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ABSTRACT Resistance to third-generation cephalosporins among Gram-negative
bacteria is a rapidly growing public health threat. Among the most commonly used
third-generation cephalosporins is ceftriaxone. Bacterial exposure to sublethal or
sub-MIC antibiotic concentrations occurs widely, from environmental residues to
intermittently at the site of infection. Quality of ceftriaxone is also a concern, espe-
cially in low- and middle-income countries, with medicines having inappropriate
active pharmaceutical ingredient (API) content or concentration. While focus has
been largely on extended-spectrum b-lactamases and high-level resistance, there
are limited data on specific chromosomal mutations and other pathways that con-
tribute to ceftriaxone resistance under these conditions. In this work, Escherichia
coli cells were exposed to a broad range of sub-MICs of ceftriaxone and mutants
were analyzed using whole-genome sequencing. Low-level ceftriaxone resistance
emerged after as low as 10% MIC exposure, with the frequency of resistance devel-
opment increasing with concentration. Genomic analyses of mutants revealed mul-
tiple genetic bases. Mutations were enriched in genes associated with porins (envZ,
ompF, ompC, and ompR), efflux regulation (marR), and the outer membrane and
metabolism (galU and pgm), but none were associated with the ampC b-lactamase.
We also observed selection of mgrB mutations. Notably, pleiotropic effects on mo-
tility and cell surface were selected for in multiple independent genes, which may
have important consequences. Swift low-level resistance development after expo-
sure to low ceftriaxone concentrations may result in reservoirs of bacteria with rel-
evant mutations for survival and increased resistance. Thus, initiatives for broader
surveillance of low-level antibiotic resistance and genomic resistance determinants
should be pursued when resources are available.

IMPORTANCE Ceftriaxone is a widely consumed antibiotic used to treat bacterial infec-
tions. Bacteria, however, are increasingly becoming resistant to ceftriaxone. Most work
has focused on known mechanisms associated with high-level ceftriaxone resistance.
However, bacteria are extensively exposed to low antibiotic concentrations, and there
are limited data on the evolution of ceftriaxone resistance under these conditions. In
this work, we observed that bacteria quickly developed low-level resistance due to
both novel and previously described mutations in multiple different genes upon expo-
sure to low ceftriaxone concentrations. Additionally, exposure also led to changes in
motility and the cell surface, which can impact other processes associated with resist-
ance and infection. Notably, low-level-resistant bacteria would be missed in the clinic,
which uses set breakpoints. While they may require increased resources, this work sup-
ports continued initiatives for broader surveillance of low-level antibiotic resistance or
their resistance determinants, which can serve as predictors of higher risk for clinical
resistance.
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Antibiotic resistance to third-generation cephalosporins among Gram-negative bac-
teria is a growing public health challenge (1, 2). Ceftriaxone is one of the most

commonly dispensed antibiotics globally (3–5). Broadly, b-lactam antibiotics bind to
penicillin binding proteins (PBPs), which mediate cross-linking of peptidoglycan, a
major component of the cell wall (6). While focus has largely been on clinical resistance
and the role of plasmid-borne extended-spectrum b-lactamases (ESBLs), enzymes
which can hydrolyze third-generation cephalosporins (7), or hyperproduction of the
chromosomal AmpC b-lactamase (8, 9), there are limited data on nonenzymatic chro-
mosomal mutations associated with ceftriaxone resistance. However, one study found
that of clinical cephalosporin-resistant bacterial isolates from a nationwide clinical col-
lection in Norway, a high proportion (7/35 Escherichia coli isolates and 8/11 Klebsiella
pneumoniae isolates) had an indecisive mechanism of resistance (not related to b-lac-
tamases or porins) (10). Overall incidences of cephalosporin resistance with an indeci-
sive mechanism out of the total collection tested were 0.4% (n = 2213) and 3%
(n = 303) for E. coli and K. pneumoniae, respectively (10). Determining mutations that
help bacteria survive and contribute to ceftriaxone resistance is important to better
identify and understand resistance emergence.

Bacterial exposure to sublethal concentrations or sub-MICs of antibiotics occurs in
numerous situations, from residues in the environment and wastewater effluent to
intermittently at the site of infection in the body (11) and upon use of poor-quality
antibiotics (12). Ceftriaxone, which is typically taken intravenously as a solution, has
ongoing quality issues with low active pharmaceutical ingredient (API) content (12,
13). Values as low as 55% of the stated API content have been detected in injection cef-
triaxone sodium, with various percent concentrations in between 55% and 100%
reported (14, 15). Furthermore, ceftriaxone solutions are very unstable under improper
storage conditions (16). Importantly, since the body may reach various sub-MIC levels
across treatment, this will further decrease in tandem with poor-quality or degraded
drugs. We previously found that low-level multidrug resistance developed upon expo-
sure to a broad range of sub-MIC ciprofloxacin concentrations in E. coli, in a concentra-
tion-dependent manner. This broad resistance was afforded by single mutations in
efflux regulators (17). Notably, these low-level resistances are more difficult to detect
and would be missed with clinical breakpoints. This has important implications,
namely, the development of a reservoir of bacteria prone to survival and higher-level
resistances that is not reported during surveillance or in antibiograms. We hypothe-
sized that this may be a wider issue and that sub-MIC exposure to other antibiotic
classes, in this case the b-lactam ceftriaxone, may result in a similar magnitude change
in resistance through nontarget mutations.

In this study, we investigated the impact of exposure to a broad range of sub-MIC
ceftriaxone concentrations against E. coli, a common agent of ceftriaxone-resistant
infections, especially urinary tract infections (18). While some evidence suggests that
sublethal concentrations of b-lactam antibiotics have a role in resistance and muta-
genesis (19–23), there are limited data on the role of sublethal selective windows of
ceftriaxone on resistance and on which resistant determinants are most relevant under
these concentrations. It is important to fill this gap, in order to better identify resist-
ance emergence in the environment and clinic, where low levels of antibiotics are per-
vasive. This work can help identify resistance patterns, bacterial physiology and causa-
tive mechanisms, and novel resistant markers upon exposure to sublethal ceftriaxone
concentrations. This can inform holistic recommendations to monitor and prevent re-
sistance due to low levels of antibiotics in the environment and clinic.

RESULTS
Growth decreases with increasing sub-MIC and emergence of mucoid phenotype

at higher concentrations. To begin, E. coli MG1655 cells were exposed to concentra-
tions corresponding to 10 to 110% of the MIC (0.0625 mg/ml), in 20% intervals, along
with a drug-free control condition. This gradient of concentrations displayed consistent
decreases in survival (Fig. S1A). During this experiment, we observed the appearance
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of hypermucoid colonies after incubation at room temperature (RT). To determine the
frequency of this mucoid phenotype, we performed experiments using 24-well plates
to test 24 samples at each concentration per independent experiment. Bacteria were
passaged in fresh medium containing the corresponding ceftriaxone concentration af-
ter 24 h of exposure, for 3 consecutive days. The frequency of wells displaying viable
growth decreased with increasing exposure concentration, as expected (Fig. 1A). At
day 1 and day 3, samples were patched on drug-free media and incubated at RT. We
observed the appearance of mucoid colonies at 50% and 70% MIC exposure (Fig. 1B).

