
Correlated Transcriptional Responses Provide Insights into the
Synergy Mechanisms of the Furazolidone, Vancomycin, and
Sodium Deoxycholate Triple Combination in Escherichia coli

Catrina Olivera,a* Murray P. Cox,a Gareth J. Rowlands,a Jasna Rakonjaca

aSchool of Fundamental Sciences, Massey University, Palmerston North, New Zealand

ABSTRACT Effective therapeutic options are urgently needed to tackle antibiotic
resistance. Furazolidone (FZ), vancomycin (VAN), and sodium deoxycholate (DOC)
show promise as their combination can synergistically inhibit the growth of, and kill, mul-
tidrug-resistant Gram-negative bacteria that are classified as critical priority by the World
Health Organization. Here, we investigated the mechanisms of action and synergy of this
drug combination using a transcriptomics approach in the model bacterium Escherichia
coli. We show that FZ and DOC elicit highly similar gene perturbations indicative of iron
starvation, decreased respiration and metabolism, and translational stress. In contrast, VAN
induced envelope stress responses, in agreement with its known role in peptidoglycan
synthesis inhibition. FZ induces the SOS response consistent with its DNA-damaging
effects, but we demonstrate that using FZ in combination with the other two compounds
enables lower dosages and largely mitigates its mutagenic effects. Based on the gene
expression changes identified, we propose a synergy mechanism where the combined
effects of FZ, VAN, and DOC amplify damage to Gram-negative bacteria while simultane-
ously suppressing antibiotic resistance mechanisms.

IMPORTANCE Synergistic antibiotic combinations are a promising alternative strategy
for developing effective therapies for multidrug-resistant bacterial infections. The
synergistic combination of the existing antibiotics nitrofurans and vancomycin with
sodium deoxycholate shows promise in inhibiting and killing multidrug-resistant
Gram-negative bacteria. We examined the mechanism of action and synergy of these
three antibacterials and proposed a mechanistic basis for their synergy. Our results
highlight much-needed mechanistic information necessary to advance this combina-
tion as a potential therapy.

KEYWORDS Enterobacteriaceae, Escherichia coli, Gram-negative bacteria, antibiotic
resistance, antibiotic synergy, bile salts, furazolidone, nitrofuran, sodium deoxycholate,
vancomycin

Antimicrobial resistance is one of the biggest public health crises at present. With
the traditional discovery and development of new antibiotics unable to keep pace

with the emergence of resistance (1), alternative strategies are urgently needed to
tackle multidrug-resistant bacteria. One promising approach is combining two or more
drugs, especially if they are synergistic or have an enhanced combined effect (2, 3).
Synergistic combinations can lead to better pathogen clearance, may slow down or
prevent resistance development, and can lower the doses needed for each of the com-
ponents, which in turn can mitigate adverse effects (3, 4). Repurposing existing drugs
approved for human use can also be a faster way of bringing new therapies into the
clinic in comparison to the development of novel antibacterial compounds (5).

Our recent studies have demonstrated the synergistic interaction of the existing
antibiotics nitrofurans and vancomycin (VAN) with the secondary bile salt sodium
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deoxycholate (DOC) (6). In terms of efficacy and dose reduction, we have shown that
combining these three antibacterials is superior to the previously reported double
combination synergy of nitrofuran and DOC (7) or nitrofuran and VAN (8). The triple
combination is synergistic against a range of Gram-negative bacteria, including the
critical-priority pathogens carbapenem-resistant Enterobacteriaceae and Acinetobacter
baumannii (6, 9). We have characterized the nitrofuran, VAN, and DOC synergy in vitro,
although the mechanism of synergy remains unknown.

