen-limitation experiments, the 
amount of NH4Cl and glucose was changed to 1.7 and 20 g/l, 
respectively. Bacterial growth was monitored by both optical density 
measurements at 600 nm (OD600) and by continuous monitoring of 
CO2 production and O2 usage. Entry to stationary phase was defined 
as a sudden and sharp decrease in the CO2 level in the exhaust gas 
(and a corresponding increase in O2 level), combined with a reduction 
of stirring rate due to reduced oxygen consumption (see 
Supplementary Figure 1 for data from a representative cultivation).

2.1.3. Preparation of solid medium
Solid medium was made with 10 g/l tryptone (T9410, Sigma-

Aldrich), 5 g/l yeast extract (92144, Sigma-Aldrich), 5 g/l NaCl and 15 g/l 
bacteriological agar (LP0011, ThermoFisher Scientific™) in distilled 

water, and autoclaved. The agar was spread on Petri dishes (82.1473.001, 
Sarstedt) and left upside down until use for CFU measurements.

2.2. Determination of minimal inhibitory 
concentrations

Determination of minimal inhibitory concentrations (MIC) of the 
three antibiotics, ampicillin (A9393, Sigma-Aldrich), ciprofloxacin 
(17850, Sigma-Aldrich), and streptomycin (S6501, Sigma-Aldrich), 
were performed 96-well plates, with two-fold dilutions of the 
antibiotics, according to (Andrews, 2001). An ONC was diluted with 
fresh media to OD600 0.1, and further diluted 1:100. The bacterial 
suspension was further diluted 1:2 in the wells to a total volume of 
150 μl in each well, including antibiotics. The plates were incubated 
with shaking (37°C, 600 rpm), and absorbance was read after 24 h 
(Tecan Spark® 20 M). MIC was determined to the lowest concentration 
without any visible growth.

2.3. High-antibiotic stress experiments

2.3.1. Preliminary experiments in shake flask
An ONC (E. coli WT) was diluted 1:200 into 100 ml fresh glucose 

mineral medium in a shake flask and incubated as the ONC until the 
OD600 reached 0.5 (approximately 6 h). Aliquots (12 ml) of the culture 
were centrifuged and resuspended in media (12 ml) with different 
compositions, and antibiotics were added. The different media were 
similar to the shake flask media, only without glucose and/or NH4Cl. 
The final concentrations were 100 μg/ml ampicillin or 5 μg/ml 
ciprofloxacin (17850, Sigma-Aldrich). Each aliquot was then 
distributed to three 13 ml test tubes (62.515.006, Sarstedt) with 2 l in 
each tube and incubated at 37°C with shaking at 300 rpm. The lid of 
each tube was not completely closed, and the lids were kept at the 
same place for all replicas to ensure equal aeration of the cultures, as 
suggested by Harms et al. (2017). A sample was taken for CFU-plating 
before antibiotic treatment to measure the initial CFU/mL, and after 
5 h of incubation. The aliquots were centrifuged (5 min, 4500 g) and 
resuspended in 0.85% NaCl to remove the antibiotics. A ten-fold serial 
dilution was performed, and 100 μl of appropriate dilutions were 
spread on LB agar plates. The plates were incubated at 37°C for 
approximately 20 h before colonies were counted. The surviving 
fractions were calculated by dividing the CFU/mL at 5 h by the 
initial CFU/mL.

2.3.2. High-antibiotic stress experiments in 
bioreactors

An ONC of either E. coli WT or ΔrelA was inoculated into a 
bioreactor. After inoculation, the total volume in the bioreactors was 
900 ml, and the inoculum volume was 1%. Aliquots were sampled for 
HAS at OD600 = 3 for the exponential phase or 20 min after entry into 
stationary phase (due to either carbon or nitrogen limitation). The 
different sample aliquots were centrifuged and resuspended with 
dilution to OD600 = 0.5 in either complete or nitrogen-free (N-free) 
media, with or without antibiotics. The final concentrations were 
100 μg/ml ampicillin, 5 μg/ml ciprofloxacin, or 25 μg/ml streptomycin. 
Each sample was then distributed into three 13 ml replicate test tubes. 
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Incubation and CFU-plating were as described for the shake 
flask experiments.

