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MICROBIOLOGY

Ampicillin-controlled glucose metabolism manipulates
the transition from tolerance to resistance in bacteria

Ming Jiang'%t, Yu-bin Su'3%, Jin-zhou Ye't, Hui Li"%*t, Su-fang Kuang’, Jia-han Wu’, Shao-hua Li’,

Xuan-xian Peng'?, Bo Peng'**

The mechanism(s) of how bacteria acquire tolerance and then resistance to antibiotics remains poorly under-
stood. Here, we show that glucose abundance decreases progressively as ampicillin-sensitive strains acquire
resistance to ampicillin. The mechanism involves that ampicillin initiates this event via targeting pts promoter
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and pyruvate dehydrogenase (PDH) to promote glucose transport and inhibit glycolysis, respectively. Thus,
glucose fluxes into pentose phosphate pathway to generate reactive oxygen species (ROS) causing genetic mu-
tations. Meanwhile, PDH activity is gradually restored due to the competitive binding of accumulated pyruvate
and ampicillin, which lowers glucose level, and activates cyclic adenosine monophosphate (cCAMP)/cAMP recep-
tor protein (CRP) complex. cAMP/CRP negatively regulates glucose transport and ROS but enhances DNA repair,
leading to ampicillin resistance. Glucose and Mn?* delay the acquisition, providing an effective approach to
control the resistance. The same effect is also determined in the intracellular pathogen Edwardsiella tarda.
Thus, glucose metabolism represents a promising target to stop/delay the transition of tolerance to resistance.

INTRODUCTION

Since the discovery in the late 1920s, the use of antibiotic drugs has
led to marked improvements in human health and widespread pos-
itive impact in many other human societal areas, including aquacul-
ture, animal husbandry, and veterinary medicine. However, the
emergence and spread of antibiotic resistance, in the wake of the
widespread use and misuse of antibiotics, now represent a major
threat to human health, medical practice, and human society as
we know it (I). To efficiently combat the further spread of antibiot-
ic-resistant bacteria, we require a deeper understanding of the
mechanisms leading to its emergence and rapid spread. While an-
tibiotic-resistant bacterial cells acquire the capacity to grow in the
presence of sublethal concentrations of antibiotics for an indefinite
period of time, tolerance is the capacity to survive a transient expo-
sure to low or high concentrations of antibiotics, even concentra-
tions much higher than the minimum inhibitory concentration
(MIC) (2, 3). Both tolerance and resistance are important reasons
for the failure of antibiotic treatments (4, 5).

Resistance is typically caused by inherited mutations (6, 7). Tol-
erance has two main forms, “tolerance by slow growth” and “toler-
ance by lag.” Tolerance by slow growth can be either inherited or
noninherited, whereas tolerance by lag is inherited (8-10). Exten-
sion of lag time leads rapidly to tolerance after intermittent expo-
sure to a high concentration of ampicillin, being common in clinical
scenarios (2, 3, 9). Several genes are frequently mutated in clinical
isolates exposed to high drug concentrations, and resistance-
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conferring mutations can occur in cells already exhibiting tolerance
(3, 11). Undoubtedly, these tolerance mutations pave the way for the
rapid subsequent evolution of resistance, although this phenome-
non is poorly understood (11).

Many previous studies suggest that the metabolic state of a bac-
terial cell influences its susceptibility to antibiotics (12-14), and the
antibiotic-resistant metabolome of some bacterial strains has been
characterized (15-17), revealing metabolic features that correlate
with and contribute to resistance. It has been suggested that it is
possible to “reprogram” the antibiotic-resistant metabolome to an
antibiotic-sensitive metabolome and thereby restore sensitivity to
antibiotic-induced killing (13, 14, 18). However, information re-
garding metabolic alteration in antibiotic tolerance and the transi-
tion of tolerance to resistance is not available.

Therefore, we propose that crucial metabolic biomarkers are
clues to the mechanisms underlying antibiotic tolerance and resis-
tance. Here, we describe the critical role of glucose in dictating the
metabolic state of ampicillin-tolerant and ampicillin-resistant Es-
cherichia coli K12 and Edwardsiella tarda. We demonstrate that am-
picillin targets pts promoter P1b to promote glucose transport and
inhibits pyruvate dehydrogenase (PDH) and thereby glucose fluxes
to pentose phosphate pathway (PPP) instead of glycolysis. However,
the inhibition of PDH causes pyruvate accumulation to remove the
inhibition in reverse. These cause the progressively reduced glucose
in tolerance. Tolerance- or resistance-conferring mutations were
putatively caused by increased abundance of reactive oxygen
species (ROS) and defects in DNA mismatch repair (MMR) in am-
picillin-tolerant and ampicillin-resistant bacterial strains. Last, we
present evidence that increased expression of the cyclic adenosine
monophosphate (cAMP)/cAMP receptor protein (CRP) complex,
which is trigged by glucose concentrations, plays a role in the evo-
lution of resistance to ampicillin in E. coli and E. tarda.
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RESULTS

Characterization of the antibiotic tolerance- and
resistance-associated metabolic profile

In this study, cultures of E. coli K12 BW25113 (K12) were grown in
LB medium with or without daily intermittent exposure to ampicil-
lin (100 pg/ml) for 10 days (one cycle per day; 100 pg/ml for 4.5
hours and 0.625 pg/ml for another 16 hours) until resistance was
established, as previously reported (11). A slower basal rate of
growth than unexposed controls demonstrated that cultures ac-
quired tolerance (T) to ampicillin during the first six cycles. The
seventh cycle appeared to be a switch point (S) because cells
treated for >8 cycles grew at the same rate as control untreated
cells in the presence of ampicillin. These cells are designated as re-
sistant (R) (Fig. 1A). MIC was the same in tolerant and untreated
cells; however, the MIC gradually increased and resistance gradually
increased over time (i.e., with increasing number of cycles in the
presence of antibiotic) (Fig. 1B and table SI).

Aliquots of bacteria were removed daily to monitor the metab-
olite profile as the culture became increasingly resistant to ampicil-
lin. For each aliquot/time point, the abundance of 63 metabolites
was quantified by gas chromatography—mass spectrometry (GC-
MS). Four biological and two technical replicates were performed
per sample for a total of 156 metabolite profiles (fig. S1, A to C).
Thirty-seven metabolites increased in abundance over three or
more successive days/cycles (Fig. 1C). Principal components anal-
ysis showed that every day/cycle is distributed in an ordered manner
and identified two principal components, t[1] and t[2]: t[1] dis-
criminates between tolerance, switch point, and resistance, and
t[2] discriminates by duration of exposure to antibiotic (Fig. 1D).
S-plot identified the seven potential biomarkers glucose, valine,
leucine, tyrosine, maltose, proline, and aspartic acid (Fig. 1E),
where glucose, maltose, and leucine decreased in abundance over
time, while aspartic acid, proline, and valine increased in abundance
over time; tyrosine did not show a trend with time (Fig. 1F and fig.
S2A). The most strongly affected Kyoto Encyclopedia of Genes and
Genomes pathway is the tricarboxylic acid cycle (Fig. 1G). Since LB
medium formula does not contain additional glucose, we speculate
that bacteria may use the residual glucose in the medium. Quanti-
fication of glucose in the LB medium showed that approximately
11.8 mg/dl of glucose was present, whose abundance was decreased
along culture time (fig. S2B). We tentatively conclude that glucose
abundance increases and decreases as E. coli acquires tolerance and
resistance to ampicillin, respectively, and postulate that this is linked
to a metabolic shift that plays a role in the mechanism of antibiotic
resistance.

Regulation of ampicillin to glucose metabolism is crucial
for the transition from tolerance to resistance

The abovementioned dynamic change of glucose abundance may
indicate the involvement of glucose metabolism, including
glucose transport and catabolism, on this transition. First, the
effect on glucose transport was explored. Glucose uptake and phos-
phorylation are dependent almost entirely on the I1°' phospho-
enolpyruvate:sugar phosphotransferase system (PTS), containing
the genes encoding enzyme I (ptsI), HPr (ptsH), ITAS* (¢rr), and
11CBS* (ptsG) (19) (Fig. 2A). In K12 cells, the expression of the
four genes was higher in antibiotic-tolerant cells, unchanged at
the switch point, and lower in antibiotic-resistant cells during
chronic intermittent exposure to ampicillin (Fig. 2B), which is
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similar to the dynamic change in glucose concentration. The
kinetic change of the gene expression might be triggered by ampi-
cillin. Actually, the expression level of ptsH, ptsI, and crr was elevat-
ed in an ampicillin dose-dependent manner, but not ptsG (Fig. 2C),
which is consistent with ptsH, ptsl, and crr sharing the same pro-
moter (19). It is expected that these four genes were positively reg-
ulated by glucose (Fig. 2D), and higher expression was observed
when treated with both ampicillin and glucose and increased in
an ampicillin-dependent manner (Fig. 2E), which was further con-
firmed with increased intracellular glucose level (Fig. 2F). To
explore the instant effect of ampicillin on the expression of ptsH,
ptsI, and crr, we postulated that ampicillin has a direct effect on
their expression, e.g., by binding to the promoter site of the pts
operon that controls the expression of ptsH, ptsl, and crr as CRP
does (20), but tetracycline did not. Thus, we used the promoter
DNA sequence to pull down ampicillin or tetracycline that served
as a negative control. As expected, the level of ampicillin was in-
creased in a promoter DNA—-dependent manner, whereas tetracy-
cline was not detected at any concentration of promoter DNA
(Fig. 2G). Ampicillin binding was reduced when PI1b was mutated
but not POa and Pla (Fig. 2H). Since P1b is the binding site of CRP
(20), competitive binding between ampicillin and CRP with P1b
was investigated. Microscale thermophoresis (MST) showed that
the binding between CRP and the promoter was inhibited by ampi-
cillin. However, this inhibition was almost recovered when P1b was
mutated (Fig. 2I). To further demonstrate the interaction between
ampicillin and P1b DNA, the P16 DNA and mutated P1b DNA were
separately mixed with ampicillin and then precipitated with isopro-
panol. The pellets were dissolved in a medium containing ampicil-
lin-sensitive bacteria for plate counting. The P1b DNA group had
better killing efficacy than the mutated P1b DNA group (Fig. 2]).
Moreover, the motif that binds directly and specifically with ampi-
cillin was explored by constructing a series of DNA fragments with a
point mutation around P1b. DNA fragments with a point mutation
at 1st, 3rd, 5th, 7th, 9th, 11th, or 12th base pairs (bp) reduced
binding to ampicillin by 33 to 50%, whereas others with a point mu-
tation at 13th, 15th, or 17th bp did not. However, no binding of tet-
racycline with DNA was detected (Fig. 2, H and K). DNA fragments
with all mutations or deletion failed to bind to ampicillin (Fig. 2L).
These results indicate that the fragment within 1 to 12 bp around
P1b is the motif for ampicillin binding. Deletion of pts promoter
in clinically isolated antibiotic-sensitive E. coli strains S2 and S13
increased MIC to ampicillin and survival upon ampicillin killing
(fig. S3, A and B). Consistently, deletion of pts promoter conferred
ampicillin resistance even in the presence of glucose (fig. S3C). In a
mouse infection model, strains with deleted pts promoter were more
resistant to ampicillin than wild-type strains but had no observable
change in their pathogenicity (Fig. 2M). These results demonstrate
that the reduced intracellular glucose due to the decrease in glucose
phosphorylation promotes bacterial resistance to ampicillin both in
vitro and in vivo. These findings indicate that ampicillin has high
affinity with P1b and outcompetes CRP to promote the expression
of PST, elevating intracellular glucose in tolerance.