Nitrofurans and DOC have variable effects on Gram-negative bacteria, but their exact
mechanisms of action are not fully understood. Nitrofurans are prodrugs (10) whose reactive
intermediates were reported to damage DNA, induce oxidative stress, and inhibit translation
(11–14). On the other hand, the effects of DOC include DNA damage, oxidative stress, pro-
tein aggregation, and membrane damage (15–17). In contrast to nitrofuran antibiotic furazo-
lidone (FZ) and DOC, VAN’s peptidoglycan synthesis inhibition in Gram-positive bacteria is
well characterized (18). However, since VAN is not used in the therapy against Gram-negative
bacteria due to high MICs (e.g., .100-fold higher MIC in Escherichia coli than Gram-positive
bacteria [6]), its effects on this group of organisms are currently unknown. VAN is a large
hydrophilic glycopeptide antibiotic (molecular weight [MW] = 1,449.3 Da) and cannot
readily diffuse through the outer membrane porins which restrict molecule entry up to
;600 Da. Zhou et al. (8) have proposed that small amounts of VAN can nevertheless cross the
outer membrane and enter E. coli, making it possible for VAN to be synergistic with trimetho-
prim and the nitrofuran antibiotic nitrofurantoin. Increasing evidence also points to VAN
having the same target and mechanism of action in Gram-negative bacteria. For example,
low temperature can compromise the outer membrane and sensitize E. coli to VAN, and this
sensitivity can be reversed by introducing an Enterococcus VAN resistance gene cluster that
alters the target of the VAN compound (19). Furthermore, breaching the outer membrane in
E. coli by expression of leaky mutant secretin channels lowers the MIC of VAN to as low as that
for Gram-positive bacteria, ruling out the possibility that target differences are the reason for
the high MIC in Gram-negative bacteria (20).

Gram-negative bacteria are normally inherently resistant to VAN and DOC (21, 22),
but the enhanced efficacy of the combination provides an opportunity to expand the
use of these normally Gram-positive-only antibacterials to Gram-negative bacteria (6).
Additionally, the possibility of dose reduction could mitigate nitrofuran’s reported
mutagenicity (23, 24). The triple combination, therefore, shows considerable potential
as a viable antibacterial treatment option. Understanding the mechanistic bases of
the synergy will help advance this combination into the development pipeline and
inform the rational design of superior combinations that include any of these anti-
bacterials. This study examined the mechanisms of action and synergy of the nitro-
furan furazolidone (FZ), VAN, and DOC (FVD combination) using a transcriptomics
approach in the Gram-negative model bacterium E. coli. We show that the FVD
combination mitigates nitrofuran mutagenicity, and by identifying perturbed pathways,
we propose mechanisms for the action and synergistic interactions of the FVD
combination.

RESULTS
Extensive transcriptional responses to the FZ, DOC, and VAN combination. We

conducted transcriptome sequencing (RNA-Seq) analysis to investigate the transcrip-
tional profile of E. coli in response to FZ, VAN, and DOC alone or combination (FVD). To
prevent the transcriptome profile from being overwhelmed by stochastic expression of
cell death genes and other transcriptomic changes unrelated to the drug perturba-
tions, we applied the treatments at subinhibitory concentrations and short exposure
times (i.e., 50% inhibitory concentration [IC50] for 1 h, see Materials and Methods).
Clustering samples into distinct groups by principal-component analysis demonstrated
high reproducibility across replicates and showed that all treatments, except for VAN,
had distinctive effects on the transcriptome profile (see Fig. S1A in the supplemental
material). Compared to the no-antibacterial control, we identified .1,200 differentially
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expressed genes (DEGs) in each of the treatments (Data Set S1), except for VAN, which
resulted in only 17 DEGs. FVD combination resulted in 95 upregulated and downregu-
lated DEGs not found in the single antibacterials (Fig. S1C), and all of FVD’s enriched
Gene Ontology (GO) terms overlapped those of FZ and DOC (Data Set S2).

To gain insights and compare the biological processes affected by the single anti-
bacterials and FVD combination, we performed k-means clustering of all the DEGs
(Fig. 1A) coupled with GO term enrichment analysis (Fig. 1B) (Data Set S3). The most
significantly altered gene clusters in FZ-treated E. coli compared to the control were
members of the SOS response (Fig. 1A, cluster 3) and respiration (cluster 5), while those
clusters that were most highly altered by DOC were involved in iron import, transla-
tion, and amino acid transport and synthesis (Fig. 1A, clusters 1 and 4). Particularly
striking was the major overlap of gene perturbations by FZ and DOC and that the FVD
combination resulted in the same pattern of gene cluster dysregulation, albeit some-
times less pronounced (i.e., smaller fold change relative to the control). FZ’s, DOC’s,
and FVD’s upregulated genes were involved in iron import (Fig. 2A) and ribosome as-
sembly and translation (Fig. 2B), whereas downregulated genes appear in the respira-
tory/electron transport chain (ETC) (Fig. 2C) and central carbon metabolism (Fig. 2D).