2.4. Metabolomics

Absolute quantitative MS-based metabolite profiling was performed 
on the bulk culture of E. coli WT and the ΔrelA mutant in the bioreactor 
at the same time points as samples were taken for HAS experiments 
(OD600 = 3 in exponential phase and 20 min after entry into nitrogen-
limited stationary phase). Additionally, metabolite profiling was 
performed from the cultures immediately after centrifugation and 
resuspension into complete or N-free media, but this time without 
antibiotics. Sampling for metabolite profiling was performed by fast 
filtration, and both sampling and sample processing are described in 
(Thorfinnsdottir et  al., 2023). The analysis of phosphorylated 
metabolites is described in Kvitvang et al. (2014) with modifications in 
Stafsnes et al. (2018), and organic acids and amino acids were analyzed 
as described in Røst et al. (2020). Adenylate energy charge (AEC) was 
calculated from absolute intracellular concentrations of AMP, ADP, and 
ATP by the following equation ([ATP]*0.5[ADP])/
([ATP] + [ADP] + [AMP]) (Atkinson and Walton, 1967).

2.5. Statistical analysis

2.5.1. Statistical analysis for high-antibiotic stress 
experiments

Surviving fractions were calculated by dividing the geometric 
mean of triplicate CFU measurements from each time point by the 
geometric mean of triplicate CFU measurements from 0 h before 
antibiotic treatment (Goormaghtigh and Van Melderen, 2016). The 
geometric mean and standard deviations of surviving fractions are 
presented in Figures 1–3.

2.5.2. Statistical analysis for metabolome data
The processing and analysis of metabolome data were performed as 

described in (Thorfinnsdottir et al., 2023). Normalization was performed 
to dry weight (DW), interpolated from a corresponding g DW/l versus 
OD600 curve. Principal component analyses (PCA) and t-tests were 
performed with MetaboAnalyst 5.0 (Chong et al., 2019), and the central 
metabolism plot in Figure 4 was made with OMIX® (Droste et al., 2013). 
Standard deviations for AEC were calculated using error propagation.

3. Results

3.1. Survival after high-antibiotic stress is 
dependent on medium composition

Previous studies have mostly treated growing cultures by adding 
antibiotics directly into the growth media, often in rich media, as 
described for the persister assay (Harms et al., 2017). By doing this, 
survival during various growth conditions, such as pH, oxygenation 
level, or media composition has been compared. Therefore, 
preliminary experiments were performed to explore the dependency 
of survival on the media composition during stress. Aliquots of 
mid-exponential phase E. coli WT at OD600 = 0.5 from shake flask 
cultures were centrifuged and resuspended in different media 

(referred to as stress media to distinguish it from the initial growth 
media) with high doses of ampicillin or ciprofloxacin. We refer to this 
as the High-Antibiotic Stress (HAS) assay. Surviving fractions after 5 h 
were measured, as this, in our experience, is a suitable time when the 
biphasic killing curve has flattened (see Supplementary Figure 2 for 
representative biphasic killing curves). The MIC for ampicillin and 
ciprofloxacin were determined to 1.6 and 0.01 μg/ml, respectively. The 
concentrations of ampicillin and ciprofloxacin for HAS are commonly 
used in persister assays in the literature (examples: Dörr et al., 2010; 
Chowdhury et al., 2016; Harms et al., 2017), and are more than 20 × 
the MIC of the respective antibiotic for our conditions.

After the HAS assay with ampicillin, surviving fractions were four 
orders of magnitude higher when the stress medium lacked some 
components essential for growth, compared with the complete growth 
medium (Figure 1A; Supplementary Figure 3A). There were small 
differences, less than one order of magnitude, between the three 
growth-deficient stress media (lacking either carbon or nitrogen 
sources or both). The spent medium is the supernatant from the 
mid-exponential (OD600 = 0.5) shake flask cultures and, therefore, still 
has growth potential. Thus, the spent medium would be expected to 
result in a similar surviving fraction as the complete medium. 
However, the lower survival in the spent media might indicate release 
of components to the medium during growth that increases stress 
sensitization. This could be  proteases from cell lysis or cell wall 
fragments such as muropeptides, known for various functions (Irazoki 
et al., 2019).