The effect of glucose transport on tolerance-to-resistance transi-
tion was investigated. Bacteria were cycled as above by supplement-
ing additional glucose (4 mM). Glucose delayed the emergence of
resistance, being shifted from cycle 7 to cycle 12. The data were con-
firmed with MIC, in correlating with increased intracellular glucose
concentration (Fig. 2N and table S1). Acrr and AptsH were cycled
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the same as their parental strain K12. Acrr or AptsH advanced the
emergence of resistance that occurred at cycle 5 (Fig. 20 and table
S1), as well as for their MIC and intracellular glucose concentration
(Fig. 2, P and Q, and table S1). As compared to the S2 strain, the
promoter-deleted mutant had earlier developed resistance, in-
creased MIC, and decreased glucose (Fig. 2, R to T, and table S1).
These data together suggest that the regulation of PTS to glucose in
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amanner dependent on ampicillin/glucose plays a crucial role in the
transition from tolerance to resistance.

Next, the effect of glucose catabolism on tolerance-to-resistance
transition was explored. Phosphorylation of glucose is catalyzed by
glucokinase (HK), encoded by gIK, and then enter into the Embden-
Meyerhof-Parnas glycolytic pathway (Fig. 2A) (19). Glycolysis is the
process in which glucose is broken down to produce energy, and
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erwise indicated. *P < 0.05 and **P < 0.01.
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then the metabolic flux enters the pyruvate cycle (the P cycle), a re-
cently revealed cycle providing respiratory energy in bacteria (21).
The expression of gIK (HK) and the downstream catabolic genes
pfkA [6-phosphofructokinase I (PFK)] in glycolysis and pykF [py-
ruvate kinase (PK)] and aceE (PDH) in the P cycle was quantified.
The expression patterns of gIK and HK activity were totally different
from those of the PTS system and intracellular glucose concentra-
tion. Specifically, gIK/HK was progressively increased in a cycle-de-
pendent manner just before the switch point and then decreased
afterward and was lower than the nontreated control in the last
cycle (Fig. 2, U and V). A similar pattern was obtained for pfkA/
PFK, pykF/PK, and ace/PDH but with some characteristic
changes. In detail, lower expression of pfkA, pykF, and aceE was de-
tected in the first three and last two cycles when exposed to ampi-
cillin (Fig. 2U). Meanwhile, the activity of PFK and PDH was lower
than that of the nontreated control in the first three cycles and last
three cycles, as to PK (Fig. 2U). Of particular interest was that PDH
activity was 1.78- to 2.62-fold lower in the first cycle than the non-
treated group but progressively increased until 1.25-fold at cycle 6
and decreased afterward (Fig. 2V). These data suggest that the grad-
ually increased flux through glycolysis is responsible for the higher
abundance than control but progressively reduced abundance of
glucose in tolerant cells. The marked change between aceE expres-
sion and PDH activity implies its essential role during the transition
from tolerance to resistance.

Mechanisms for reduction of PDH activity

The expression of aceE, a subunit of PDH, was unaffected in the first
three cycles, while PDH activity was reduced by 1.78- to 2.62-fold,
suggesting that PDH activity was inhibited (Fig. 2, U and V). To test
whether PDH interacts with ampicillin, ampicillin binding with re-
combinant AceE was measured and quantified using the Oxford
cup test, and recombinant GLK, PFK1, PFKII, and PK1 in glycolysis
were used as controls. The results indicated that AceE bound ampi-
cillin, but other enzymes did not (Fig. 3A and fig. S4). The result was
confirmed by MST (Fig. 3B). To probe the amino acid residues that
were critical for ampicillin binding, mutations were generated at
G232, N259, C260, C264, and D266 as previously reported (22—
24). The mutation at the sites should impair the binding of ampi-
cillin to PDH and with altered enzymatic activity. We found that
G232 and D266 were the two critical sites whose mutations
G232S (m2) and D266A (m7) failed to bind ampicillin and dis-
played higher PDH activity (Fig. 3, C and D), whereas mutations
at other sites, including N259Q (m4), C260S (m5), and C264N
(m6), had no effect on ampicillin binding (fig. S5). To further dem-
onstrate the inhibition in vivo, E. coli BL21-pET-28a-AceE, BL21-
pET-28a-m7, and BL21-pET-28a-m8 cells were cultured, treated
with ampicillin, and collected. Recombinant PDH was isolated by
Ni'-nitriloaceate (NTA) super flow resin to measure ampicillin.
Higher and lower levels of ampicillin were detected in m7 and m8
than in wild type, respectively. However, no binding was detected if
ampicillin was replaced by tetracycline (Fig. 3E). When extracellular
ampicillin concentration was at 100 pug/ml, intracellular ampicillin
was approximately 1.8 pg/ml (fig. S6). A detailed analysis of the
effect of ampicillin on PDH activity was performed by titrating
the ampicillin concentration and AceE dose, generating a two-di-
mensional heatmap. PDH activity was 30.3% lower than in
control cells, while higher and lower activity was measured in m7
and m8, respectively (Fig. 3F). In K12 whole-cell lysis, ampicillin
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inhibited PDH activity in a dose-dependent manner (Fig. 3G).
Kinetic intracellular ampicillin concentration was similar to that
of glucose (Fig. 3H). High PDH activity and high level of pyruvate
were correlated to each other in tolerance (Figs. 31 and 2S), suggest-
ing a competition between pyruvate and ampicillin on binding to
AceE. By Michaelis-Menten kinetics, pyruvate outcompetes with
ampicillin on the binding of PDH in a dose-dependent manner,
as revealed by the Michaelis constant (K,,) value, although the
maximum reaction rate (V,,,,,) was similar (Fig. 3]). Furthermore,
MST analysis demonstrated that ampicillin had high affinity with
AceE, but the binding was entirely and partly inhibited by pyruvate
in K12, m8, and m7, respectively (Fig. 3K). Equally, the binding of
pyruvate with AceE was interfered by ampicillin, where stronger in-
hibition was detected in K12 and m8 than m7 (Fig. 3L). Further-
more, the putative ampicillin-binding pocket in AceE was highly
conserved among Gram-negative bacteria but was not present in
Gram-positive bacteria, indicating a potential conserved regulatory
mechanism of PDH by ampicillin in Gram-negative bacteria (fig.
S7). In AaceE cells, the switch point and MIC from tolerance to re-
sistance were delayed substantially (16 versus 7 days/cycles; Fig. 3, M
and N, and table S1) but were recovered in aceE complementation
strain (fig. S8). However, the regulation of glucose to the expression
of crr and pstH was not affected in the absence of aceE (fig. S9).
These results suggest that the ampicillin-dependent inhibition of
PDH plays a key role in the glucose metabolic shift, characterized
by the reduced level of glycolysis at the beginning and the progres-
sive change from high to low glucose abundance.