Low-level stable resistance (increase in MIC) emerges after 30% MIC exposure.
We next measured antibiotic susceptibility of 12 isolates per exposure concentration
from each independent experiment after 3-day exposure to ceftriaxone and growth in
drug-free media overnight. Change in ceftriaxone MIC emerged after 10% MIC expo-
sure, with the frequency of resistant isolates increasing with drug concentration, with a
significant difference in average fold increase in MIC (relative to that for untreated
wild-type [WT] cells) occurring between the no-drug and 10% MIC exposure groups
and between the 10% MIC and 30% MIC exposure groups (t test, P value , 0.05
[Fig. 2A and B]). Thus, even though they are low (;2- and 4-fold), we see reproducible
increases in MIC after ceftriaxone exposure that are not explained by the variance of
assay provided by the no-drug control (P value , 0.05 [Fig. 2A and C]). After 3 days,
cells exposed to 30% MIC and 50% MIC ceftriaxone were more likely to show $2-fold
and $4-fold increases in MIC, respectively, than those under the no-drug condition
(control) (Fisher’s exact text, P value , 0.05 [Fig. 2B]). To test whether the MIC changes
were stable, we passaged two or more of the most resistant isolates from each expo-
sure concentration, per experiment, on drug-free media for 5 days, in addition to all
mucoid isolates (Table S1; see MIC and mucoid status before passage). For conditions
where there were fewer than two isolates that had a change in MIC, isolates displaying
no change were passaged. In total, 39 isolates were passaged (Table S1). After passage,
cells originally exposed to 30% MIC and above had a significant increase (t test, P
value , 0.05) in MIC compared to the no-drug control, albeit low level (Fig. 2C), with
the frequency of isolates with a $2-fold increase in MIC increasing significantly after
30% MIC exposure compared to the no-drug control (Fig. 2D, panel i). The majority of
MIC increases were below 4-fold (Fig. 2D, panel i versus panel ii). The ceftriaxone MIC
for each individual passaged isolate is provided in Fig. S1B.

Changes in motility enriched with low-level resistance. Temperature-dependent
mucoid phenotypes are often associated with the RcsCDB phosphorelay system, which
also regulates motility (24). We thus tested swimming motility on soft agar of each pas-
saged isolate (Fig. S1C). Grouping motility of isolates against their change in MIC, we
observed a significant correlation in impaired motility and ceftriaxone resistance
(defined as fold increase in MIC of $2) (Fig. 3A). In general, at higher concentrations,
more decreases in motility were also observed (Fig. 3B). After passage of 10 mucoid

FIG 1 (A) Mean percentage of individual wells that displayed viable growth plotted against exposure
concentration of ceftriaxone (as percent MIC) after day 1 and day 3 of passaging. Error bars represent
the standard deviations from 2 independent experiments (n = 48 in total). (B) Mean percentage of
wells with viable growth that displayed a mucoid phenotype on LB agar incubated at room
temperature (RT) for 96 h after day 1 and day 3 of passaging. Error bars represent the standard
deviations from 2 independent experiments (n = 48 total for 50% MIC and n = 37 for 70% MIC on
day 1 and n = 34 for 70% MIC on day 3).
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isolates observed initially after antibiotic exposure, 3 maintained a mucoid phenotype
(Fig. 3C). Thus, changes in motility were more prevalent and not directly coupled with
a mucoid phenotype. However, all mucoid isolates also had impaired motility.

Multiple genetic changes identified. To identify the genetic mechanisms underly-
ing resistance and motility phenotypes of all passaged isolates described above (3-day
exposure to ceftriaxone, followed by 5-day passage on drug-free media), we performed
whole-genome sequencing (WGS). Within this set of 39 isolates, 5 from the control
condition (3 days with no drug) were sequenced. The results of enriched genes with
changes after selection are summarized in Table 1. We detected three nucleotide changes
in our WT parental strain compared to the reference genome, listed in Table S1, along
with full data. All isolates sequenced also had these same changes. The frequency of
mutations (single nucleotide variant [SNV], insertion, or deletion) increased with concen-
tration (Fig. 3D). Of the isolates from the no-drug condition, 1/5 had a single missense
SNV, not associated with genes enriched for mutations under ceftriaxone pressure.
Analysis of amino acid substitutions with PROVEAN predicted that all missense SNV muta-
tions that occurred in enriched genes were deleterious, whereas 50% of the missense
SNV mutations in nonenriched genes were neutral. No mutations occurred within or in
the promoter region of ampC (Table S1). The genes that had multiple independent muta-
tions can be grouped into the categories below.

Porin genes. Numerous mutations were observed in porins (ompC [2 mutations] and
ompF [4 mutations]) (25) and regulators of porins (envZ [2 mutations] and ompR [2 muta-
tions]) (26) (Table 1). In Gram-negative cells, most b-lactams cross the outer membrane

FIG 2 (A) Mean fold increase (relative to parental WT cells) in MIC of ceftriaxone plotted against ceftriaxone
concentration (as percent MIC) after 3-day exposure. (B) Percentage of isolates tested with $2-fold (i) or $4-fold (ii)
and over increase in MIC. (C) Mean fold increase (relative to WT cells) in MIC of ceftriaxone of passaged isolates
against ceftriaxone concentration. For panels A to C, error bars represent standard deviations from 2 independent
experiments. Each dot represents the mean of one replicate, measured in technical duplicate. A fold change of 1
indicates no change. (D) Percentage of passaged isolates with $2-fold (i) or $4-fold (ii) and over increase in MIC. For
panels A and B, n = 24 for no drug to 30% MIC conditions, n = 26 for 50% MIC, n = 23 for 70% MIC, n = 14 for 90%
MIC, and n = 6 for 110% MIC. For panels C and D, n = 5 for no drug, n = 4 for 10%, 30%, and 90% MIC, n = 10 for
50% and 70% MIC, and n = 2 for 110% MIC. For panels A and C, an unpaired two-tailed t test was used for statistical
analysis of mean fold change compared to the no-drug condition (*, P , 0.05). For panels B and D, statistical
differences between no-drug and exposure groups were determined by two-tailed Fisher’s exact text (*, P , 0.05).
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by diffusion through the porin proteins OmpC and OmpF. Single point mutations can
reduce the channel size or alter electrostatic interactions in the channel, decreasing per-
meability and reducing antibiotic susceptibility (27). The majority of mutations in OmpC
and OmpF were nonsense (Table S1 and Table 1). Notably, data suggest that loss of porin
activity is an important clinical mechanism of resistance (28). We observed that this mech-
anism is selected for at very low API concentrations.

EnvZ-OmpR is a two-component system that positively regulates OmpC and OmpF
in response to osmolarity changes. Phosphorylation of the activator OmpR by EnvZ
stimulates transcription of ompC and ompF (26). The selected mutations in envZ (E212V
and S242G) are just outside and within the catalytic domain (residues 223 to 289) (29)
(Table 1). The mutations in ompR (M197R and R150C) are in the C-terminal domain.
Specifically, M197 is within residues 190 to 200, which comprise the a loop in the he-
lix-turn-helix (HTH) DNA-binding motif (30). A mutation at R150 (R150S) has been
shown to disrupt DNA binding through a predicted structural perturbation (30).