The same trend was observed for the HAS assay with ciprofloxacin, 
but with far smaller differences between the growth deficient and the 
growth supporting stress media, only 1–2 orders of magnitude 
(Figure 1B; Supplementary Figure 3B). These results demonstrate the 
limitations of the traditional persister assay, as the surviving fraction 
strongly depends on the nutritional availability during treatment. 
Therefore, if cultures that are pregrown to different physiological states 
and hence different media compositions are to be compared, biases 
introduced by the original cultivation medium background need to 
be removed. These preliminary results motivated us to perform a more 

A B

FIGURE 1

Surviving fractions after high-antibiotic stress (HAS) in different 
media. Aliquots of mid-exponential phase Escherichia coli WT at 
OD600 = 0.5 in shake flasks were centrifuged and resuspended in 
different stress media (without either carbon or nitrogen source or 
both, complete, or spent) and treated with (A) 100 μg/ml ampicillin or 
(B) 5 μg/ml ciprofloxacin for 5 h. Viable cell counts were assayed at 0 
and 5 h after treatment, and the surviving fractions at 5 h were 
calculated. Geometric mean and geometric standard deviation from 
2–4 experiments are plotted, with a dotted line at 100, 10−3, and 10−6 
to aid interpretation. HAS, high-antibiotic stress; C&N-free, lacking 
both carbon and nitrogen; N-free, lacking nitrogen; C-free, lacking 
carbon; spent, supernatant from mid-exponential phase cultures.
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thorough investigation of HAS survival under conditions independent 
of the composition of the cultivation medium.

3.2. Survival in N-free stress medium is 
dependent on the pregrown physiological 
state

The subsequent experiments were performed with E. coli 
pregrown to different growth states in benchtop bioreactors since 
those provide better control of the pregrown state. Continuous 
sparging of air into the bioreactor and increased stirring in response 
to reduced levels of dissolved oxygen prevent oxygen limitation at any 
time during the cultivation. The pH is also continuously monitored 
and controlled. Continuous logging of respiratory data from 
measurements of exhaust gas composition also enables close 
monitoring of the growth stages and reproducible sampling time (see 
an example of data from bioreactor experiments in 
Supplementary Figure 1). HAS survival was investigated for E. coli 
WT cells pregrown to three physiological states (exponential and 
either carbon or nitrogen-limited stationary phase, Clim and Nlim, 
respectively), with two stress media (complete or nitrogen-freem 
N-free), and three antibiotics with different modes of action 
(ampicillin, ciprofloxacin, and streptomycin). The concentration of 
streptomycin were also based on literature (Dörr et al., 2010), and on 
being more than 20 × the MIC in our conditions (MIC determined to 
1.25 μg/ml).

The HAS survival with ampicillin entirely depended on the stress 
medium, not the pregrown physiological state. For all pregrown states, 
ampicillin surviving fractions were high, around 10% in N-free stress 
medium (HAS-N), but was around five orders of magnitude lower in 
complete medium (HAS-Comp; Figure  2A and 
Supplementary Figure 5A). In contrast, only the cultures pregrown to 

Nlim stationary phase had high surviving fractions close to 10% in 
HAS-N medium with ciprofloxacin and streptomycin. The surviving 
fractions of exponential and Clim cells in HAS-N were 2–4 orders of 
magnitude lower and were independent of the HAS medium 
(Figures 2B,C; Supplementary Figures 5B,C).

In summary, antibiotic survival varies with both modes of action 
of the antibiotic, the pregrown physiological state, and the stress 
medium. The overall trend is that if the cells sense complete growth-
supporting conditions, they continue or reinitiate growth. Active 
growth makes the cells much more sensitive to antibiotics, with the 
fatal consequence that the surviving fractions drastically decrease. On 
the other hand, with conditions not facilitating growth, the surviving 
fractions were as high as up to > 10%. Therefore, careful experimental 
design focusing on one-factor variation is an absolute necessity for 
obtaining results that can be unambiguously interpreted.

3.3. Escherichia coli ΔrelA cells are less 
prepared for survival in N-limited 
conditions

We explored both carbon-and nitrogen-limited stationary phase 
cultures in the present study. Since the growth limitations differ, it will 
evoke different stress signaling mechanisms for the cell to adapt to the 
new environment and eventually progress into a dormant state. The 
former has an exogenous nitrogen source but lacks carbon and energy 
source. In contrast, the latter has a supply of carbon and energy 
sources but can only run new protein synthesis by turnover of internal 
nitrogen sources, making long-term survival different in the two states.