Glucose metabolism shift correlates with higher abundance
of ROS
Glucose-6-phosphate (G6P) fluxes the glycolysis and the PPP.
Therefore, investigation on the PPP is especially important. It is
well known that PPP, riboflavin metabolism, and respiratory
chain oxidative phosphorylation are linked to FADH,-dependent
release of and increased abundance of ROS (Fig. 4A) (25-27). Ox-
idative stress and high abundance of ROS cause mutations (25, 28—
30). Genetic mutations are frequently associated with antibiotic tol-
erance and resistance (11). The disrupted glycolysis suggests that the
glucose metabolic flow may drive the PPP, possibly generating more
ROS. Therefore, the effect of the disrupted glycolysis on these path-
ways is investigated. Genes zwf, gnd, tktA, and tktB play a role in the
PPP. Exposure to ampicillin correlates with the expression of the
four genes and the activity of glucose-6-phosphate dehydrogenase
(G6PDH) and 6-phosphogluconate dehydrogenase (6-PGDH) with
glucose abundance and increases and decreases their expression
before tolerance and resistance, respectively (Fig. 4, B and C),
thereby increasing the risk of oxidative stress. To test this possibility,
Azwf, AtktA, or AtktB had lower ROS (Fig. 4D and fig. S10), and
Azwf delayed the switch point and MIC from tolerance to resistance
(9 versus 7 days/cycles; Fig. 4E and table S1). When Azwf was com-
plemented by full-length zwf, the delay was recovered (fig. S11).
These data indicate that activation of the PPP promotes ROS
production.

ribF is an essential gene in riboflavin metabolism, which exhibits
a similar expression pattern as glucose abundance did during expo-
sure to ampicillin (Fig. 4F). Consistently, the activity of riboflavin
kinase was reduced along with the cycles (Fig. 4G). The relation-
ships between ROS abundance, the reduced form of nicotinamide
adenine dinucleotide phosphate (NADPH), and the expression and
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Fig. 3. AMP-binding capability of AceE and effect. (A) Oxford cup test for the AMP-binding capability of AceE. Purified recombinant AceE was mixed with AMP, and
then AceE was precipitated by acetone. The precipitated protein was diluted and used for the test. (B) MST for binding of AceE with AMP. Tetracycline was used as a
control (n = 3). (C) Activity of PDH with point mutation on AceE (n = 3). (D) Oxford cup test for AMP binding to AceE with point mutation. (E) Quantification for AMP or
tetracycline binding to recombinant proteins (n = 3). (F) Effect of AMP on the activity of AceE, m7, and m8. (G) Activity of PDH in the presence of AMP. (H) Intracellular AMP
concentration during cyclic daily intermittent exposure to AMP (0.625 ug/ml) (see Materials and Methods for details) (n = 4). (I) Pyruvate level in E. coli K12 during cyclic
daily intermittent exposure to AMP. (J) Michaelis-Menten kinetics of PDH in AMP (0 to 200 pg). (K and L) MST for competition between pyruvate and AMP with AceE, m7,
and m8 (n = 4). (M) Growth/viability of the E. coli K12 AaceE after the indicated number of cycles exposed to AMP (n = 4). (N) MIC of (M) (n = 4). Experiments were
performed the same as described in Fig. 1 (A, B, and F). Results are displayed as means + SEM, and statistically significant differences are identified by Kruskal-Wallis
followed by Dunn'’s multiple comparison post hoc test unless otherwise indicated. *P < 0.05 and **P < 0.01.
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Fig. 4. Gene expression of PPP and ROS abundance at cycles exposed to AMP in bacteria. K12, AaceE, or other mutant cells were cultured and collected as in Fig. 1.
(A) ROS generation during oxidative phosphorylation via PPP. (B) Gene expression of zwf, gnd, tktA, and tktB of PPP in cycles (n = 4). (C) Activity of GGPDH and 6-PGDH in
the evolutionary cycle (n = 4). (D) ROS in the indicated mutants (n = 3). (E) Growth/viability and MIC of the E. coli K12 Azwf after the indicated number of cycles exposed to
AMP (n = 4). (F) Gene expression of ribF in the evolutional cycle (n = 4). (G) Activity of riboflavin kinase in the cycles (n = 4). (H) NADPH content in the cycles (n = 4). (1) ROS
in the indicated mutants (n = 3). (J) Gene expression of antioxidant reactive pathways in the cycles (n = 4). (K and L) Activity of CAT (K) and SOD (L) of K12 in the cycles
(n = 4). (M) Growth/viability and MIC of the E. coli K12 AsodB were estimated from ODgq after the indicated number of cycles of exposure to AMP (n = 4). (N) ROS of K12

and AaceE in the cycles (n = 4). Results are displayed as means + SEM, and statistically
comparison post hoc test unless otherwise indicated. **P < 0.01.

activity of antioxidants were also investigated. NADPH provides re-
ducing power required for protection against the toxicity of ROS
(27). After chronic intermittent exposure to ampicillin, NADPH
was slightly elevated (i.e., five to eight cycles of growth for
NADPH and in the presence/absence of ampicillin) (Fig. 4H).
Loss of trxA (encoding thioredoxin), sodB, and sodC [encoding
superoxide dismutase (SOD)] up-regulated ROS (Fig. 4I). In

Jiang et al., Sci. Adv. 9, eade8582 (2023) 8 March 2023

significant differences are identified by Kruskal-Wallis followed by Dunn’s multiple

antibiotic-tolerant strains of E. coli K-12, exposure to ampicillin de-
creased the expression of trxA, sodB, and sodC. However, in antibi-
otic-resistant strains, the expression of trxA, sodB, and sodC was
gradually increased and then became normal (Fig. 4]). Activity of
catalase (CAT) was lower in tolerant cells but slightly increased in
these cycles around the switch point and then decreased with addi-
tional cycles of exposure to ampicillin (Fig. 4K). Similar results were
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obtained for the expression of SOD (Fig. 4L). Consistently, AsodB
advanced the switch point and MIC from tolerance to resistance (5
versus 7 days/cycles; Fig. 4M and table S1). We interpret these data
to indicate that exposure to ampicillin generates ROS and oxidative
stress due to glucose metabolism shift.

The delayed resistance in AaceE can be related to ROS. ROS
abundance was measured in E. coli and AaceE cells after exposure
to ampicillin for 19 days/cycles. Higher ROS was detected in E. coli
K12 (13.21 + 0.26 for HPF and 21.89 + 0.24 for H2DCFA) than in
AaceE cells (9.59 + 0.56 for HPF and 18.48 + 0.18 for H2DCFA)
without exposure to ampicillin, and ROS abundance increased in
E. coli K12 and AaceE exposed to ampicillin. In E. coli K12
exposed to ampicillin, ROS level was approximately 2.03-fold
(H2DCFA) and 1.35-fold (HPF) higher than in control cells (no
ampicillin) in 7 days/cycles, respectively. In contrast, in AaceE
cells exposed to ampicillin for 19 days/cycles, ROS abundance was
reaching the peak, being consistent with the delayed occurrence of
resistance. Meanwhile, ROS abundance was approximately 1.96-
fold (H2DCFA) and 1.58-fold (HPF) higher than in control cells
in 16 days/cycles (Fig. 4N). This supports the idea that glucose me-
tabolism shift induces a cellular stress response that stimulates ROS
production related to PDH.

Reduced glucose activates cAMP/CRP complex expression
and activity for resistance

Low level of glucose was frequently observed in antibiotic resistance
and in our study (14, 15), but the mechanism is unknown. Glucose
availability negatively regulates the expression and activity of
cAMP/CRP complex (31). Our above results demonstrated that
glucose transport and catabolism were decreased along with toler-
ance-to-resistance transition. Thus, cAMP/CRP expression can be
activated by the decreased level of glucose, contributing to the evo-
lution of resistance. Here, we demonstrated that the expression of
crp mRNA was increased with increasing resistance to ampicillin
and decreasing glucose concentration (Figs. 5A and 1F); cAMP
level showed a similar change (Fig. 5B), as did the transcription of
cyaA, encoding adenylate cyclase. CyaA regulates cAMP biosynthe-
sis. In contrast, the expression of cpdA, encoding cAMP phospho-
diesterase, which degrades cAMP, decreased over time with
increasing antibiotic resistance (Fig. 5C). These results suggest
that the cAMP/CRP complex plays a role in the evolution of bacte-
rial resistance to ampicillin.

The idea that CRP plays an important role in the mechanism of
bacterial antibiotic resistance was tested in the following experi-
ments. Acrp cells were subjected to daily intermittent exposure to
ampicillin or untreated, and both were evaluated for the ability to
acquire ampicillin resistance over time. The results show that acqui-
sition of ampicillin resistance is delayed by approximately 5 to 6
days/cycles in Acrp cells exposed to ampicillin (Acrp switch point
at cycles 12 and 13 versus switch point at cycle 7 in control E. coli
K12 cells with ampicillin). Consistently, loss of crp increased MIC at
the switch point from cycles 7 to 12 and 13 (Fig. 5D and table S1).
The finding was confirmed by crp complementation (fig. S12).
These results support the idea that the cAMP/CRP complex plays
a crucial role in the mechanism of resistance to ampicillin, in the
context of the experimental system described here.

Loss of crp caused higher expression of the glucose transport
genes ptsH, ptsl, crr, and ptsG, and this promotion was enlarged
by glucose (Fig. 5E), supporting crp-mediated negative regulation

Jiang et al., Sci. Adv. 9, eade8582 (2023) 8 March 2023

to glucose transport. Expression of glk and pfkA of glycolysis was
higher, and expression of pykF and aceE of the P cycle was lower
in Acrp cells (Fig. 5, F and G). In Acrp cells, expression of zwf,
tktA, and tktB of PPP and ribF of riboflavin metabolism was
higher than in control cells (Fig. 5, H and I). These data suggest
that cAMP/CRP down-regulates glucose transport, glycolysis, and
PPP and up-regulates the P cycle. Thus, cAMP/CRP leads to the ac-
quisition of resistance.