Motility mutants with changes in outer membrane and metabolism. Mutants
with impaired motility were enriched with mutations in galU (4 mutations, all non-
sense) and pgm (2 mutations) (Fig. 3A and Table 1). galU (UTP–glucose-1-phosphate
uridylyltransferase) catalyzes the synthesis of UDP-glucose, which is a central precursor
for lipopolysaccharides (LPS) and osmoregulated periplasmic glucans (OPG) (31). E. coli
galU mutants have an outer membrane with an incomplete LPS layer and decreased
flagellin (32). pgm (phosphoglucomutase) is involved in sugar metabolism and the first
step of UDP-glucose biosynthesis (33). pgm mutants have demonstrated a defect in
swimming motility (34). Flagellum formation involves interaction with the outer mem-
brane; thus, mutations that alter the outer membrane and have a role in metabolism
and energy production serve to impair motility (35). In addition to the impact on motil-
ity, alterations in LPS composition are hypothesized to affect outer membrane barrier
properties and antibiotic permeation (36).

Additionally, six other isolates had decreased motility (Fig. 3A). One had missense

FIG 3 Diameter relative to that of the WT is plotted against change in resistance. Genetic changes of mutants with relative
diameter below 0.8 are highlighted. Resistance is defined as fold increase greater than or equal to 2. An unpaired two-tailed t
test was used for statistical analysis to compare mean motility ratio between resistant and susceptible isolates. *, P , 0.05. (B)
Percent with motility impairment (relative diameter below 0.8) plotted against ceftriaxone concentration. (C) Mucoid isolates
(with mutant number) on LB agar compared to the WT after incubation at RT for 96 h. (D) Frequency of number of
synonymous or nonsynonymous changes plotted against exposure concentration. For panels A, B, and D, n = 5 for no drug,
n = 4 for 10%, 30%, and 90% MIC, n = 10 for 50% and 70% MIC, and n = 2 for 110% MIC.
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mutations in aldB (aldehyde dehydrogenase B) and rhaA (L-rhamnose isomerase), both
involved in metabolism, although the aldB mutation is predicted to be neutral. This
strain was also mucoid (Fig. 3A and C, 50-3). Another motility mutant, which was also
mucoid (Fig. 3A and C, 70-6), had a frameshift mutation in waaG (lipopolysaccharide
glucosyltransferase I), again involved in LPS biosynthesis (37). E. coli waaG mutants
have been shown to have disabled flagellum biosynthesis (38), to produce colanic acid
(24), and to have truncated LPS and a destabilized outer membrane (39). Another mu-
tant with a mild motility impairment had a mutation in lptG, which encodes an inner
membrane component of the LPS transport system. Decreased LptG increases outer
membrane permeability (40). Another mutant had a mutation in envZ. Notably, two
mutants without any changes displayed impaired motility (and one was also mucoid).
These may be due to changes in the expression level.

Other genes withmultiple independent selection events. Four mutants had changes
in marR. MarR is a transcription repressor of the marA, which positively regulates the
AcrAB-TolC efflux pump (41, 42). Three mutations were frameshift mutations, and one was
at residue 66 (Table 1). Amino acids 61 to 121 inmarR are required for its DNA binding ac-
tivity (43).

BaeR belongs to the BaeSR two-component system, which is also in the OmpR fam-
ily. Phosphorylated BaeR activates transcription of the mdtABC and the acrD multidrug
efflux pump genes (44, 45). Recent work also found that BaeR overexpression can also
regulate expression of outer membrane proteins (46). The mutations in baeR (L25W
and G103A) (Table 1) are both in the N-terminal receiver domain (47). The mutation
L22Q in baeR has been previously shown to increase acrD and mdtA expression in E.
coli (48).

Two changes in mgrB were selected for independently, after exposure to 30% and
90% MIC ceftriaxone. MgrB is a membrane peptide that functions as a negative-feed-
back regulator of the PhoP/PhoQ system (49); however, the biological functions of
MgrB are largely unknown (50). New data suggest that MgrB affects acid resistance but
not completely through PhoP/PhoQ (50). Interestingly, PhoP/Q is regulated by the
small RNA MicA in addition to MgrB (51), and MicA also regulates OmpA protein
expression (52).

DISCUSSION

Here, we report multiple genetic changes that develop and are selected for under
sub-MIC ceftriaxone exposure in E. coli. There are currently limited full genomic analyses
of mutants obtained after ceftriaxone exposure; thus, unlike for other antibiotics, point
mutations are not well documented. No mutations for the ampC b-lactamase (gene or
promoter region) were selected for under sub-MIC conditions. Instead, porins served as a
major mechanism for low-level resistance at these concentrations. This finding matches
observations from the clinic where 44% of 45 b-lactam (including cefotaxime)-resistant
clinical Enterobacter aerogenes isolates had deficient porin activity, and not all had b-lac-
tamase activity (28). This work also highlights the role for nonenzymatic mechanisms
related to the outer membrane. While deletion of galU has been observed as an impor-
tant first event in evolution of resistance to ceftazidime or ceftazidime-avibactam in
Pseudomonas aeruginosa (53), mutations in other genes (pgm and waaG) have not been
described in the literature as cephalosporin resistance determinants, to our knowledge.
We also observed enriched selection of mutations in mgrB after subinhibitory ceftriaxone
exposure. Mutations inmgrB have not been implicated in b-lactam selection or resistance
development in E. coli, to our knowledge. Instead, mgrB has been identified as a determi-
nant of colistin resistance in other pathogens, but not in E. coli (54).

Many of the changes that were enriched for after selection with ceftriaxone can
contribute broadly to resistance. Porins also mediate transport of other antibiotics
across the outer membrane, increasing the risk of multidrug resistance (55). Indeed,
OmpF mutants are resistant to multiple antibiotics (56), and a galU deletion and point
mutant had a 2-fold increase in MIC to fosfomycin (57). One study found that 42.9% of
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clinically ceftriaxone-resistant uropathogenic E. coli (UPEC) isolates were multidrug re-
sistant. This study checked only for targeted resistance genes and did not include
those found in this study (58). With increased accessibility to genomic sequencing,
such that in certain countries WGS is less expensive than conventional microbiology
(59), expanded genomic surveillance to identify other resistance markers or accompa-
nying mutations could be important to identify resistance patterns or reservoirs.

Numerous isolates had multiple mutations, with gene combinations selected for in-
dependently. In the absence of b-lactamases, high-level carbapenem resistance has
been shown to occur from a combination of mutations in envZ, ftsI (PBP3), mrdA
(PBP2), acrB, and acrR after carbapenem exposure (60). Additionally, there may be cross
talk between two-component systems (46). The varied genetic changes support evi-
dence that antibiotic resistance evolution can occur via several parallel pathways (60).
Increasing antibiotic sub-MICs suggest increasing selective pressure, as resistance fre-
quency and other phenotypic changes are positively correlated (Fig. 2 and 3). At higher
concentrations, an increased number of mutations are selected for (Fig. 3D). Notably,
alterations in porins were selected for at 10% to 90% MIC, showing that this is a major
resistance mechanism, even under very low levels of the antibiotic.