In this context, it was interesting to study HAS-survival in an 
E. coli ΔrelA mutant impaired in its nutrient stress response (Chau 
et al., 2021; Svenningsen et al., 2021). (p)ppGpp synthesis is shown to 
be considerably reduced in the ΔrelA mutant in both Nlim and Clim 

A B C

FIGURE 2

Survival of Escherichia coli WT cells pregrown to three physiological states and treated with antibiotics in two stress media. Escherichia coli WT cells 
were pregrown to three physiological states in benchtop bioreactors before centrifugation and resuspension into two stress media with (A) 100 μg/ml 
ampicillin, (B) 5 μg/ml ciprofloxacin or (C) 25 μg/ml streptomycin. Viable cell counts were assayed at 0 and 5 h after treatment, and the surviving 
fractions at 5 h were calculated. Geometric mean and geometric standard deviation from 2 to 4 experiments are plotted, with a dotted line at 100, 10−3, 
and 10−6 to aid interpretation. N-free, HAS medium lacking nitrogen; Exp, exponential phase; Clim, carbon-limited stationary phase; Nlim, nitrogen-
limited stationary phase.
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compared to the WT (Brown, 2019; Svenningsen et al., 2021). The 
ΔrelA mutant had the same growth rate in the exponential phase as 
the WT, but the lag phase was slightly longer (see representative 
growth curves in Supplementary Figure 4). The exponential and Clim-
grown ΔrelA cells had similar but slightly lower survival than WT for 
most conditions (Figure 3, black and dotted bars, respectively. WT 
results from Figure 2 are included to ease comparison between the two 
strains. Individual values are presented in Supplementary Figure 6). 
The same trend was observed for most Nlim-grown cells, except for 
treatment with ciprofloxacin or streptomycin in N-free media. In 
these conditions, the surviving fractions of the ΔrelA mutant were two 
orders of magnitude lower than the WT cells (Figures 3B,F, white 
bars). This indicates that the deletion of relA makes the cell slightly 
more vulnerable to antibiotic treatment in some conditions and 
considerably more vulnerable to ciprofloxacin in N-limited conditions. 
The increased vulnerability of the ΔrelA cells was not unexpected due 
to the known role of RelA-dependent synthesis of (p)ppGpp during 
the stringent response and amino acid starvation (Chau et al., 2021). 
These results are in line with other studies on survival after high doses 

of ampicillin, gentamicin, or norfloxacin, even though the assay 
conditions differ from the ones used here (Hansen et al., 2008; Kudrin 
et al., 2017; Liu et al., 2017; Sinha et al., 2019; Svenningsen et al., 2019).

3.4. Variation of the metabolic state in 
different pregrown states and different 
stress media

The metabolic state of any biological cell defines its ability to 
perform work, i.e., continue growing, sustain maintenance processes, 
and handle exogenous and endogenous stress. Central metabolism is 
at the core of all these processes, providing energy and carbon 
precursors. The composition of the central metabolite pools is the 
closest snapshot to defining the metabolic state. The potential role of 
the important energy metabolite ATP availability in persister cell 
formation has previously been explored (Braetz et al., 2017; Shan et al., 
2017; Manuse et al., 2021). Thus, searching for any correlation between 
the metabolic state and antibiotic efficacy was interesting.

A C E

B D F

FIGURE 3

Survival of E. coli WT and ΔrelA cells. E. coli WT and ΔrelA cells were pregrown to three physiological states (exponential phase, carbon or nitrogen-
limited stationary phase; Clim or Nlim) in benchtop bioreactors, before centrifugation and resuspension into two stress media with (A) and (B) 5 μg/ml 
ciprofloxacin, (C) and (D) 100 μg/ml ampicillin or (E) and (F) 25 μg/ml streptomycin. Viable cell counts were assayed at 0 and 5 h after treatment, and the 
surviving fractions at 5 h were calculated. Geometric mean and geometric standard deviation from 2 to 4 experiments are plotted, with a dotted line at 
100, 10−3, and 10−6 to for visualization. WT results from Figure 2 are included to ease comparison and interpretation. N-free, HAS medium lacking 
nitrogen; Exp, exponential phase; Clim, carbon-limited stationary phase; Nlim, nitrogen-limited stationary phase.
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Escherichia coli WT and ΔrelA mutant cells in exponential and 
Nlim stationary phases were sampled for metabolite profiling. Three 
quantitative MS-based methods were applied to absolutely quantify 
almost 60 central carbon metabolites. The absolute concentrations 
from the metabolite profiling are presented in Supplementary Table 1, 
and metabolite abbreviations and descriptions are presented in 
Supplementary Table 2. As expected, exponentially grown E. coli WT 
and ΔrelA cultures clustered together in the PCA scores plot since 
RelA does not have an active role during unlimited growth conditions 
(Figure 4A; Chau et al., 2021). On the other hand, there was a distinct 
separation along PC1 with the ΔrelA most distant from the 
exponential cells for the stationary grown cultures. Inspection of 
individual metabolite levels revealed significant changes from 
exponential to Nlim stationary phase for 16 and 22 metabolites for 