Therefore, up-regulation of cAMP/CRP may reduce the abun-
dance of ROS, decreasing the risk of oxidative stress—induced mu-
tations. To test this possibility, ROS abundance was measured in
Acrp cells after exposure to ampicillin for 14 days/cycles. Lower
ROS abundance was detected in Acrp cells (18.48 + 0.18 for
H2DCFA and 9.59 + 0.56 for HPF) than in E. coli K12
(21.89 + 0.24 for H2DCFA and 13.21 + 0.26 for HPF) without ex-
posure to ampicillin, and ROS abundance increased in E. coli K12
and AaceE exposed to ampicillin. In E. coli K12 exposed to ampicil-
lin, ROS level was approximately 2.03-fold (H2DCFA) and 1.35-
fold (HPF) higher than in control cells (no ampicillin) in 7 days/
cycles, respectively (Fig. 4N). In contrast, in Acrp cells exposed to
ampicillin for 14 days/cycles, ROS abundance was approximately
1.96-fold (H2DCFA) and 1.58-fold (HPF) higher than in control
cells in 11 and 12 days/cycles, respectively (Fig. 5J). When crp was
complemented, the period for the increased ROS was in advance
(fig. S13). cAMP/CRP also negatively regulated the expression of
ribF (Fig. 5I) and positively regulated the expression of trxA,
sodB, and sodC but not oxyR, bcp, gor, ahpC, yfcG, and katG
(Fig. 5K). Loss of crp decreased the activity of SOD (encoded by
sodB and sodC) (Fig. 5L). We interpret these data to indicate that
cAMP/CRP is activated to reduce ROS and oxidative stress generat-
ed by ampicillin.

ROS abundance contributes to the occurrence of tolerance
and switch to resistance

Mn?" and thiourea are potent antioxidants capable of scavenging
ROS. Exogenous Mn** and thiourea reduced ROS by approximately
one-quarter and one-half at all times, respectively. The synergistic
use of Mn>" or thiourea and ampicillin postponed ROS elevation at
the top by 14 and 17 cycles (versus 7 cycles in K12 exposure to am-
picillin) (Fig. 6A and fig. S14A). Consistently, the synergy delayed
the switch and MIC change from antibiotic tolerance to antibiotic
resistance from 7 cycles/days to 14 to 17 cycles/days (Fig. 6, B and C,
and table S1). On the contrary, H,O, and Fe>* are potent oxidants
capable of producing ROS. H,0, and Fe’" complements caused
ROS elevation in advance and thereby promoted the switch from
antibiotic tolerance to antibiotic resistance from 7 to 5 cycles/days
(Fig. 6D and fig. S14B). A similar switch was detected in optical
density (OD) and MIC (Fig. 6, E and F, and table S1). These
results support the conclusion that ROS plays a crucial role in the
switch from antibiotic sensitive to antibiotic tolerant and then to
antibiotic resistant.

cAMP/CRP positively regulates DNA repair and promotes
acquisition of resistance to ampicillin

Inefficient or inadequate capacity for DNA MMR, homologous re-
combination, base excision repair, or nucleotide excision repair in-
creases the probability that DNA lesions will lead to mutations that
confer resistance to antibiotics (as well as other phenotypic
changes). Gene mutations in the occurrence of tolerance and
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Fig. 5. Expression of cAMP/CRP during cycles of intermittent daily exposure to AMP. In (A) to (D) and (J), E. coli K12 was cultured in LB medium with or without AMP
(100 ug/ml) for 4.5 hours at 37°C followed by 16 hours in LB medium with or without AMP (0.625 pg/ml) per day, respectively, for the indicated number of cycles/days. (A)
Expression of crp with increasing number of cycles exposed to AMP (n = 4). (B) Quantitation of cAMP with increasing number of cycles exposed to AMP (n = 4). (D) Growth/
viability and MIC of the indicated Acrp cells after the indicated number of cycles exposed to AMP (n = 4). (E) Expression of ptsL, ptsH, crr, and ptsG with and without 4 mM
glucose in wild type and Acrp (n = 3). (F to I) gRT-PCR for the expression of the indicated genes in wild type and Acrp E. coli K12 (n = 3). (J) ROS of Acrp in the presence or
absence of AMP (n = 4). (K) Expression of the indicated genes in wild type and Acrp (n = 3). (L) SOD activity in wild type and Acrp (n = 3). Results are displayed as
means + SEM, and statistically significant differences are identified by Kruskal-Wallis followed by Dunn’s multiple comparison post hoc test for all the tests unless oth-

erwise indicated. *P < 0.05 and **P < 0.01.

ampC resistance are mostly classified to MMR, and others belong to
base excision repair (one is nucleotide excision repair) (3, 11). With
respect to DNA MMR, cAMP/CRP positively regulates the expres-
sion of mutS, mutL, and mutH (Fig. 7A). Expression of these MMR
genes was lower or constant in antibiotic-tolerant cells but higher in
antibiotic-resistant cells during chronic intermittent exposure to
ampicillin (Fig. 7B). Similar results were detected in the expression
of mutY, mug, and rec], which work for base excision repair (Fig. 7,
C and D). Thus, cAMP/CRP plays a role in inactivation of
DNA repair.

We further investigate how antibiotic-tolerant cells acquire anti-
biotic resistance. Previous reports indicate that cAMP/CRP posi-
tively and negatively regulates ompR (32), while ompR negatively
regulates bolA (33), and bolA positively regulates ampC (34).

Jiang et al., Sci. Adv. 9, eade8582 (2023) 8 March 2023

Thus, ampC is indirectly regulated by cAMP/CRP. Our results
showed that defect/loss of crp decreases the expression of ompR
and ampC but increases the expression of bolA (Fig. 7E), and expo-
sure to ampicillin decreases and increases the expression of ompR
before and after the switch point, respectively, and decreases the ex-
pression of bolA after the switch point (Fig. 7, Fand G). Last, expres-
sion of ampC increases after the switch point during chronic
intermittent exposure to ampicillin (Fig. 7H). To confirm that the
increased ampC expression was associated with resistance, AmpC
activity was measured. Inhibition zone was decreased along with
the evolutionary cycle. A value close to and lower than the positive
threshold emerged at cycle 8 and the following cycles, respectively,
supporting the crucial role played by AmpC (Fig. 7I and fig. S15).
These results suggest that cAMP/CRP induces ompR expression,
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Fig. 6. ROS abundance, growth, and MIC in the synergistic use of AMP and MnCl,, thiourea, FeCls, and H,0; in E. coli K12 or AaceE with increasing number of
cycles of exposure to AMP. (A) ROS of E. coli K12 is quantified in the presence of MnCl; or thiourea (n = 4). (B) Growth of E. coli K12 in the presence of MnCl, or thiourea
(n=4).(C) MIC of E. coli K12 in the presence of MnCl; or thiourea (n = 4). (D) ROS of E. coli K12 is quantified in the presence of FeCl; or H,0, (n = 4). (E) Growth of E. coli K12
in the presence of FeCl; or H,0, (n = 4). (F) MIC of E. coli K12 in the presence of FeCl; or H,0, (n = 4). Results are displayed as means + SEM.

inhibits bolA expression, and induces ampC, promoting evolution
from antibiotic tolerance to antibiotic resistance. Since reports have
indicated that an RpoS-DinB mechanism contributes to MMR in
antibiotic-induced mutagenesis (25, 35), we further demonstrated
that elevated expression of rpoS and dinB was similar to that of
ROS in the evolutionary cycle (fig. S16), suggesting that RpoS-
DinB also contributes to the transition. Last, whole-genome se-
quencing of the first to ninth cycled bacteria identified 27 mutations
from 23 genes, where mutated genes associated with antibiotic re-
sistance included envZ (cycles 7 to 9), cyoE (cycle 9), frlA (cycle 9),
cpxA (cycle 8), and ompR and wecC (cycle 7) (fig. S17). These data
support the conclusion that the switch point at cycle 7 is crucial for
the development of mutations for antibiotic resistance and rational-
ize the higher level of ROS in this cycle than in other cycles.

Glucose metabolism regulates the evolution from tolerance
to resistance in E. tarda

To investigate whether the regulation of glucose metabolism is a
general pathway that facilitates the transition from tolerance to re-
sistance, we test this model in an intracellular organism, E. tarda,
whose multidrug-resistant isolates were frequently found in the en-
vironment (36). The abundance of glucose was decreased in a cycle-
dependent manner, similar to that in E. coli (Fig. 8A). The switch
point occurred, and resistance emerged since cycle 9 (Fig. 8B). Re-
sistance was confirmed by the Oxford cup showing that the bacteria
of cycle 9 were more resistant to ampicillin than the bacteria of
cycles 1 to 8 (Fig. 8C and table S1). Expression of ptsI, ptsH, and
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crr was elevated in an ampicillin dose-dependent manner, and
that of the three genes and ptsG was promoted by glucose (Fig. 8,
D and E). The expression of ptsl, ptsH, and crr was markedly in-
creased by the synergistic use of ampicillin and glucose (Fig. 8F).
Consistently, intracellular glucose was elevated by the synergy
(Fig. 8G). The binding of CRP with the promoter was inhibited
by ampicillin (Fig. 8H). The resistance was delayed and advanced
in the presence of 4 mM glucose and the absence of either crr or
ptsH, respectively (Fig. 8, I and J), when glucose was elevated and
decreased (Fig. 8K). Consistently, MIC was increased later if glucose
was supplemented, but earlier if crr or ptsH was absent, when com-
pared to wildtype cells(Fig. 8L and table S1). The abundance of ROS
was substantially boosted in cycle 9, supporting our hypothesis that
ROS plays critical roles in mutation generation during the switch
point (Fig. 8M and fig. S18). Resistance and ROS elevation did
not occur until cycle 12 in crp deletion mutant, which was con-
firmed by the Oxford cup experiment and ROS abundance
(Fig. 8, N to P, and table S1). Expression of ptsI, ptsH, and crr was
positively regulated by crp (ptsG was negatively regulated), which
was promoted by exogenous glucose (Fig. 8Q). Similarly, the aceE
deletion mutant has a more profound effect in delaying the occur-
rence of resistance and ROS increase (Fig. 8, R to T, and table S1).
However, one aspect should be noticed that unlike the sudden shift
from tolerance to resistance, the two deletion mutants undergo an
extended time of the transition. These data together suggest that
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Fig. 7. Expression of DNA repair genes and ampC in wild type and Acrp E. coli K12 and during cyclic intermittent exposure to AMP. (A, C, and E) gRT-PCR for the
expression of the indicated genes in wild type and Acrp. (A) MMR, (C) base excision repair system, and (E) ampC and its related genes (n = 3). (B, D, and F to H) E. coli K12
cells were cultured as described in the legend of Fig. 1 (n = 4). qRT-PCR was used to quantify the expression of the indicated genes during cyclic exposure to AMP, as
indicated. (B) MMR, (D) base excision repair system, and (F to H) ompR, bola, and ampC, respectively. (I) Activity of AmpC in the evolutionary cycle was measured using
susceptibility test disks. Threshold value = 18 (n = 4). Results are displayed as means + SEM, and statistically significant differences are identified by Kruskal-Wallis followed
by Dunn'’s multiple comparison post hoc test for all the tests unless otherwise indicated. *P < 0.05 and **P < 0.01.

glucose metabolism plays a key role in mediating tolerance-to-resis-
tance transition in E. tarda.