We observed coselection of resistant mutants that had impaired motility (Fig. 3A).
This is generally explained by alterations in genes involved with the outer membrane,
which changes to can affect motility (35). However, a previous transposon mutagenesis
screen found that disruptions beneficial to growth in ampicillin and cefoxitin were in
genes specific to flagellum assembly (i.e., flagellar biosynthesis and motor switch pro-
teins), which supports a benefit specifically for motility itself (61). We also observed
transient and stable mucoid phenotypes in cells exposed to low levels of ceftriaxone
(Fig. 3C). The former may be due to induction of the rcs pathway, which is upregulated
after b-lactam exposure (62). These phenotypic changes may impact other processes
such as virulence or horizonal gene transfer. Mucoid cells are associated with virulence
(63), and OmpR regulates virulence in addition to outer membrane proteins (64); thus,
besides resistance, there may be selection for host interaction effects. The link between
motility and horizontal gene transfer, specifically plasmid conjugation, is less defined;
however, data suggest that motility is reduced when conjugation of certain plasmids is
prompted (65). Because plasmid ESBLs are a major concern, conferring a phenotype
that can impact conjugation will have serious consequences. In future work it will be
important to establish the possible clinical impact of these mutations by using animal
models of infection.

Low-level resistance (increases in MIC) emerged after just 3 days (Fig. 2), at as low
as 10% MIC, due to stable genetic changes. Most often, surveillance at both the global
and hospital levels is for clinical antibiotic resistance, which ignores levels of resistance
such as those observed in this study, which are below the clinical breakpoints based
on epidemiologic cutoff values. However, these bacteria may indeed have relevant
mutations which promote survival under antibiotic treatment and lead to reservoirs for
resistant bacterial outbreaks (66, 67). Our findings show that this broadly continues to
be an oversight in the effort to tackle the global challenge of antimicrobial resistance.
Notably, breakpoints are continuously being lowered (68), suggesting that monitoring
smaller changes is important.

To be proactive about antibiotic resistance development and outbreaks of resistant
infections, it is important to begin incorporating low-level resistance into surveillance
for multiple classes of antibiotics. This is especially relevant in regions that have a high
burden of antibiotic resistance or contributing factors that result in low antibiotic ex-
posure and subsequently resistant mutations (indiscriminate antibiotic usage, high ag-
ricultural burden, or high prevalence of poor-quality antibiotics), not just in clinical set-
tings but in the environment and animals as well. The existing framework for
qualitative and quantitative surveillance of low-level resistance can be reviewed (8)
and expanded. While resources and time for conducting quantitative susceptibility
studies for low-level resistances may be limited, genomic sequencing for nontarget
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resistance determinants may also serve as an important tool for surveillance (59).
Furthermore, stewardship and initiatives to reduce these contributing factors need
continued effort.

MATERIALS ANDMETHODS
Strains and culture conditions. E. coli MG1655 (ATCC 700926) was used for all experiments. All cul-

tures were routinely grown in LB medium and incubated at 37°C with shaking at 180 rpm for liquid cul-
tures, unless otherwise noted. Ceftriaxone (Acros Organics; lot A0394235) solutions were made in sterile
deionized water and added to the medium as indicated. Fresh solutions were made for daily use. All
strains used are described in Table S1.

Ceftriaxone treatment and susceptibility and survival measurements. The MIC was determined
to be 0.0625 mg/ml through broth microdilution performed using CLSI guidelines (69). For ceftriaxone
passaging experiments, saturated liquid cultures were diluted in LB broth and grown to exponential
phase until turbidity matched a 0.5 McFarland standard (;5 � 108 CFU/ml). Each well of a 24-well poly-
styrene plate (noncell culture treated) was inoculated with 1 ml of cells at a 1:1,000 dilution into LB broth
containing no drug or 10 to 110% (in 20% increments) of the ceftriaxone MIC for 24 h. Each plate repre-
sented the same drug concentration (n = 24 for each concentration). After 24 h, 2 ml of cells from each
exposure condition was added to 1 ml of fresh medium containing the corresponding initial treatment
(i.e., cells treated with 10% MIC were subcultured into fresh medium containing 10% MIC) for another
24 h. This passaging was repeated once more. At day 1 and day 3, cells were patched onto drug-free LB
agar and incubated at room temperature (RT) for up to 96 h. These plates were checked for visibly
mucoid colony phenotypes. Experiments were performed independently, in biological duplicate. To
determine the MIC of cells after antibiotic exposure, cells were outgrown in drug-free media overnight
and subsequently used in a standard microplate broth dilution MIC (range, 2 to 0.0312 mg/ml, plus a no-
drug control) using saturated cells (70). The MIC of stock WT cells was determined concurrently for all
MIC assays. For each independent experiment, measurements were performed in technical duplicate. All
fold changes in MIC were expressed relative to that for stock parental WT cells (no passaging). An
unpaired two-tailed t test was used for statistical analysis to compare mean fold change in MIC between
exposure groups (a P value of ,0.05 was considered statistically significant). Survival was measured as
before (17). Two-tailed Fisher’s exact test was used to compare the variables (proportion above or below
fold increase cutoff) between no-drug control group and experimental group (a P value of ,0.05 was
considered statistically significant).

Drug-free passaging and MIC measurements. At least two isolates that displayed the highest
change in ceftriaxone MIC from each exposure concentration after 3 days per experiment (i.e., at least
four isolates per exposure concentration), along with all those that displayed a mucoid phenotype, were
passaged daily onto drug-free LB agar for 5 days at 37°C, with one passage performed at RT to check for
the mucoid colony phenotype. Under conditions with little to no change in MIC after 3 days, such as the
no-drug control, isolates that displayed no change in resistance were selected for passaging. For each
isolate, a single colony was cultured overnight in drug-free media and frozen with 50% glycerol. The
MIC against ceftriaxone was assayed for these mutants as before using saturated cells, along with a WT
sample. An unpaired two-tailed t test was used for statistical analysis to compare mean fold change in
MIC between exposure groups. A P value of,0.05 was considered statistically significant.

Motility assays. Swimming motility was assayed on 0.3% LB agar plates without antibiotic at 30°C,
as described by Partridge and Harshey (71), using 5 ml of a saturated culture grown at 37°C. The diame-
ter of radial movement (indicated by visible growth of cells) was measured after ;20 h using a ruler. A
ratio between motility of the WT and that of the mutant was calculated (diameter of mutant/diameter of
WT). Ratio metric values provided a comparable and consistent measurement between experiments
(Fig. S1C, panel ii). An unpaired two-tailed t test was used for statistical analysis to compare mean motil-
ity measurements between resistant and susceptible isolates. A P value of ,0.05 was considered statisti-
cally significant.