the WT and ΔrelA mutant, respectively (T-test with FDR-adjusted 
value of p < 0.05, with log2 fold change threshold at 1). In WT, most 
metabolites in the tricarboxylic acid (TCA) cycle accumulated, while 
upper glycolytic and pentose phosphate pathway (PPP) metabolite 
pools decreased when entering Nlim stationary phase. In the 
nucleoside phosphate pools, there were no changes in the AXP pools 
(the ATP, ADP, and AMP series with X for the number of phosphate 
groups) slight decrease in the GXP pools, while the UXP pools 
increased (Figure 4B). Many amino acids accumulated, probably as a 
consequence of the shutdown of new protein synthesis. The 
substantial accumulation of the important regulatory metabolite 
α-ketoglutarate (aKG) is expected according to the literature on 
response to nitrogen limitation (Chubukov et al., 2014; Huergo and 
Dixon, 2015). The same overall picture of the adaptation to Nlim is 

A B

C

D

FIGURE 4

Metabolite profiling of E. coli WT and ΔrelA in both exponential and nitrogen-limited stationary phases. Samples for metabolite profiling were taken 
directly from the bioreactor in exponential phase at OD600 = 3 or 20 min after entry to Nlim stationary phase. (A) Principal component analysis with 57 
metabolites was performed with all samples, (B) log2 fold change in Nlim stationary phase relative to exponential phase. WT is to the left, ΔrelA to the 
right in the boxes. Grey indicates not measured. The concentrations used to calculate the ratios are presented in Supplementary Table 1. (C) Absolute 
ATP concentrations, with unpaired, two-tailed t-test between each condition, n = 4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (D) Adenylate energy charge (AEC), 
calculated using the absolute concentrations of ATP, ADP, and AMP, with n = 4. Metabolite abbreviations are presented in Supplementary Table 2.
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obtained in the ΔrelA mutant. However, the changes are stronger, as 
indicated by larger separation from the exponential phase samples 
along PC1 (Figure 4A) and by larger log2-fold changes than the WT 
(Figure 4B).

While the E. coli WT maintained the same ATP level when 
entering the stationary phase, a significant reduction of 40% was 
observed in the ΔrelA mutant (Figure  4C). The adenylate energy 
charge (AEC) is the ratio of ATP, ADP, and AMP, which express the 
energetic status of a cell (Atkinson and Walton, 1967). This was 
slightly lowered in the mutant but not to the same degree as the 
absolute levels of ATP (Figure 4D). Comparing the stationary phase-
grown ΔrelA versus WT revealed that most glycolytic and TCA cycle 
metabolite pools were higher while most amino acids were lower in 
ΔrelA (Supplementary Figure 7). Upon starvation, (p)ppGpp inhibits 
degradation of polyphosphate, which leads to an accumulation of free 
amino acids (Dalebroux and Swanson, 2012), which we observed to a 
higher degree in the ΔrelA mutant than in the WT. The most 

pronounced difference between the ΔrelA mutant and the WT was the 
75 times higher phosphoribosyl pyrophosphate (PRPP) level in the 
mutant. The larger effect on the metabolite pools of the ΔrelA mutant 
indicates weaker homeostatic mechanisms in the absence of the main 
(p)ppGpp synthesizing step during nitrogen starvation. This further 
strengthens the emerging role of (p)ppGpp in stress regulation beyond 
the regulation of transcription, as it directly affects the central 
metabolism (Chau et al., 2021).