DISCUSSION

Acquired antibiotic resistance is a rapidly growing problem world-
wide. Several lines of evidence suggest that bacteria acquire toler-
ance before acquiring resistance to antibiotics (37, 38).
Furthermore, unlike the phenotype of antibiotic resistance, the phe-
notype of antibiotic tolerance is not linked to specific genetic mu-
tations (3, 11). Unfortunately, the mechanisms underlying tolerance
and the transition from tolerance to resistance are largely unex-
plored and poorly understood.

Cellular metabolic state influences bacterial susceptibility to an-
tibiotics, and antibiotic resistance is associated with a metabolic
shift (13-15, 18, 21, 39). However, how metabolic state determines
bacterial tolerance and the acquisition of resistance is largely unex-
plored. Here, we provide evidence that intracellular glucose concen-
tration is reduced with increasing cycles of daily intermittent
exposure to ampicillin. Specifically, high, unchanged, and low
levels of glucose are detected in tolerance, switch point, and resis-
tance, respectively. Ampicillin and cAMP/CRP consecutively ma-
nipulate tolerance and resistance. In tolerance, ampicillin binds
with pts promoter P1b to promote PTS and with E1 (encoded by
aceE) to inhibit PDH activity, driving glucose to PPP. However,
the accumulated pyruvate resulting from the inhibition of PDH
competes with ampicillin to activate PDH, promoting glucose con-
sumption. Meanwhile, the phosphoenolpyruvate/pyruvate ratio is
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critical for glucose phosphorylation. Higher pyruvate reduces the
ratio, making the utilization of glucose less effective (40). These
cause a progressive decrease in glucose and elevation of ROS,
which reach the plateau at tolerance. When glucose is progressively
lower than normal, cAMP/CRP is activated to trigger the resistance.
The activated cAMP/CRP has a strong ability to down-regulate PTS,
which is consistent with reports on the repression of ptsG and ptsH
in ¢rp” mutant (41, 42), thereby countering the up-regulation
caused by ampicillin and leading to progressively reduced glucose.
Furthermore, cAMP/CRP promotes ROS reduction, DNA repair,
and ampC expression (Fig. 9). Therefore, the ampicillin-PTS/
PDH-glucose-cAMP/CRP-ROS/AmpC regulatory cascade manip-
ulates the evolution from tolerance to resistance via controlling
glucose metabolism in bacteria, where PTS/PDH and cAMP/CRP
play a crucial role in the manipulation of tolerance and resistance,
respectively. Specifically, a high glucose level supports the tolerance,
which is regulated by ampicillin through PTS and PDH, while a low
glucose level promotes the resistance, which is regulated by cAMP/
CRP. The conclusion is further supported by the data that the exter-
nal glucose, aceE, or crp absence and pts promoter, crr, or pstH loss
delay and promote the resistance, respectively. In addition, RpoS-
DinB also contributes to MMR for antibiotic-induced mutagenesis.

The present study has three core findings. First, it is ampicillin
that targets the promoter P1b of PTS and the E1 of PDH to trigger
the following events, which highlights the way in exploring antibi-
otic tolerance and resistance mechanisms based on the trigger anti-
biotic. Bacterial evolution to antibiotic is dependent on regulatory
mechanisms that alter cellular physiology or genetic changes that

11 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

A e EB22 B ~-EIB202 % - EIB202
g1x10M - EIB202 + AMP 12 < EIB202 + AMP
S8 x 108 4450t g 1.04. s S
§6x10 3 808
‘T4x10 g
£
52x10 / A
0 B P N
Cydle1 234567 819901112 Cycle! 2 3 4 5 6 7 8194041142 Cycl¥ 1 2
E F G
é 15 580 ptsl ptsH crr pisG n
& 2 60 28
510 s 8 0.
s S 40 SE
25 2.5 “go.
5 ki = -= Histag
) T g 0.0 - C%Pjggorﬂoter
Glucose -+ -+ -+ -+ Glucose —+———++ + = asp
A MP - - 38488 8 150" o CRP+Promoter+ AMP
1 15 = = K,=1112pM
: - EIB202 EIB202 + AMP
R 1L T R J M
8 051 v 157 = Acr 154 = AptsH
oA T ATy o= Actr+ AMP - ApisH+ AMP 40, ~+EIB202  -+-EIB202 + AMP
ot 23456 7 8I0H0TTIZIEIAT 107 conropimggpocerse 8 1.0700m0mmonrn gorie = A
157 -+-EIB202 + glucose -+ EIB202 + glucose + AP S o 4 835]_“ .« .
T Rt e SRR 0.51 S 05 # \%’30. S e £
805 0 L . 225-
P e T Y 2o 3 v I F I 1 I S R T S 1
CVoet 28 4 56 7 8 9101112981415 Cycle INEISEHSINEEEE Cyce 1F255HISIo N Cyle 1 23 4 5 6 7 8T0M0TIS
K -+ EIB202 +glucose o Adrr o ApisH _ 167 ~EB202 -+ EIB202+ AMP
15 %107 -~ EIB202 +glucose + AMP o 6x 1087 =~ Acrr + AMP &13-
s 5 T pop o o Blp § B
2 1 x10HF-f-dfds g 4x10 S 1ot bbb tedeeed
5 bgd - < 81
5 x 108 4-+-4 210 P P T I S
£ 5 £ Cyde i 23 4 5 6 7 8 on0ATI
S i i & 3 3 a s a4 &
Cygle1 3 5 7 8 9 11135455 Cy(c)le 13
L -+ EIB202 + glucose N
=204 * EIB202 +glucose + AMP £20 12
E [ U 515 10 <o Aclp - Acp + AMP
o 191 \ 25 5 508 _
Q5 101 . 310 z — ST G O ey e
£ 5 £6 £ A
o S S S S S S S SR S ol S ol B o e i o M R R
Cyclel 2 34567 8 9101112131415 Cyclel 2 3 4 5167 8 Cyclel 234567889 Cycle1 2345678 9101112131415
(o) E 207 o Acp - Acrp+AMP P 40 o ACID e Acrp + AMP 16 -~ Acrp -+ Acrp + AMP
£ y R 3 —
o =157 e 5 35 g
S 2 10- . & 30 &?{‘E 12
N 2 L == 20 e T Tk K N %, > 10 g A
;-‘535_ EZSQ—-‘%M?~Q--F§§§ (=] 1&.8!441,4?--?6%;41:«543
S Pl s (Z T R P P S S S S T ST S ST S N S
Cycld 12345678 9101112131418 Cyab1 2845678 0101712131418 Cyde1 2 3 4 5 6 7 8 9 101112981415
Q R 1(2) T E 401 o paceE - AaceE + AMP
‘o| o AaceE - AaceE + AMP S 35 £
08 Ao
52 pts/ pffi' crr ptsG D§ e 5D\‘v: 5 AN
g20 J EIB202 y 22 (P SO ST BRI S 2 SHRNE S
215 m Acrp G PR S S S S S S SIS S S S ST
e S
210 16
= o —14
%5 I [t s £
2, Al il § =5 A
Glucose - + - + - + - + T é::%::.{.:%,,ﬁ._;.z;-‘g;:/%::i&};&:n.xg.-f::#'-’{l»}..},}.\é;&., 4

Cycl((;e 12345678 910111213141516171819202122

Fig. 8. AMP-PTS/PDH-glucose-cAMP/CRP-ROS regulatory cascade in E. tarda. EIB202, EIB202 Acrp, or EIB202 AaceE cells were treated as in Fig. 1. (A to C) Glucose (A),
cell density/survival (B), and MIC (C) of EIB202 (n = 4) were measured after each cycle. (D to F) Gene expression of ptsl, ptsH, crr, and ptsG at the indicated AMP concen-
tration (D), 4 mM glucose (E), or 4 mM glucose plus AMP (F) (n = 3). (G) Intracellular glucose level in the presence of 4 mM glucose or/and indicated AMP concentrations
(n = 3). (H) MST for the binding of CRP with promoter in the presence of AMP (n = 3). (I and J) Growth/viability of EIB202 (I) and Acrr and AptsH (J) was measured after the
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statistically significant differences are identified by Kruskal-Wallis followed by Dunn’s multiple comparison post hoc test for all the tests unless otherwise indicat-

ed. **P < 0.01.
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Fig. 9. Proposed model. In tolerance, AMP enters bacterial cells, promotes pts,
and inhibits PDH, which drive glucose fluxes into PPP and promote ROS produc-
tion. In resistance, the reduced glucose gradually activates cAMP/CRP to promote
DNA MMR and up-regulate the expression of ampC. The elevated AmpC confers
AMP resistance. Reagents that scavenge ROS delay the occurrence of resistance,
while those that promote ROS prime antibiotic resistance.

lead to the degradation or sequestration of the antibiotic, prevent its
uptake, pump it out of the cell, or prevent it from binding to the
target molecule (43). However, which steps are triggered by antibi-
otics is not defined. The present study reveals that ampicillin binds
with the pts promoter P1b and enzyme El to activate PTS and
inhibit PDH, respectively, for regulating glucose abundance and
flux and triggering the tolerance and following the evolution from
tolerance to resistance. Information regarding antibiotics binding to
DNA is not available. Here, one unexpected finding is that ampicil-
lin directly targets DNA and modulates the gene expression to ma-
nipulate tolerance maintenance and the evolution from tolerance to
resistance. We speculate that the interaction of antibiotic with DNA
will emerge as an unrecognized mechanism for the development of
antibiotic resistance.