A closer look at the DEGs showed that the expression patterns in response to FZ
and DOC indicate an iron starvation response, specifically, the upregulation of iron
uptake, siderophore synthesis, Fe-S cluster assembly, and downregulation of iron stor-
age and utilization (e.g., ETC, tricarboxylic acid [TCA] cycle) (25, 26). The majority of

FIG 1 Heatmap of k-means-clustered DEGs and GO term enrichment analysis. (A) Differentially expressed genes clustered into seven
groups using k-means. Expression levels displayed were row-scaled regularized log-transformed normalized counts. (B) Each cluster
was subjected to a biological process GO overrepresentation test, and the top enriched GO terms for each cluster are shown.
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FIG 2 Differential expression of genes in E. coli K1508 treated with FZ, VAN, DOC, or the FVD combination. Expression (log2FC relative to no-
antibacterial control) of genes involved in iron homeostasis (A), ribosome assembly and translation (B), respiratory chain (C), central carbon
metabolism (D), SOS response (E), and oxidative and other antibiotic stress responses (F).
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these genes are either directly or indirectly controlled by the transcriptional repressor
Ferric Uptake Regulator (Fur), which is inactivated by iron depletion (27–29). These
results therefore suggest that FZ and DOC disturb iron homeostasis by either signaling
or triggering an iron starvation response. Other genes induced by FZ, DOC, or FVD
include oxidative stress genes (sodA, soxS, ahpF, ahpC, gor, grxA) and those involved in
increased antibiotic tolerance (Fig. 2F). The multiple antibiotic resistance genes marA
and marB, the former of which is a master regulator of a large number of genes
involved in resistance, were both upregulated. Similarly, expression patterns for genes
that encode efflux pumps and porins are suggestive of the inhibition of entry and
accumulation of the antibiotics, such as the upregulation of efflux pump component
genes acrA and acrB and downregulation of the outer membrane porin genes ompC
and ompF (Fig. 2F).

The FVD combination mitigates FZ-induced DNA damage. Genes involved in the
SOS response were significantly upregulated in response to FZ, while other conditions,
including the FVD combination, did not show the same level of SOS response gene up-
regulation (Fig. 2E), indicating the absence of severe DNA damage. To assess DNA
damage levels induced by the antibacterials alone and in combination, we determined
mutation frequencies in E. coli by quantifying mutant clones that gained resistance to
rifampin. Rifampin is an RNA polymerase inhibitor, and resistance can arise through
single base substitutions in the RNA polymerase gene rpoB (30). Under nonstress con-
ditions (no-antibacterial control), the spontaneous mutation frequency of E. coli K1508
is around 7 mutants per 108 cells (Fig. 3). Expectedly, given the DNA-damaging effects
of FZ (11, 12), this number significantly increased upon FZ treatment (the mean fre-
quency more than doubled). The other two single compounds (DOC and VAN) and the
FVD combination, on the other hand, did not result in a significant change in rifampin
mutation frequency compared to the control. In comparison to the single antibacteri-
als, the SOS gene induction (Fig. 2E) and rifampin mutation frequency (Fig. 3) by FVD
are considerably lower than those by FZ alone and more similar to those by DOC, sug-
gesting that the use of the combination, in which the FZ concentration is lower than
when used alone, can mitigate nitrofuran mutagenicity.

FZ and DOC decelerate cellular respiration. Downregulation of genes encoding
both aerobic and anaerobic ETC enzymes (Fig. 2C) prompted the assessment of physio-
logical changes at the level of cellular respiration. Since oxygen is the major electron
acceptor of the E. coli ETC (31), we investigated the overall effect on respiration by
measuring oxygen consumption using a Clark-type oxygen electrode (Fig. 4). Exposure
to IC50s of FZ, DOC, and VAN for 1 h significantly decreased the oxygen consumption

FIG 3 Rifampin resistance mutation frequency in E. coli K1508 treated with FZ, DOC, VAN, or the FVD
combination. The mutation frequency of E. coli K1508 cells in the presence of antibacterials was
determined by counting the colonies on rifampin (100 mg/ml) plates after 24 h of incubation. Box
plots are derived from 9 to 11 biological replicates. Boxes show the interquartile range, and the
whiskers indicate the minimum and maximum values. The mean is indicated by a blue point.
Statistical significance (Mann-Whitney U test of treatment versus control) is indicated by asterisks: ***,
P , 0.001.
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rate, causing a 1.6-fold, 1.7-fold, and 1.15-fold decrease, respectively, compared to the
no-antibacterial control. Similarly, the FVD combination reduced oxygen consumption
by ;1.7-fold. The pattern of dysregulation of the aerobic ETC genes by FZ, DOC, and
FVD potentially reflects an intracellular iron starvation signal (Fig. 2A), which is known
to activate iron-sparing mechanisms (28). In this case, the non-iron-utilizing NADH de-
hydrogenase II (ndh) was possibly upregulated to compensate for the downregulation
of iron-rich NADH dehydrogenase I (nuoABCEFGHIJKLMN) (Fig. 2C). In this assay, how-
ever, it was shown that the overall effect is a decrease in aerobic respiration.