Whole-genome sequencing. Whole-genome sequencing was performed on all selected 3-day-
exposed isolates (described above) that were subsequently passaged on drug-free media for 5 days (39
total). DNA was extracted using the Qiagen blood and tissue extraction kit according to the manufac-
turer’s protocol. Library preparation and paired-end whole-genome sequencing were performed at the
Microbial Genome Sequencing Center (Pittsburgh, PA) using the Illumina NextSeq 2000 platform. Data
processing and analysis were performed using CLC Genomics Workbench 21.0.3 (Qiagen). Briefly,
sequencing reads from unaligned FASTQ files were aligned to the reference E. coli MG1655 genome
FASTQ file (NC_ 000913.3) downloaded from the NCBI using the function “Map Reads to Reference” with
default settings. After mapping, detection of SNVs, insertions, and deletions was performed using the
“Basic Variant Detection” tool with a.95% frequency-across-read cutoff. PROVEAN (72) was used to pre-
dict whether a missense SNV was deleterious or neutral.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 1 MB.
TABLE S1, XLSX file, 0.02 MB.

Low-Level Ceftriaxone Resistance in E. coli

November/December 2021 Volume 6 Issue 6 e00778-21 msphere.asm.org 9

https://msphere.asm.org


ACKNOWLEDGMENTS
We thank Kevin Carrick of the U.S. Pharmacopeial Convention (USP) for serving as a

research mentor.
We thank the USP Quality Institute for financial support.
M.H.Z. and C.C. initiated the work. C.C. performed the experiments and analyzed the

data. C.C. and M.H.Z. wrote the manuscript.
No competing interests are declared.

REFERENCES
1. Jamali H, Paydar M, Radmehr B, Ismail S. 2015. Prevalence, characteriza-

tion, and antimicrobial resistance of Yersinia species and Yersinia entero-
colitica isolated from raw milk in farm bulk tanks. J Dairy Sci 98:798–803.
https://doi.org/10.3168/jds.2014-8853.

2. Gashe F, Mulisa E, Mekonnen M, Zeleke G. 2018. Antimicrobial resistance
profile of different clinical isolates against third-generation cephalospo-
rins. J Pharm 2018:5070742. https://doi.org/10.1155/2018/5070742.

3. CDC. 2015. Outpatient antibiotic prescriptions—United States, 2015.
https://www.cdc.gov/antibiotic-use/community/pdfs/Annual-Report
-2015.pdf.

4. Momayani L, Opanga S, Nyamu D, Oluka M, Kurdi A, Godman B. 2019. An-
tibiotic prescribing patterns at a leading referral hospital in Kenya: a point
prevalence survey. J Res Pharm Pract 6:158–165.

5. Farooqui HH, Selvaraj S, Mehta A, Heymann DL. 2018. Community level
antibiotic utilization in India and its comparison vis-à-vis European coun-
tries: evidence from pharmaceutical sales data. PLoS One 13:e0204805.
https://doi.org/10.1371/journal.pone.0204805.

6. Livermore DM. 1987. Mechanisms of resistance to cephalosporin antibiot-
ics. Drugs 34:64–88. https://doi.org/10.2165/00003495-198700342-00007.

7. Larramendy S, Deglaire V, Dusollier P, Fournier JP, Caillon J, Beaudeau F,
Moret L. 2020. Risk factors of extended-spectrum beta-lactamases-pro-
ducing Escherichia coli community acquired urinary tract infections: a sys-
tematic review. Infect Drug Resist 13:3945–3955. https://doi.org/10.2147/
IDR.S269033.

8. Cornaglia G, Hryniewicz W, Jarlier V, Kahlmeter G, Mittermayer H,
Stratchounski L, Baquero F, ESCMID Study Group for Antimicrobial Resist-
ance Surveillance. 2004. European recommendations for antimicrobial re-
sistance surveillance. Clin Microbiol Infect 10:349–383. https://doi.org/10
.1111/j.1198-743X.2004.00887.x.

9. Bajaj P, Singh NS, Virdi JS. 2016. Escherichia coli b-lactamases: what really
matters. Front Microbiol 7:417. https://doi.org/10.3389/fmicb.2016.00417.

10. Tofteland S, Dahl KH, Aasnæs B, Sundsfjord A, Naseer U. 2012. A
nationwide study of mechanisms conferring reduced susceptibility to
extended-spectrum cephalosporins in clinical Escherichia coli and
Klebsiella spp. isolates. Scand J Infect Dis 44:927–933. https://doi.org/
10.3109/00365548.2012.707330.

11. Andersson DI, Hughes D. 2014. Microbiological effects of sublethal levels
of antibiotics. Nat Rev Microbiol 12:465–478. https://doi.org/10.1038/
nrmicro3270.

12. Kelesidis T, Falagas E. 2015. Substandard/counterfeit antimicrobial drugs.
Clin Microbiol Rev 28:443–464. https://doi.org/10.1128/CMR.00072-14.

13. Tabernero P, Swamidoss I, Mayxay M, Khanthavong M, Phonlavong C,
Vilayhong C, Yeuchaixiong S, Sichanh C, Sengaloundeth S, Green MD,
Newton PN. 2019. A random survey of the prevalence of falsified and sub-
standard antibiotics in the Lao PDR. J Antimicrob Chemother 74:
2417–2425. https://doi.org/10.1093/jac/dkz164.

14. Ali O. 2009. Quality of ceftriaxone in Pakistan: reality and resonance. Paki-
stan J Med Sci 22:220–229.

15. Bekoe SO, Ahiabu MA, Orman E, Tersbøl BP, Adosraku RK, Hansen M,
Frimodt-Moller N, Styrishave B. 2020. Exposure of consumers to substan-
dard antibiotics from selected authorised and unauthorised medicine
sales outlets in Ghana. Trop Med Int Health 25:962–975. https://doi.org/
10.1111/tmi.13442.

16. De Diego M, Godoy G, Mennickent S. 2010. Chemical stability of ceftriaxone
by a validated stability-indicating liquid chromatographic method. J Chil
Chem Soc 55:335–337. https://doi.org/10.4067/S0717-97072010000300013.

17. Ching C, Zaman MH. 2020. Development and selection of low-level multi-
drug resistance over an extended range of sub-inhibitory ciprofloxacin
concentrations in Escherichia coli. Sci Rep 10:8754. https://doi.org/10
.1038/s41598-020-65602-z.

18. Niranjan V, Malini A. 2014. Antimicrobial resistance pattern in Escherichia
coli causing urinary tract infection among inpatients. Indian J Med Res
139:945–948.

19. Kohanski MA, DePristo MA, Collins JJ. 2010. Sublethal antibiotic treatment
leads to multidrug resistance via radical-induced mutagenesis. Mol Cell
37:311–320. https://doi.org/10.1016/j.molcel.2010.01.003.

20. Mathieu A, Fleurier S, Frénoy A, Dairou J, Bredeche MF, Sanchez-Vizuete P,
Song X, Matic I. 2016. Discovery and function of a general core hormetic
stress response in E. coli induced by sublethal concentrations of antibiotics.
Cell Rep 17:46–57. https://doi.org/10.1016/j.celrep.2016.09.001.