Then, it is ampicillin-controlled pts and E1 that regulate glucose
metabolism to support tolerance. The ampicillin-activated PTS pro-
motes glucose content in the form of G6P, which is not out of the
cell. However, glucose does not flux to glycolysis in the first three
cycles. This is because ampicillin binds to and inhibits PDH, a core
enzyme that links glycolysis to the P cycle (21); instead, it fluxes to
PPP. The inhibition of PDH increases intracellular pyruvate to
compete with ampicillin to E1, and thereby, PDH activity is recov-
ered and even higher than in control in the fifth to sixth cycles of
tolerance. The elevated PDH activity consumes glucose and is re-
sponsible for the progressively reduced glucose in these cycles of
tolerance. All genes (glk, pfkA, and pykF) and enzymes (HK, PFK,
PK, and PDH) in the glycolysis and P cycle display a progressive
elevation in contrast to all genes (ptsI, ptsH, crr, ptsG, zwf, gnd,
tktA, and tktB) and enzymes (G6PDH and 6-GPDH) in PTS and
PPP that exhibit a progressive reduction in tolerance. Repression
of glucose is reported in antibiotic-resistant bacterial cells and per-
sisters (14, 15, 39, 44), but underlying mechanisms are not known.
The findings not only reveal that the reduced glucose is responsible
for the transition to resistance but also explain why ampicillin stress
causes the progressive reduction of intracellular glucose, which is
attributed to the balance between pts and E1 regulation.
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Third, the present study establishes a prominent role of cAMP/
CRP system in the occurrence of antibiotic resistance. cAMP and
CRP act as a nutrient availability and energy sufficiency sensor
and a transcription activator, respectively. Expression and activity
of cAMP/CRP complex are negatively regulated by glucose avail-
ability (31). The system plays a key role in regulating the expression
of many regulons and operons that encode enzymes and transport-
ers involved in the catabolism of different nutrient sources (45).
Reports have indicated that the role of cAAMP/CRP system in amino-
glycoside and mecillinam resistance is related to the regulation of 1-
alanine metabolism and the natural lipopolysaccharide defective-
ness, respectively (46, 47). However, information regarding the de-
cisive role of cAMP/CRP system in the occurrence of antibiotic
resistance is unknown. The present study shows that intracellular
glucose concentration correlates with the induction of cAMP/
CRP system, which is consistent with the report (31). cAMP/CRP
system is activated and plays a role in resistance when glucose is
lower than in untreated control. The activated cAMP/CRP system
inhibits glucose transport, reduces ROS and oxidative stress, and
promotes DNA repair, especially DNA MMR. These cause de-
creased glucose, oxidative stress, and gene mutation rate, which
promote the transition to an antibiotic-resistant state. These find-
ings are consistent with the reports on lower total ROS and OH™
levels in ampicillin-treated E. coli persisters and antibiotic-resistant
bacteria than in control (14, 15, 48). However, the underlying mech-
anism is not known. The present study reveals that cAMP/CRP reg-
ulation of glucose transport and glucose catabolism, together with
ampC overexpression and mutations on EnvZ and CpxA that
control antibiotic uptake (13), plays crucial roles in developing an-
tibiotic resistance.

Moreover, control measures are established to delay the transi-
tion since the development of strategies able to eliminate tolerant
cells is a potential approach to preclude the evolution of resistance
(11, 49). Increased survival and mutation rates in persisters jointly
affect the likelihood of evolving clinical resistance, and anti-persist-
er strategies may slow down resistance development (38). Inhibition
of the AcrAB-TolC efflux pump improved treatment outcome by
decreasing mutation rates (50). The present study shows that loss
of crp or aceE and complement of glucose, Mn>", and thiourea
delay the transition to an antibiotic-resistant state and extend the
period of the transition by approximately twofold. Thus, the CRP
of cAMP/CRP system and AceE of the P cycle can be used as two
targets and glucose and Mn®" can be used as drugs to delay the tran-
sition. The two proteins and glucose, Mn**, and thiourea work for
cellular metabolism. These findings highlight the way to battle
against antibiotic resistance via metabolic modulation to incorpo-
rate anti-tolerance therapies. Comparatively, the delays rank as thio-
urea > aceE loss > glucose > Mn>" > crp loss. This is because
thiourea has a stronger ability to quench ROS than Mn®*, and
PDH/aceE is regulated by both cAMP/CRP and ampicillin, but
CRP is regulated only by glucose.

An important result of the present study is that specific metabol-
ic signatures are associated with bacterial states of tolerance and re-
sistance to ampicillin, a likely strategy by which bacteria cope with
antibiotic-induced cellular stress (18, 21, 39, 51). Although genetic
factors such as isocitrate lyase that mediate broad antibiotic toler-
ance in Mycobacterium tuberculosis are described (52), metabolic
factors are still less explored. The tolerance metabolome observed
in the present study is characterized by seven putative biomarkers:
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glucose, maltose, leucine, aspartic acid, proline, valine, and tyrosine,
where the abundance of glucose, maltose, and leucine is differen-
tially lower, and that of aspartic acid, proline, and valine is differ-
entially higher. This study looks in detail only at glucose
metabolism, and the roles of other metabolites in the acquisition
of antibiotic tolerance and/or resistance has and/or will be ad-
dressed separately.

E. coli is an extracellular bacterium, while E. tarda is an intracel-
lular bacterium. To demonstrate that the ampicillin-PTS/PDH-
glucose-cAMP/CRP-ROS regulatory cascade is general in mediat-
ing the transition from tolerance to resistance in bacteria, the
present study continues to use E. tarda as a model to investigate
the transition. Similar results are obtained in E. tarda, including
the following: Ampicillin positively regulates PTS, glucose abun-
dance decreases progressively as ampicillin-sensitive strains
acquire increasing resistance to ampicillin, ROS elevation around
the switch point, the MIC gradually increased and resistance grad-
ually increased over time, and the absence of crr or pstH promotes
and the loss of crp or aceE and exogenous glucose delays the tran-
sition. These results indicate that extracellular and intracellular bac-
teria contain the same ampicillin-PTS/PDH-glucose-cAMP/CRP-
ROS regulatory cascade in mediating the transition from tolerance
to resistance. Recently, Zeng et al. (53) used phenol to enrich toler-
ant mutants of E. coli and identified ptsI with a point mutation as a
consequence of phenol tolerance. AptsI conferred a pan-tolerance
phenotype to both disinfectants and antimicrobials, including (-
lactams, quinolones, and aminoglycosides. They thus reveal a
PtsI-CyaA-Crp—mediated death process that is dependent on ROS
(53). Therefore, PTS/PDH-glucose-cAMP/CRP-ROS regulatory
cascade can be activated by diverse stresses.

In summary, here we describe metabolic profiles specifically as-
sociated with ampicillin-tolerant and ampicillin-resistant E. coli and
E. tarda. These findings provide insight into the mechanism(s) un-
derlying antibiotic tolerance and resistance in E. coli and E. tarda
and could facilitate the development of effective tools for combating
antimicrobial tolerance and resistance.

MATERIALS AND METHODS

Bacterial strains

E. coli K12 and its knockout strains were obtained from the Keio
collection. Each mutant strain was validated using polymerase
chain reaction (PCR). E. tarda EIB202 (a gift from Y. Zhang, East
China University of Science and Technology, China) and its knock-
out strains, clinically isolated E. coli S2 and S13, and aceE-, crp-, and
zwf-complemented strains were from the collection of our
laboratory.

The cyclic evolution of E. coli

The cyclic evolution was carried out as previously described (11). In
detail, a single colony of E. coli K12, Acrr E. coli K12, AptsH E. coli
K12, Acrp E. coli K12, Acrp-pACYC184, Acrp-pACYC184-crp,
AaceE E. coli K12, AaceE-pACYC184, AaceE-pACYC184-aceE,
Azwf E. coli K12, Azwf-pACYC184, Azwf-pACYC184-zwf, E. coli
S2, Apst promoter E. coli S2 and E. tarda, Acrr E. tarda, AptsH
E. tarda, Acrp E. tarda, and AaceE E. tarda was inoculated in LB
medium (10 g of bacteriological peptones, 5 g of yeast powder,
and 10 g of NaCl/L; from Guangdong Huankai Microbial Science
and Technology Co. Ltd., China) and grown at 37°C for 16 hours.
Aliquots of 4 mM glucose, 2.5 mM MnCl,, 40 mM thiourea, 320 uM
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CgH oFeNQOg, and 1 mM H,O, were added if desired. The cultures
were collected by centrifugation, washed three times, and diluted
with LB medium to 2 x 10° colony-forming units (CFU)/ml.
Then, 500 pl of diluted cultures was resuspended in 50 ml of LB
medium with ampicillin (100 pg/ml) and incubated at 37°C and
200 rpm for 4.5 hours. After incubation, antibiotic was washed
out. The cultures were resuspended in fresh LB medium with am-
picillin (0.625 ug/ml) and grown at 37°C for 16 hours, where nearly
all of the surviving cells were kept from cycle to cycle. At the end of
every cycle, some regrown cultures were diluted with LB medium
for the next cycle, and the remainder was frozen in —80°C for
further analysis. No ampicillin was used as a control. Instead,
28°C was used for E. tarda.