The HAS assay includes a centrifugation step before resuspension 
into stress media with antibiotics, and our next aim was to explore 
how this affects the metabolic state of the cells. Thus, metabolite 
profiling was also performed immediately after resuspension into 
complete or N-free media (this time without antibiotics). Even 
though the metabolite sampling was done as fast as possible after 
resuspension, the WT samples clustered based on the stress media 
and not on the pregrown cultivation state (Figure 5A). Surprisingly, 
the cells immediately lost their pregrown metabolic state and adapted 

A B

C D

FIGURE 5

Metabolite profiling of E. coli WT and ΔrelA from two pregrown states resuspended into complete or N-free media. Aliquots from either exponential 
phase or nitrogen-limited stationary phase were resuspended in either complete or N-free media, and samples were taken for metabolic analysis 
immediately after resuspension. Principal component analysis (PCA) with 57 metabolites was performed for (A) WT and (B) ΔrelA samples. 
(C) Adenylate energy charge (AEC) was calculated using the absolute concentrations of ATP, ADP, and AMP, with n = 4. (D) Absolute ATP concentrations, 
with unpaired, two-tailed t-test between each condition, n = 4. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Comp, Complete HAS-medium; N-free, HAS medium 
lacking nitrogen; Exp, exponential phase; Nlim, nitrogen-limited stationary phase.
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their metabolite pool levels to the new conditions. The response was 
clearly not only due to the centrifugation step itself, as we see two 
different clusters based on the stress media (that is, N-free and 
complete media samples are separated). The ΔrelA cells were slower 
in their response, as indicated by the clear separation along both PC1 
and PC2, with separation based on pregrown state and resuspension 
media, respectively (Figure  5B). Especially exponentially grown 
ΔrelA cells are less able to respond to changed incubation conditions, 
since a significant decrease in absolute ATP concentration and AEC 
was observed for both complete and N-free resuspension 
(Figures 5C,D).

In summary, both HAS experiments and metabolite profiling 
highly depend on the stress media. Very low surviving fractions are 
obtained in conditions supporting growth (complete medium), 
independent of the antibiotic mode of action. If the HAS stress 
medium is growth deficient (N-free medium), the surviving 
fractions depend on the antibiotic mode of action and pregrown 
cultivation state. Both HAS and metabolite profiling data show that 
the ΔrelA mutant is less fit for survival, especially in 
N-free conditions.

4. Discussion

Experimentation on antibiotic tolerance and survival, and stress 
response studies in general, are challenging to design due to multiple 
variables, such as pregrown state, medium composition during both 
growth and stress phases, and type and dose of antibiotics. This report 
demonstrates the importance of designing one-variable assays in high-
dose antibiotics studies. We studied the persister assay with E. coli and 
found the value of including two different media during HAS. Survival 
differed for the different antibiotics, stress media, and pregrown states. 
The combination of Nlim stationary-grown cells in N-free stress medium 
supports the highest surviving fraction, around 10%, for all three 
antibiotics. The mechanism behind the high survival in this condition is 
likely not the same for all three antibiotics. Energy dependency for uptake 
of the antibiotics differs and cannot be a universal explanation for the 
increased survival in N-free conditions since streptomycin requires the 
proton-motive force for entry to bacteria (Krause et  al., 2016), but 
ampicillin and ciprofloxacin do not (Vergalli et al., 2019). Ampicillin 
exhibits growth-rate dependent lysis, with a very low killing in 
non-growing states (Eng et al., 1991; Lee et al., 2018). This is due to the 
inhibition of cell wall synthesis this antibiotic imposes, and the high 
survival in all HAS with N-free media is as expected. Ciprofloxacin, on 
the other hand, is known to kill both growing and non-growing bacteria 
(Sanders, 1988), which is not in line with the relatively high survival after 
the combination of Nlim in N-free conditions (Figures 2B, 3B).

In Harms et al. (2017), reported on the preference to use defined 
mineral medium instead of complex rich medium, such as LB, for the 
study of HAS, which we  also employ in our study. The choice of 
medium is critical, but the choice of cultivation vessel is also very 
important. Bioreactors are preferred as they provide total control of the 
culture, with constant pH and oxygenation level. Also, sampling can 
be done directly from the vessel without disturbing the cells, which is 
done when shake flasks are transferred from a shaking cabinet. Harms 
and co-workers used the most common version of the persister assay 
by adding antibiotics directly into the growth media at various time 
points and hence different growth stages. This is comparable to our 