21. Li M, Liu Q, Teng Y, Ou L, Xi Y, Chen S, Duan G. 2019. The resistance mech-
anism of Escherichia coli induced by ampicillin in laboratory. Infect Drug
Resist 12:2853–2863. https://doi.org/10.2147/IDR.S221212.

22. Li L, Yang YR, Liao XP, Lei CY, Sun J, Li LL, Liu BT, Yang SS, Liu YH. 2013.
Development of ceftriaxone resistance affects the virulence properties of
Salmonella enterica serotype typhimurium strains. Foodborne Pathog Dis
10:28–34. https://doi.org/10.1089/fpd.2012.1216.

23. Adamus-Białek W, Wawszczak M, Arabski M, Majchrzak M, Gulba M, Jarych
D, Parniewski P, Głuszek S. 2019. Ciprofloxacin, amoxicillin, and aminoglyco-
sides stimulate genetic and phenotypic changes in uropathogenic Esche-
richia coli strains. Virulence 10:260–276. https://doi.org/10.1080/21505594
.2019.1596507.

24. Ren G, Wang Z, Li Y, Hu X, Wang X. 2016. Effects of lipopolysaccharide
core sugar deficiency on colanic acid biosynthesis in Escherichia coli. J
Bacteriol 198:1576–1584. https://doi.org/10.1128/JB.00094-16.

25. Nikaido H, Rosenberg EY, Foulds J. 1983. Porin channels in Escherichia
coli: studies with b-lactams in intact cells. J Bacteriol 153:232–240.
https://doi.org/10.1128/jb.153.1.232-240.1983.

26. Aiba H, Mizuno T. 1990. Phosphorylation of a bacterial activator protein,
OmpR, by a protein kinase, EnvZ, stimulates the transcription of the ompF
and ompC genes in Escherichia coli. FEBS 261:19–22. https://doi.org/10
.1016/0014-5793(90)80626-T.

27. Bajaj H, Scorciapino MA, Moynie L, Page MGP, Naismith JH, Ceccarelli M,
Winterhalter M. 2016. Molecular basis of filtering carbapenems by porins
from b-lactam-resistant clinical strains of Escherichia coli. J Biol Chem
291:2837–2847. https://doi.org/10.1074/jbc.M115.690156.

28. Charrel RN, Pagès JM, De Micco P, Malléa M. 1996. Prevalence of outer
membrane porin alteration in b-lactam-antibiotic-resistant Enterobacter
aerogenes. Antimicrob Agents Chemother 40:2854–2858. https://doi.org/
10.1128/AAC.40.12.2854.

29. Kenney LJ, Anand GS. 2020. EnvZ/OmpR two-component signaling: an
archetype system that can function noncanonically. EcoSal Plus 9:ESP-
0001-2019. https://doi.org/10.1128/ecosalplus.ESP-0001-2019.

30. Martínez-Hackert E, Stock AM. 1997. The DNA-binding domain of OmpR:
crystal structure of a winged helix transcription factor. Structure 5:
109–124. https://doi.org/10.1016/s0969-2126(97)00170-6.

31. Hossain SA, Tanizawa K, Kazuta Y, Fukui T. 1994. Overproduction and
characterization of recombinant UDP-glucose pyrophosphorylase from
Escherichia coli K-12. J Biochem 115:965–972. https://doi.org/10.1093/
oxfordjournals.jbchem.a124446.

32. Komeda Y, Icho T, Iino T. 1977. Effects of galU mutation on flagellar forma-
tion in Escherichia coli. J Bacteriol 129:908–915. https://doi.org/10.1128/
jb.129.2.908-915.1977.

33. Hill NS, Buske PJ, Shi Y, Levin PA. 2013. A moonlighting enzyme links
Escherichia coli cell size with central metabolism. PLoS Genet 9:e1003663.
https://doi.org/10.1371/journal.pgen.1003663.

34. Inoue T, Shingaki R, Hirose S, Waki K, Mori H, Fukui K. 2007. Genome-wide
screening of genes required for swarming motility in Escherichia coli K-
12. J Bacteriol 189:950–957. https://doi.org/10.1128/JB.01294-06.

Ching and Zaman

November/December 2021 Volume 6 Issue 6 e00778-21 msphere.asm.org 10

https://doi.org/10.3168/jds.2014-8853
https://doi.org/10.1155/2018/5070742
https://www.cdc.gov/antibiotic-use/community/pdfs/Annual-Report-2015.pdf
https://www.cdc.gov/antibiotic-use/community/pdfs/Annual-Report-2015.pdf
https://doi.org/10.1371/journal.pone.0204805
https://doi.org/10.2165/00003495-198700342-00007
https://doi.org/10.2147/IDR.S269033
https://doi.org/10.2147/IDR.S269033
https://doi.org/10.1111/j.1198-743X.2004.00887.x
https://doi.org/10.1111/j.1198-743X.2004.00887.x
https://doi.org/10.3389/fmicb.2016.00417
https://doi.org/10.3109/00365548.2012.707330
https://doi.org/10.3109/00365548.2012.707330
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.1128/CMR.00072-14
https://doi.org/10.1093/jac/dkz164
https://doi.org/10.1111/tmi.13442
https://doi.org/10.1111/tmi.13442
https://doi.org/10.4067/S0717-97072010000300013
https://doi.org/10.1038/s41598-020-65602-z
https://doi.org/10.1038/s41598-020-65602-z
https://doi.org/10.1016/j.molcel.2010.01.003
https://doi.org/10.1016/j.celrep.2016.09.001
https://doi.org/10.2147/IDR.S221212
https://doi.org/10.1089/fpd.2012.1216
https://doi.org/10.1080/21505594.2019.1596507
https://doi.org/10.1080/21505594.2019.1596507
https://doi.org/10.1128/JB.00094-16
https://doi.org/10.1128/jb.153.1.232-240.1983
https://doi.org/10.1016/0014-5793(90)80626-T
https://doi.org/10.1016/0014-5793(90)80626-T
https://doi.org/10.1074/jbc.M115.690156
https://doi.org/10.1128/AAC.40.12.2854
https://doi.org/10.1128/AAC.40.12.2854
https://doi.org/10.1128/ecosalplus.ESP-0001-2019
https://doi.org/10.1016/s0969-2126(97)00170-6
https://doi.org/10.1093/oxfordjournals.jbchem.a124446
https://doi.org/10.1093/oxfordjournals.jbchem.a124446
https://doi.org/10.1128/jb.129.2.908-915.1977
https://doi.org/10.1128/jb.129.2.908-915.1977
https://doi.org/10.1371/journal.pgen.1003663
https://doi.org/10.1128/JB.01294-06
https://msphere.asm.org


35. Okuda S, Sherman DJ, Silhavy TJ, Ruiz N, Kahne D. 2016. Lipopolysaccha-
ride transport and assembly at the outer membrane: the PEZ model. Nat
Rev Microbiol 14:337–345. https://doi.org/10.1038/nrmicro.2016.25.

36. Alvarez-Ortega C, Wiegand I, Olivares J, Hancock REW, Martínez JL. 2010.
Genetic determinants involved in the susceptibility of Pseudomonas aer-
uginosa to b-lactam antibiotics. Antimicrob Agents Chemother 54:
4159–4167. https://doi.org/10.1128/AAC.00257-10.