Determination of glucose in LB medium

Overnight cultures were subcultured at a 1:100 dilution in 50 ml of
LB medium for 0 (without bacteria), 2, 4, and 6 hours. Supernatant
was collected by centrifugation for glucose content using the
CheKine Micro Glucose Assay Kit (KTB1300, Abbkine Scientific
Co. Ltd., China). Briefly, 50 pl of supernatant was added to
1000 ul of o-toluidine reagent and vortexed. The mixture was
heated in a boiling water bath for 8 min and cooled to room tem-
perature in a cool water bath for 4 min. Then, 200 pl of each mixture
was added to a 96-well plate, and absorbance at 630 nm was
measured.

GC-MS analysis of cyclic evolution of bacteria

GC-MS analysis was carried out as described previously (13, 15).
Briefly, 10 ml of ODgq = 1.0 cells [survived in medium with ampi-
cillin (0.625 pg/ml) at the end of every cycle] was quenched with
1 ml of precooled methanol (Sigma-Aldrich) and then by ultrasoni-
cation. Metabolites were prepared by centrifugation at 12,000 rpm
for 10 min, and ribitol (0.1 mg/ml; Sigma-Aldrich) was used as an
internal standard. Supernatant (500 pl) was transferred into a 1.5-ml
microtube and dried by a vacuum centrifugation device (LABCON-
CO). GC-MS analysis was carried out on the two-stage technique.
The mass fragmentation spectrum was analyzed using XCalibur
software (Thermo Fisher Scientific, version 2.1) to identify com-
pounds by matching the data with the National Institute of Stan-
dards and Technology (NIST) library and NIST MS search 2.0
program. Peak areas of all identified metabolites were normalized
by ribitol. Each sample had four biological repeats with two techni-
cal replicas.

Point mutation of pts promoter

Point mutation of pts promoter for POa, P1a, and P1b positions was
performed by two-step PCR method using Q5 DNA polymerase
(New England Biolabs). Briefly, primers FIR1 and F2R2 were
used for the first round of PCR. After the first step of PCR, quantity
and quality of PCR products were checked in 2% agarose gel. The
PCR products were digested with Dpn I (to remove methylated
DNA to prevent its interference in the second PCR step). Fragments
were purified by QTAGEN MinElute spin column. Equal concentra-
tion of each purified fragment from the first PCR amplification was
taken as templates for the next round of reaction with primer F1R2.
The purified gene product was cloned into the T vector. Mutation
was confirmed from the selected colonies by Sanger sequencing. For
the point mutation of fragment, the mutated single chains were syn-
thesized by Guangzhou IGE Biotechnology Company and were
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annealed to form a double chain. All primers are listed in tables S2
and S3.

Measurement of ampicillin and tetracycline binding

with DNA

PCR products of pts promoter fragments were purified by a PCR
purification kit (Sangon Biotech, Shanghai, China), and their con-
centration was quantified. Various concentrations of DNA, ranging
from 12.5 to 400 ng, were mixed with tris-HCI buffer (100 pg/ml,
pH 8.0) at 37°C for 3 hours. Twenty tubes were pooled and precip-
itated by 1:1 isopropanol for 10 min and centrifuged at 14,000¢ for
10 min. The precipitation was washed three times with 75% ethanol
and dissolved with 10 ul of tris-HCI buffer (pH 8.0) for measure-
ment of ampicillin (Shenzhen Technology, China) or tetracycline
(Shanghai Enzyme-linked Biotechnology Co. Ltd., China) with
enzyme-linked immunosorbent assay (ELISA) kits and bactericidal
assay.

Antibiotic bactericidal assay by plate counting

Antibiotic bactericidal assay was performed as described previously
(13). A single colony was propagated in 50 ml of LB medium in a
250-ml flask for 14 hours at 37°C in a shaker. The cultures were col-
lected by centrifugation at 8000 rpm for 5 min. The samples were
washed three times with saline solution; resuspended in M9
minimal medium (M9) supplemented with 10 mM acetate, 2 mM
MgSO,, and 100 mM CaCl,; and then diluted to an ODg of 0.6.
Glucose or ampicillin (2 pg/ml) was added and incubated at 37°C
and 200 rpm for 6 hours. To determine bacterial counts at specified
time points, 100-ul portions of samples were removed and serially
diluted. An aliquot of 10 pl of each dilution was plated onto LB agar
plates and cultured at 37°C for 12 hours to determine CFU. Only
dilutions that yielded 20 to 200 colonies were available. Percent sur-
vival was determined by dividing the CFU obtained from a treated
sample by the CFU obtained from a control sample.

Bactericidal assay using ampicillin binding with pts
promoter

Overnight E. coli K12 cultures were collected and washed with
saline solution. The cultures were adjusted to ODggo of 0.6 with
M9 medium and diluted into 1:100,000. Then, 50 pl of bacteria
was incubated with or without pst promoter precipitated by isopro-
panol as described above at 37°C with shaking at 200 rpm for
6 hours. CFU per milliliter was determined as described above.

Survival capability

Survival capability test was performed as previously described (54).
Frozen stocks were grown overnight on fresh LB at 37°C. The satu-
rated bacteria were diluted (1:1000) into fresh LB medium, and am-
picillin (2 pg/ml) or an indicated concentration of glucose was
added. After shaking at 37°C for 6 hours, the ODgy was measured,
survival rate was calculated in each group, and without antibiotics
was used as a control.

Construction for pts promoter—deleted mutants

Gene pts promoter—deleted mutants were constructed to resemble
those in Keio knockout collection. KanR cassette was amplified by
using pKD13 as a template with sequences homologous to the 5" and
3’ ends of the target genes in the chromosome. Primer pairs used for
gene deletion are listed in table S2. Amplified DNA was electropo-
rated into clinically isolated antibiotic-sensitive E. coli S2 and S13
harboring pSIM5 that expresses the lambda red genes from a
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high-temperature—inducible promoter (pSIMS5). Recombinants
were selected on LB agar plate supplemented with kanamycin (50
pg/ml). The KanR mutants were transformed with pCP20, and
chloramphenicol-resistant transformants were selected at 30°C,
after which a few were colony-purified once nonselective at 43°C
and then tested for loss of kanamycin and chloramphenicol resis-
tances. The majority lost the FRT (FLP recognition target)
flanked resistance gene and the FLP helper plasmid simultaneously.

Bacterial infection by pts promoter—deleted mutants and
treated with ampicillin in a mouse model

The experiment was carried out as described previously (13). Male
mice (BALB/c, pathogen-free), weighing 20 + 2 g from the same
litter, were obtained from the Animal Center of Sun Yat-sen Uni-
versity. Mice were reared in cages and fed with sterile water and dry
pellet diets. Mice were intraperitoneally challenged with E. coli S2,
S13, or their corresponding pst promoter mutants (4 x 10° CFU per
mouse; 1 = 20). One hour later, they were treated with ampicillin (20
mg/kg) or the same volume of sterile saline (n = 10). Survivals were
monitored for 7 days.

Construction of point mutations in aceE gene

Point mutations in aceE gene were constructed using double-
enzyme digestion and enzyme ligation. Briefly, PCR amplification
was performed according to aceE-F and aceE-R primers in (table S4)
to obtain the full-length sequence of aceE gene and ligated between
Sac I and Xho I sites in pET-28a vector. Nine pairs of primers were
designed and amplified by PCR to separately introduce nine muta-
tion sites. The fragments containing the mutation sites and the un-
mutated pET-28a-aceE plasmid were digested by Eco RI and Hind
IIT and then ligated by T4 ligase to obtain an expression vector con-
taining the mutation site. Last, the unmutated or mutated vector
was transferred to BL21(DE3) competent cells for protein
expression.

Expression and purification of AceE and its mutants

For AceE and eight mutants’ protein expression and purification, a
colony of DE3 containing recombinant plasmids pET-28a-aceE or
each of the eight pET-28a-mutant genes was cultured in 5 ml of LB
medium with ampicillin (100 pg/ml) at 37°C with shaking for
16 hours. The cultures were diluted in 1:100 to 500 ml of LB
medium supplemented with ampicillin and incubated at 37°C
until the ODgg reached 0.5. Then, 0.1 mM isopropyl-p-p-thiogalac-
toside (IPTG) was added to induce the recombinant protein at 16°C
for 12 hours. Bacteria were harvested by centrifugation at 8000g and
resuspended in 0.01 mM (pH 7.4) phosphate-buffered saline
(1 x PBS). The resulting cells were disrupted by high pressure
(1.586 x 10™® Pa) using a cell disruptor (Constant Systems Ltd., Da-
ventry, UK), and supernatant was obtained by centrifugation at
8000g for 30 min at 4°C. The supernatant was applied onto a
nickel-affinity column and incubated at 4°C for 2 hours. After
protein binding, the column was washed with 10 volumes of
washing buffer (1x PBS buffer with 5 mM imidazole) to remove
unbound protein. Recombinant proteins were eluted with elution
buffer (1x PBS buffer with 100 mM imidazole), respectively.
Purity and concentration of recombinant proteins were analyzed
and quantified by SDS—polyacrylamide gel electrophoresis and a bi-
cinchoninic acid protein concentration determination kit (Beyo-
time, P0009).