HAS complete condition for most exponential phase samples (although 
without the centrifugation step). They reported increasing survival 
with increasing culture age, from exponential into stationary growth 
phase for all tested antibiotics (gentamycin, ampicillin, and 
ciprofloxacin). In this setup, the culture media background varies at the 
different sampling points, and the reason for entry to stationary phase 
is not defined (a limiting nutrient can be  controlled in a defined 
medium; Harms et al., 2017). In our setup, on the other hand, we show 
that survival increases just because of a more nutrient-poor condition. 
Gutierrez et  al. (2017) studied ciprofloxacin survival at different 
bacterial densities. They found that the starvation process, rather than 
cellular adaptation to starvation, is the driving force when high-density 
cultures become more tolerant to ciprofloxacin than low-density 
cultures. The bacteria become more sensitive when they supplement 
the cultures with both a carbon source and oxygen (Gutierrez et al., 
2017). However, in our settings, we have the same bacterial density and 
oxygen availability in all HAS conditions and find that the availability 
of nitrogen also impacts the ciprofloxacin sensitivity (Figure  2B). 
Gutierrez et al. also pointed to the importance of experimental 
conditions, including growth conditions, when studying antibiotic 
sensitivity, which our study also emphasizes.

The variability in survival between some of the experiments 
presented in Figures 1–3 is relatively high, especially for streptomycin. 
In general, the variation can partly be explained by very low numbers 
since small differences in survival will have large effects on survival 
fractions. However, others have also reported higher variation for 
aminoglycoside antibiotics than for ciprofloxacin and ampicillin 
(Harms et al., 2017). It has been reported that the persister survival after 
ciprofloxacin and streptomycin treatment correlates with the 
concentration, while the survival after, e.g., ampicillin treatment does 
not (Abel Zur Wiesch et al., 2015). The ciprofloxacin concentration used 
herein was 500 × the MIC, while the streptomycin concentration was 
only 20 × the MIC. This can partly explain the higher variation between 
the biological replicates for streptomycin, given that small variations in 
bacterial density or antibiotic concentrations could influence survival, 
while the concentration of ciprofloxacin is high enough to avoid this 
possibility. 

Brown studied ciprofloxacin-survival of exponential and N-limited 
E. coli cells and used centrifugation of the pregrown cells before 
antibiotic treatment, but limited the study to what corresponds to our 
complete stress medium (Brown, 2019). His results align with ours for 
the E. coli WT and ΔrelA mutant 4 h after treatment, with an 
approximately one order of magnitude higher survival for Nlim than 
the exponential phase (Figure 3A, open and black bars. Note that our 
results are from 5 h after treatment). However, Brown also reported 
survival after 24 h of treatment, where the same trend is seen for the 
WT. For the ΔrelA mutant, on the other hand, there was clearly lower 
survival for the Nlim cells compared with the exponential phase after 
24 h (Brown, 2019). This goes in the same direction as our results: the 
ΔrelA mutant is less fit for survival in Nlim than the WT.

High-antibiotic stress in growth-limiting conditions 
(Figures  3B,D,F, and initial N-/C-/CN-free conditions in 
Figure 1) provides complementary and important information to 
the HAS complete data. Bacterial cells are nutrient-limited in 
many situations where they are exposed to exogenous stress. This 
includes clinical situations in biofilms, where nutritional access 
is restricted. E. coli isolated from urinary tract infections exhibit 
gene expression profiles that are representative of nitrogen 
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limitation, both in bacteria isolated from humans and mice 
(Snyder et  al., 2004; Hagan et  al., 2010; Switzer et  al., 2018). 
Nitrogen limitation is thus a clinically relevant situation, which 
makes it highly relevant to include HAS in growth-limiting 
conditions in studies on antibiotic exposure and measurements 
of surviving fractions. The surviving fractions were high in HAS 
N-free conditions after Nlim stationary phase (> 1–10%). 
Growth-supporting supernatant from exponentially growing 
cultures cannot be  diluted into a HAS N-free environment 
without a medium-removal step. This could be centrifugation, as 
in this study, or filtration, the latter used by Svenningsen et al. 
(2021). Future improvements to the persister assay could 
be centrifugation-independent systems for faster media exchange, 
such as cross-flow filtration systems (Raub et al., 2015; Busche 
et al., 2019). The importance of assay incubation conditions is 
also displayed by the metabolite profiling results, where E. coli 
WT cells respond very fast to changes in incubation conditions 
(Figure 5A). The speed of this was surprising and is important 
knowledge for future protocol establishments and research. 