37. Parker CT, Kloser AW, Schnaitman CA, Stein MA, Gottesman S, Gibson BW.
1992. Role of the rfaG and rfaP genes in determining the lipopolysaccharide
core structure and cell surface properties of Escherichia coli K-12. J Bacteriol
174:2525–2538. https://doi.org/10.1128/jb.174.8.2525-2538.1992.

38. Wang Z, Wang J, Ren G, Li Y, Wang X. 2016. Deletion of the genes waaC,
waaF, or waaG in Escherichia coli W3110 disables the flagella biosynthesis. J
Basic Microbiol 56:1021–1035. https://doi.org/10.1002/jobm.201600065.

39. Yethon JA, Vinogradov E, Perry MB, Whitfield C. 2000. Mutation of the li-
popolysaccharide core glycosyltransferase encoded by waaG destabil-
izes the outer membrane of Escherichia coli by interfering with core
phosphorylation. J Bacteriol 182:5620–5623. https://doi.org/10.1128/JB
.182.19.5620-5623.2000.

40. Ruiz N, Gronenberg LS, Kahne D, Silhavy TJ. 2008. Identification of two
inner-membrane proteins required for the transport of lipopolysaccha-
ride to the outer membrane of Escherichia coli. Proc Natl Acad Sci U S A
105:5537–5542. https://doi.org/10.1073/pnas.0801196105.

41. Okusu H, Ma D, Nikaido H. 1996. AcrAB efflux pump plays a major role in
the antibiotic resistance phenotype of Escherichia coli multiple-antibi-
otic-resistance (Mar) mutants. J Bacteriol 178:306–308. https://doi.org/10
.1128/jb.178.1.306-308.1996.

42. Beggs GA, Brennan RG, Arshad M. 2020. MarR family proteins are impor-
tant regulators of clinically relevant antibiotic resistance. Protein Sci 29:
647–653. https://doi.org/10.1002/pro.3769.

43. Alekshun MN, Levy SB, Mealy TR, Seaton BA, Head JF. 2001. The crystal
structure of MarR, a regulator of multiple antibiotic resistance, at 2.3 Å re-
solution. Nat Struct Biol 8:710–714. https://doi.org/10.1038/90429.

44. Hirakawa H, Nishino K, Hirata T, Yamaguchi A. 2003. Comprehensive stud-
ies of drug resistance mediated by overexpression of response regulators
of two-component signal transduction systems in Escherichia coli. J Bac-
teriol 185:1851–1856. https://doi.org/10.1128/JB.185.6.1851-1856.2003.

45. Nagakubo S, Nishino K, Hirata T, Yamaguchi A. 2002. The putative response
regulator BaeR stimulates multidrug resistance of Escherichia coli via a
novel multidrug exporter system, MdtABC. J Bacteriol 184:4161–4167.
https://doi.org/10.1128/JB.184.15.4161-4167.2002.

46. Wang S, You C, Memon FQ, Zhang G, Sun Y, Si H. 2021. BaeR participates
in cephalosporins susceptibility by regulating the expression level of
outer membrane proteins in Escherichia coli. J Biochem 169:101–108.
https://doi.org/10.1093/jb/mvaa100.

47. Choudhury HG, Beis K. 2013. The dimeric form of the unphosphorylated
response regulator BaeR. Protein Sci 22:1287–1293. https://doi.org/10
.1002/pro.2311.

48. Dean CR, Barkan DT, Bermingham A, Blais J, Casey F, Casarez A, Colvin R,
Fuller J, Jones AK, Li C, Lopez S, Metzger LE, Mostafavi M, Prathapam R,
Rasper D, Reck F, Ruzin A, Shaul J, Shen X, Simmons RL, Skewes-Cox P,
Takeoka KT, Tamrakar P, Uehara T, Wei JR. 2018. Mode of action of the
monobactam LYS228 and mechanisms decreasing in vitro susceptibility
in Escherichia coli and Klebsiella pneumoniae. Antimicrob Agents Che-
mother 62:e01200-18. https://doi.org/10.1128/AAC.01200-18.

49. Lippa AM, Goulian M. 2009. Feedback inhibition in the PhoQ/PhoP signal-
ing system by a membrane peptide. PLoS Genet 5:e1000788. https://doi
.org/10.1371/journal.pgen.1000788.

50. Xu J, Li T, Gao Y, Deng J, Gu J. 2019. MgrB affects the acid stress response
of Escherichia coli by modulating the expression of iraM. FEMS Microbiol
Lett 366:fnz123. https://doi.org/10.1093/femsle/fnz123.

51. Coornaert A, Lu A, Mandin P, Springer M, Gottesman S, Guillier M. 2010.
MicA sRNA links the PhoP regulon to cell envelope stress. Mol Microbiol
76:467–479. https://doi.org/10.1111/j.1365-2958.2010.07115.x.

52. Udekwu KI, Darfeuille F, Vogel J, Reimegård J, Holmqvist E, Wagner EGH.
2005. Hfq-dependent regulation of OmpA synthesis is mediated by an anti-
sense RNA. Genes Dev 19:2355–2366. https://doi.org/10.1101/gad.354405.

53. Sanz-García F, Hernando-Amado S, Martínez L. 2018. Mutation-driven evolu-
tion of Pseudomonas aeruginosa in the presence of either ceftazidime or

ceftazidime-avibactam. Antimicrob Agents Chemother 62:e01379-18.
https://doi.org/10.1128/AAC.01379-18.

54. Cannatelli A, Giani T, D’Andrea MM, Di Pilato V, Arena F, Conte V,
Tryfinopoulou K, Vatopoulos A, Rossolini GM, COLGRIT Study Group.
2014. MgrB inactivation is a common mechanism of colistin resistance in
KPC-producing Klebsiella pneumoniae of clinical origin. Antimicrob
Agents Chemother 58:5696–5703. https://doi.org/10.1128/AAC.03110-14.

55. Delcour AH. 2009. Outer membrane permeability and antibiotic resistance.
Biochim Biophys Acta 1794:808–816. https://doi.org/10.1016/j.bbapap.2008
.11.005.

56. Choi U, Lee CR. 2019. Distinct roles of outer membrane porins in antibi-
otic resistance and membrane integrity in Escherichia coli. Front Micro-
biol 10:953. https://doi.org/10.3389/fmicb.2019.00953.

57. Cattoir V, Pourbaix A, Magnan M, Chau F, de Lastours V, Felden B, Fantin
B, Guérin F. 2020. Novel chromosomal mutations responsible for fosfomy-
cin resistance in Escherichia coli. Front Microbiol 11:575031. https://doi
.org/10.3389/fmicb.2020.575031.

58. Ramírez-Castillo FY, Moreno-Flores AC, Avelar-González FJ, Márquez-Díaz
F, Harel J, Guerrero-Barrera AL. 2018. An evaluation of multidrug-resistant
Escherichia coli isolates in urinary tract infections from Aguascalientes,
Mexico: cross-sectional study. Ann Clin Microbiol Antimicrob 17:34.
https://doi.org/10.1186/s12941-018-0286-5.