FZ and DOC dysregulate metal homeostasis. Metal homeostases in bacteria are
highly interconnected (32). FZ and DOC dysregulation of genes involved in iron home-
ostasis prompted us to investigate the intracellular levels of iron and other essential
metals (e.g., Mg, Cu, Ni, Zn, and Mn) using inductively coupled plasma mass spectrom-
etry (ICP-MS) analysis (Fig. 5). FZ treatment for 1 h resulted in a 1.8-fold decrease in
iron and a 3-fold increase in manganese levels. On the other hand, DOC resulted in a
reduction of magnesium, iron, and manganese and an increase in copper levels. Lastly,
the effects of the FVD combination are the same as those of DOC, indicating that DOC
drives most of the metal homeostasis changes. However, the fold changes caused by
FVD are much more pronounced than those by DOC, reflecting the synergistic effect,
such as the 18-fold decrease in magnesium (versus 9-fold by DOC), 2-fold decrease in
iron (versus 1.6-fold by DOC), 5-fold decrease in manganese (versus 2-fold by DOC),
and 6.5-fold increase in copper (versus 2.5-fold by DOC) (Fig. 5). There was no signifi-
cant change in the total intracellular zinc and nickel levels with any of the treatments,
and VAN did not affect the total intracellular levels of any of the metals analyzed in
this study.

The observed changes in metal levels could partly explain the observed transcrip-
tional response to FZ and DOC. For example, copper excess has been reported to de-
grade Fe-S clusters, block Fe-S cluster assembly, and stimulate an iron starvation
response in E. coli and other bacteria (33–36). Therefore, copper toxicity could be a
contributing factor that results in an iron starvation response to DOC or FVD. Similarly,
during iron starvation or oxidative stress, manganese import is upregulated to replace
iron as a cofactor in essential enzymes or prevent oxidative protein damage (37, 38)
and could therefore explain manganese levels increased by FZ. Surprisingly, even
though DOC induced the expression of oxidative stress genes of the OxyR regulon
(e.g., ahpC, ahpF, katG, dps, grxA, trxC, oxyS) (Fig. 2F), indicating H2O2 stress (39), it
caused a decrease in total intracellular manganese levels. Taken together, FZ and DOC,
besides affecting iron homeostasis, also result in the dysregulation of other essential
metals, including manganese, magnesium, and copper.

FIG 4 Effect of FZ, DOC, VAN, or the FVD combination on oxygen consumption. Oxygen
consumption by E. coli K1508 was measured with a Clark-type closed-chamber oxygen electrode
during exposure to IC50s of FZ, DOC, and VAN alone and in combination. The cells were pretreated
with the drugs for 1 h, and then oxygen consumption was measured for up to 5 min. Data show the
mean from 3 replicates 6 standard error of the mean. Statistical significance (Student’s t test of
treatment versus control) is indicated by asterisks as follows: *, P , 0.05; ***, P , 0.001.
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Possible inhibition of SOS response by VAN. Most of the 17 DEGs triggered by
VAN were found to belong to multiple stress response regulons, most frequently those
involved in envelope stress: Rcs, Cpx, and Bae (Fig. 6). Upregulation of these genes is
consistent with the effects of peptidoglycan synthesis inhibitors that are effective
against Gram-negative bacteria (40, 41) and supports a VAN mechanism of action iden-
tical to that in Gram-positive bacteria (42). Similarly, DOC and FVD upregulated most of
the envelope stress genes induced by VAN (Fig. 6). This is not surprising since DOC is
known to disrupt biological membranes (15, 17). It is possible that membrane disrup-
tion by DOC allows more VAN to enter and exert its effect leading to synergy.