15 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

Measurement for ampicillin binding with PDH in vivo

E. coli BL21-pET-28a-AceE, BL21-pET-28a-m7, and BL21-pET-
28a-m8 were cultured in LB medium overnight at 37°C, with
shaking at 200 rpm, and then diluted into 1:100 using fresh LB
medium growing to an ODgy, of 0.5. Protein expressions were
induced with 0.01 mM IPTG after optimization of the expression
conditions. Ampicillin (100 pg/ml) or tetracycline (100 pg/ml)
was added and cultured for 4.5 hours. Bacteria were collected by
centrifugation, washed, resuspended with 1 x PBS, and disrupted
by intermittent sonic oscillation in an ice bath, followed by centri-
fugation. Cell debris was removed, and clarified supernatant was
loaded onto a column packed with Ni*-NTA super flow resin for
purification of recombinant proteins. Concentrations of the recom-
binant proteins were determined using the Bradford method.
Aliquot of a 200-pg purified protein was taken for antibiotic detec-
tion by using commercially available ELISA kits (Lusiyuan Biotech.
Corp., China, for ampicillin detection; Fantai Biotech. Corp., China,
for tetracycline detection).

Quantitative reverse transcription PCR

Quantitative reverse transcription (QRT)-PCR was carried out as
described previously (55). Briefly, total RNA was isolated with
TRIzol (Invitrogen, USA) as templates. QqRT-PCR was performed
by a PrimeScript RT reagent kit with genomic DNA eraser
(Takara, Japan) in 384-well plates. Each well contained a total
volume of 10 pl of liquid, including 5 ul of 2x SYBR Premix Ex
Tagq, 2.6 pl of PCR-grade water, 2 pl of complementary DNA tem-
plate, and 0.2 pl of each pair of primers (10 mM) (table S3). All
samples were performed on a LightCycle 480 system (Roche,
Germany), and four independent samples were assayed for both
control and test groups. The cycling parameters are listed as
follows: 95°C for 30 s to activate the polymerase; 45 cycles of
95°C for 10 s; and 57°C for 30 s. Fluorescence measurements
were performed at 70°C for 1 s during each cycle. Cycling was ter-
minated at 95°C with a calefactive velocity of 5°C/s, and a melting
curve was obtained. 16S ribosomal RNA was used as an internal
control to normalize the relative expression level of the target
gene. We converted the data to percentages relative to the value of
the no-treatment group. At least triplicate repeats were carried out.

Antimicrobial susceptibility test to quantify ampicillin
bound with recombinant proteins

Antimicrobial susceptibility test was performed by the Oxford cup
method as described previously (11). Briefly, cells were resuspended
and diluted to 10" CFU/ml using LB medium. Aliquots of 100 pl of
cells were spread on LB agar plates, and 40 ul of ampicillin (0.125
mg/ml) was poured into Oxford cups on the LB plates. Inhibition
zone was measured overnight. For quantification of ampicillin
bound with recombinant AceE, GLK, PFK1, PFKII, and PK1,
these recombinant proteins were purified by a nickel-affinity
column. Aliquots of 800 ug of proteins were mixed with 2000 pg
of ampicillin at 37°C for 4 hours, and then we added 10 times the
volume of acetone precooled at —20°C. Following precipitation at
—20°C for 2 hours, proteins were harvested by centrifugation at
8000g at 4°C for 5 min. The acetone precipitation was repeated. Re-
sidual acetone was removed by spin drying. The resulting proteins
were suspended with 50 mM tris-HCI and quantified. Aliquots of
100 pg of proteins were added to the Oxford cup, and inhibition
zone was measured overnight. Ampicillin of 20, 40, 60, 80, and
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100 ng was used as a reference standard. All plates were incubated
at 37°C for 16 hours. The ampicillin bound with AceE was quanti-
fied using the reference standard curve.

Measurement of enzyme activity

Measurement of enzyme activity was performed as described previ-
ously (56). Cells (10 ml, ODgg = 1.0) were resuspended in 500 pl of
PBS and broken down by sonication for 2 min at a 200-W power
setting on ice and then centrifuged at 14,000¢ for 10 min to
remove insoluble material. Supernatants containing 400 pg of
total proteins were transferred to PDH reaction mix (0.5 mM
MTT, 1 mM MgCl,, 6.5 mM PMS, 0.2 mM TPP, 2 mM sodium py-
ruvate, and 50 mM PBS) to a final volume of 200 pl in a 96-well
plate. The plate was incubated at 37°C for 5 min and then measured
at 566 nm for colorimetric readings. The plate was protected from
light during the incubation. Activity of SOD, CAT, HK, PFK, PK,
and citrate synthase was measured using commercial Kits
(Nanjing Jiancheng, A007-1). The samples were incubated with re-
agents given in the kit and analyzed by a microplate reader (Vari-
oskan LUX, Thermo Fisher Scientific, USA) at 405 nm. Light was
avoided during the test.

Microscale thermophoresis

MST assay was carried out as previously described (57). Briefly, re-
combinant CRP and AceE were purified with amylose resin (New
England BioLabs). The purified CRP (10 uM) was incubated with 30
uM labeling dye for 30 min, followed by 16 serial twofold dilutions
into buffer containing DNA. After 5 min of incubation, 4 ul of each
reaction was enclosed in premium-coated glass capillaries and sub-
jected to MST on a Monolith NT.115 NanoTemper instrument, at
40% MST power and 40% light-emitting diode power. Data were
analyzed by MST software (MO.Affinity, Munich, Germany). The
purified AceE and N-hydroxysuccinimide (NHS) ester fluorescent
dye solutions were mixed at a ratio of 1:1 and incubated in the dark
at room temperature for 30 min. Serial dilutions of ampicillin or
pyruvate with PBS buffer were mixed with 20 puM NHS
fluorescent-labeled AceE and then incubated at room temperature
for 5 min. The sample was loaded into MST-glass capillaries,
and a NanoTemper Monolith NT.115T instrument was used for
MST analysis. By plotting the concentration of antibiotic or
metabolite as the per mil change of normalized fluorescence
[AF orm (%0) = (Antibiotic or metabolite fluorescence — Control
fluorescence) / Control fluorescence], curve fitting was performed
using GraphPad Prism software 8.0, and dissociation constant (Kg)
values were determined. Three independent samples were
carried out.

cAMP assay

Cells were resuspended in 0.1 N HCI, and total lysate was extracted.
The concentration of cAMP was measured with a cAMP ELISA kit
(Enzo Life Sciences, Farmingdale, NY, USA) according to the man-
ufacturer’s protocol.

Quantification of ROS production

ROS production was quantified by fluorescence as described previ-
ously (58). Cells were resuspended in PBS and incubated with 10
mM carboxy-H,DCFDA (Sigma-Aldrich) or 5 uM hydroxyphenyl
fluorescein solution (Sigma-Aldrich) at 37°C for 30 min in the dark.
The cells were washed twice with PBS and analyzed by a microplate
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reader (Varioskan LUX, Thermo Fisher Scientific, USA) at an exci-
tation and emission wavelength of 495 and 525 nm, respectively.

Determination of NADPH
Intracellular NADPH concentrations were measured using the En-
zychrom NADP/NADPH assay kit (BioAssay Systems) according to
the manufacturer’s protocol.

Measurement of intracellular ampicillin concentration
Measurement of intracellular ampicillin was carried out with an
ampicillin ELISA rapid diagnostic kit (ShangHai QiYi Biological
Technology Group, QY142). Briefly, E. coli K12 was incubated
with ampicillin (100 pg/ml) in LB medium at 37°C for 4.5 hours.
The cells were washed three times with sterile saline and centrifuged
at 14,000¢ for 10 min. Liquid was removed, and precipitation was
made as dry as possible for analysis. To measure intracellular ampi-
cillin concentration, we calculated the intracellular water volume.
To do this, dry weight and fresh weight of the incubated cells
were measured, and the ratio between the dry weight and fresh
weight was calculated. Volume of intracellular water is calculated
using the equation: fresh weight x (1 — 0.23 — dry weight/fresh
weight). Intracellular ampicillin was measured with an ampicillin
ELISA rapid diagnostic kit, and ampicillin concentration is deter-
mined by the mass of intracellular ampicillin/volume of intracellu-
lar water.

Measurement of AmpC activity

The assay was performed using susceptibility test disks (Oxoid), ac-
cording to 2010 CLSI guidelines. Bacteria cultured in ampicillin
(0.625 pg/ml) at 37°C for 16 hours were adjusted to a 0.5 McFarland
standard. These bacteria were uniformly inoculated with Mueller-
Hinton agar, and then, a 30-pg cefoxitin disk was placed at the
center of the disk. After overnight incubation at 37°C, zone of inhi-
bition was detected. Zone of inhibition 18 was defined as a positive
threshold. Klebsiella pneumoniae ATCC700603 and Enterobacter
cloacae ATCC13047 were used as negative and positive controls,
respectively.

Whole-genome sequencing and bioinformatic analysis

E. coli K12 cultured with and without ampicillin (0.625 pg/ml) at
37°C for 16 hours was collected, 20 clones with ampicillin and 3
clones without ampicillin for each cycle, yielding 206 datasets
(one absent in the third cycle with ampicillin). Fragmented DNA
was purified using sample purification beads (Illumina), and
whole-genome resequencing was performed by Biomarker Tech-
nologies (Beijing, China) with Illumina platforms. According to
standard Illumina protocol, each DNA library was sequenced
with the Illumina HiSeq X. The high-quality filtered data were com-
pared to the reference genome (E. coli BW25113) using the bwa-
0.7.15 program according to the default parameters. SAMtools (v.
0.1.19-44428cd) was used to convert the SAM format file from the
comparison to the bam file format. We adopted the GATK package
(v4.02) (https://broadinstitute.org/gatk/download/) to sort the
BAM file and remove duplicates. Subsequently, the Unified Geno-
type module of GATK software was used to detect single-nucleotide
polymorphism (SNP). To guarantee the reliability of SNP sites, the
obtained SNP sites were filtered according to the filter parameter
"QD<2.0 | | MQ<40.0 | | FS>60.0 | | SOR>3.0 | | QUAL<30 | |
DP<5". SnpEff software was used to obtain SNP sites (https://
pcingola.github.io/SnpEff/).
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