59. World Health Organization. 2017. Integrated surveillance of antimicrobial
resistance in foodborne bacteria: application of a One Health approach.
World Health Organization, Geneva, Switzerland.

60. Adler M, Anjum M, Andersson DI, Sandegren L. 2016. Combinations of
mutations in envZ, ftsI, mrdA, acrB and acrR can cause high-level carbape-
nem resistance in Escherichia coli. J Antimicrob Chemother 71:1188–1198.
https://doi.org/10.1093/jac/dkv475.

61. Girgis HS, Hottes AK, Tavazoie S. 2009. Genetic architecture of intrinsic an-
tibiotic susceptibility. PLoS One 4:e5629. https://doi.org/10.1371/journal
.pone.0005629.

62. Laubacher ME, Ades SE. 2008. The Rcs phosphorelay is a cell envelope
stress response activated by peptidoglycan stress and contributes to
intrinsic antibiotic resistance. J Bacteriol 190:2065–2074. https://doi.org/
10.1128/JB.01740-07.

63. Harris S, Piotrowska MJ, Goldstone RJ, Qi R, Foster G, Dobrindt U, Madec
JY, Valat C, Rao FV, Smith DGE. 2018. Variant O89 O-antigen of E. coli is
associated with group 1 capsule loci and multidrug resistance. Front
Microbiol 9:2026. https://doi.org/10.3389/fmicb.2018.02026.

64. Chakraborty S, Kenney LJ. 2018. A new role of OmpR in acid and osmotic
stress in Salmonella and E. coli. Front Microbiol 9:2656. https://doi.org/10
.3389/fmicb.2018.02656.

65. Luque A, Paytubi S, Sánchez-Montejo J, Gibert M, Balsalobre C, Madrid C.
2019. Crosstalk between bacterial conjugation and motility is mediated
by plasmid-borne regulators. Environ Microbiol Rep 11:708–717. https://
doi.org/10.1111/1758-2229.12784.

66. Baquero F. 2001. Low-level antibacterial resistance: a gateway to clini-
cal resistance. Drug Resist Updat 4:93–105. https://doi.org/10.1054/
drup.2001.0196.

67. Frimodt-Møller J, Rossi E, Haagensen JAJ, Falcone M, Molin S, Johansen
HK. 2018. Mutations causing low level antibiotic resistance ensure bacte-
rial survival in antibiotic-treated hosts. Sci Rep 8:12512. https://doi.org/10
.1038/s41598-018-30972-y.

68. Tamma PD, Cosgrove SE, Maragakis LL. 2012. Combination therapy for
treatment of infections with gram-negative bacteria. Clin Microbiol Rev
25:450–470. https://doi.org/10.1128/CMR.05041-11.

69. Clinical and Laboratory Standards Institute. 2018. M100 performance
standards for antimicrobial susceptibility testing. Clinical and Laboratory
Standards Institute, Wayne, PA.

70. Andrews JM. 2001. Determination of minimum inhibitory concentrations. J
Antimicrob Chemother 48:5–16. https://doi.org/10.1093/jac/48.suppl_1.5.

71. Partridge JD, Harshey RM. 2020. Investigating flagella-driven motility in
Escherichia coli by applying three established techniques in a series. J Vis
Exp 2020(159):10.3791/61364. https://doi.org/10.3791/61364.

72. Choi Y, Sims GE, Murphy S, Miller JR, Chan AP. 2012. Predicting the func-
tional effect of amino acid substitutions and indels. PLoS One 7:e46688.
https://doi.org/10.1371/journal.pone.0046688.

Low-Level Ceftriaxone Resistance in E. coli

November/December 2021 Volume 6 Issue 6 e00778-21 msphere.asm.org 11

https://doi.org/10.1038/nrmicro.2016.25
https://doi.org/10.1128/AAC.00257-10
https://doi.org/10.1128/jb.174.8.2525-2538.1992
https://doi.org/10.1002/jobm.201600065
https://doi.org/10.1128/JB.182.19.5620-5623.2000
https://doi.org/10.1128/JB.182.19.5620-5623.2000
https://doi.org/10.1073/pnas.0801196105
https://doi.org/10.1128/jb.178.1.306-308.1996
https://doi.org/10.1128/jb.178.1.306-308.1996
https://doi.org/10.1002/pro.3769
https://doi.org/10.1038/90429
https://doi.org/10.1128/JB.185.6.1851-1856.2003
https://doi.org/10.1128/JB.184.15.4161-4167.2002
https://doi.org/10.1093/jb/mvaa100
https://doi.org/10.1002/pro.2311
https://doi.org/10.1002/pro.2311
https://doi.org/10.1128/AAC.01200-18
https://doi.org/10.1371/journal.pgen.1000788
https://doi.org/10.1371/journal.pgen.1000788
https://doi.org/10.1093/femsle/fnz123
https://doi.org/10.1111/j.1365-2958.2010.07115.x
https://doi.org/10.1101/gad.354405
https://doi.org/10.1128/AAC.01379-18
https://doi.org/10.1128/AAC.03110-14
https://doi.org/10.1016/j.bbapap.2008.11.005
https://doi.org/10.1016/j.bbapap.2008.11.005
https://doi.org/10.3389/fmicb.2019.00953
https://doi.org/10.3389/fmicb.2020.575031
https://doi.org/10.3389/fmicb.2020.575031
https://doi.org/10.1186/s12941-018-0286-5
https://doi.org/10.1093/jac/dkv475
https://doi.org/10.1371/journal.pone.0005629
https://doi.org/10.1371/journal.pone.0005629
https://doi.org/10.1128/JB.01740-07
https://doi.org/10.1128/JB.01740-07
https://doi.org/10.3389/fmicb.2018.02026
https://doi.org/10.3389/fmicb.2018.02656
https://doi.org/10.3389/fmicb.2018.02656
https://doi.org/10.1111/1758-2229.12784
https://doi.org/10.1111/1758-2229.12784
https://doi.org/10.1054/drup.2001.0196
https://doi.org/10.1054/drup.2001.0196
https://doi.org/10.1038/s41598-018-30972-y
https://doi.org/10.1038/s41598-018-30972-y
https://doi.org/10.1128/CMR.05041-11
https://doi.org/10.1093/jac/48.suppl_1.5
https://doi.org/10.3791/61364
https://doi.org/10.1371/journal.pone.0046688
https://msphere.asm.org

	RESULTS
	Growth decreases with increasing sub-MIC and emergence of mucoid phenotype at higher concentrations.
	Low-level stable resistance (increase in MIC) emerges after 30% MIC exposure.
	Changes in motility enriched with low-level resistance.
	Multiple genetic changes identified.
	Porin genes.
	Motility mutants with changes in outer membrane and metabolism.
	Other genes with multiple independent selection events.

	DISCUSSION
	MATERIALS AND METHODS
	Strains and culture conditions.
	Ceftriaxone treatment and susceptibility and survival measurements.
	Drug-free passaging and MIC measurements.
	Motility assays.
	Whole-genome sequencing.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