ATP pools have been investigated for their potential roles in 
persister cell formation (Braetz et al., 2017; Shan et al., 2017). Shan 
and co-workers concluded that stochastic variation in ATP levels is 
the primary mechanism of persister formation and reported lower 
ATP levels in stationary grown than exponential phase E. coli cultures 
(Shan et al., 2017). Contrastingly, we observed similar ATP levels in 
exponential and Nlim stationary-grown E. coli WT cultures. 
Differences in nutrient depletion in the stationary phase or time since 
entry into the stationary phase might explain these apparently 
conflicting results (details on the timing of experiments are not 
provided in Shan et al. (2017). Different assays to measure ATP levels 
were also used. The MS-based metabolite profiling used in our study 
also enables the calculation of the AEC since both AMP, ADP, and 
ATP are quantified. The AEC is an as interesting and physiologically 
relevant indicator as ATP levels alone (Lu et al., 2017). We found that 
the AEC did not drop in Nlim stationary phase E. coli WT cultures or 
the exponential phase in our experimental setup (Figure  4D). 
Additionally, we also find spontaneous persistence occurring at very 
low frequencies in our assays. Hence, global population assays such as 
MS-based metabolite profiling (used in our study) or ATP 
bioluminescence kit [used by Shan et al. (2017)] cannot determine if 
stochastic variations in ATP levels cause this persistence. Entry into 
the stationary phase leads to the induction of nutritionally triggered 
survival mechanisms. The high surviving fractions (around 10%) 
cannot be linked to stochastic variation in ATP levels alone but rather 
to how the cells prepare for long-term survival by well-regulated 
mechanisms. Global population-based metabolite profiling could 
detect trends in such large sub-populations, but our study did not 
observe this (Figure 4).

Interestingly, the only large difference in surviving fractions 
between the E. coli WT and the ΔrelA mutant was for Nlim stationary 
grown cells incubated in HAS N-free conditions with ciprofloxacin 
and streptomycin (Figures  3B,F, white bars). This condition 
corresponds to the induction of triggered persisters, and the E. coli 
WT has a higher level of these survivors than the ΔrelA mutant. The 
metabolite profiling data indicates that the ΔrelA mutant responded 
slower to altered environmental conditions than the E. coli WT 
(Figures 5A,B), which indicates an impaired stress response in this 
mutant. The very fast response in the WT further supports the notion 

that (p)ppGpp has roles in the cell beyond transcriptional regulation 
(Dalebroux and Swanson, 2012; Hauryliuk et al., 2015; Chau et al., 
2021). It has also recently been suggested that reduced (p)ppGpp 
levels result in reduced steady-state expression of metabolic enzymes, 
which also might explain the reduced response at the metabolome 
level (Zhu and Dai, 2019). Almost no difference between the survival 
of exponential phase E. coli WT and ΔrelA mutant cells (Figure 3) 
indicates that (p)ppGpp is not important in the formation of 
spontaneous persisters.

On the single metabolite level, the 70 times higher phosphoribosyl 
pyrophosphate (PRPP) level in Nlim stationary grown ΔrelA mutant 
cells compared to the E. coli WT is most noticeable 
(Supplementary Figure 7). PRPP is an important precursor metabolite 
that links the pentose phosphate pathway (PPP) to nucleotide 
biosynthesis, and control of PRPP level has recently been suggested to 
be controlled by a (p)ppGpp-regulated enzyme (Wang et al., 2020). 
However, among the nucleoside phosphates, there is no common 
response (AXPs and CXPs decrease, while GXPs and UXPs increase). 
The requirement for nucleoside phosphates in cells decreases when 
growth ceases. Hence, the large accumulation of PRPP in the ΔrelA 
mutant indicates that these cells are less able to respond fast enough to 
balance nucleotide synthesis versus consumption. Other metabolites of 
the central metabolism, namely aKG, glutamate (Glu), and glutamine 
(Gln), which are important in the control of nitrogen metabolism, are 
similar in the E. coli WT and the ΔrelA mutant. These are interesting 
observations for future studies on the role of (p)ppGpp in stress response 
and metabolic regulation.

Here we have studied a modified version of the persister assay, 
showing the importance of a one-variable study design to obtain data 
for easier interpretation and comparisons between the experimental 
variables. The aim of a study must guide the study design in future 
projects and the choice of protocols as both under-and overestimation 
of survival may happen with the wrong choice.
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