To gain more insights into VAN effects on E. coli, we analyzed the transcriptomics data
from the work of O’Rourke et al. (43), who investigated the transcriptional response of an E.
coli strain with a compromised outer membrane to various antibiotics, including VAN (43).
We performed biological process GO term enrichment of the significantly upregulated and
downregulated genes by VAN (i.e., genes with a false-discovery rate [FDR] of ,0.1 in Data
Set S2 from reference 43), but we did not use a fold change cutoff, as in that paper, so as
not to omit any information from low-expressed genes. Biological process GO term
enrichment of significantly downregulated genes (FDR , 0.01, log2FC , 0) showed the SOS
response to be overrepresented (Fig. S2). The SOS response genes downregulated by VAN in
the O’Rourke et al. data set are umuC, umuD, uvrB, uvrC, uvrD, recN, dinB, dinG, polB, cho, and
sulA. Downregulation of these genes could thus explain the synergy between nitrofuran and
VAN reported by Zhou et al. (8), who hypothesized that VAN must increase DNA-damaging
effects when combined with DNA-damaging agents, such as nitrofurantoin or trimethoprim. If

FIG 5 Intracellular metal levels after treatment with FZ, DOC, VAN, or the FVD combination. Due to
markedly different cellular concentrations, metals are shown in two graphs: magnesium, iron, and
zinc (high levels) (A), and nickel, manganese, and copper (low levels) (B). Total intracellular metal
concentrations were measured using ICP-MS in E. coli K1508 exposed to IC50 doses of FZ, DOC, and
VAN alone and the FVD combination for 1 h. Data show the mean from 3 replicates 6 standard error
of the mean. Statistical significance (Student’s t test of treatment versus control) is indicated by
asterisks: *, P , 0.05; ***, P , 0.001.
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VAN exerts the same inhibition of SOS/DNA repair in wild-type E. coli, this effect will contribute
to the triple synergy by amplifying the DNA-damaging effects of FZ and DOC, in such a way
that it decreases DNA damage adaptation and survival through mutagenicity, which increases
lethality.

If the SOS response plays a role in the synergy of FVD, for example, through the inhibition
of the SOS response by VAN, deletion of recA, which makes E. coli unable to mount an SOS
response (44), is expected to disrupt the FVD combination’s synergy mechanism, therefore
decreasing the synergy in the mutant strain. Expectedly, recA deletion increased the suscepti-
bility to FZ by 32-fold relative to the wild type. Likewise, this deletion also decreased the DOC
MIC to 80,000mg/ml frommore than 80,000mg/ml, while the VANMIC (250mg/ml) remained
unchanged. In the checkerboard assay to investigate the interaction of FZ, VAN, and DOC, de-
letion of recA caused a slight increase in the interaction index (fractional inhibitory concentra-
tion index [FICI]) of FVD (FICI, 0.22) compared to the wild type (FICI, 0.13), indicating only
a slight decrease in synergy (Fig. S3). For the two-drug interactions, only the FZ and VAN com-
bination showed a significant change in the FICI in the recA mutant (Fig. 7). The deletion of
recA resulted in a shift to indifferent interaction (FICI = 1) instead of the synergy observed in
the wild type (FICI , 0.38) (Fig. 7A). Taken together, these findings support the hypothesis
that the SOS response is an interacting point for the synergy between FZ and VAN. In terms
of the triple combination synergy, however, the SOS response contributes to the synergy, but
given that deletion of recA still results in a synergistic interaction, other factors contributing to
synergy are present.

DISCUSSION

Using a transcriptomics approach, the underlying mechanisms of action and syn-
ergy of FZ, VAN, and DOC, and the combination of all three (FVD), were investigated.
The apparent similarity in the transcriptional responses induced by FZ and DOC in

FIG 6 Differential expression of the 17 VAN DEGs across all treatments. Gene expression differences
were presented as log2FC relative to no-antibacterial control. Regulators of each gene were derived
from information in EcoCyc (https://ecocyc.org), RegulonDB (http://regulondb.ccg.unam.mx), and the
literature (40, 76); genes with an undetermined regulator are shown as ND. Genes involved in
envelope stress are in bold.
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E. coli is likely the source of their synergy. This is in line with studies that found a higher
likelihood of synergy occurring in drug combinations that induce either very similar or
opposite gene perturbations (45, 46). In particular, FZ and DOC both resulted in the up-
regulation of genes encoding iron uptake systems and downregulation of those
encoding iron storage and iron-utilizing proteins. This response is indicative of Fur
inactivation, which usually occurs during iron starvation (29), and is consistent with
previous reports of FZ and DOC increasing the expression of iron import genes (47,
48). An E. coli fur mutant grown under iron-rich conditions has been shown to result in
a 2-fold iron decrease, while growth under the iron-depleted conditions showed a 14-
fold reduction (49). Through measurements of the total intracellular iron levels, we
determined a less-than-2-fold intracellular iron decrease in the cultures containing FZ
and DOC that corresponds to iron-rich conditions, thereby ruling out that these drugs
cause real iron starvation.

The mechanisms by which FZ or DOC inactivates Fur and induces an iron-starva-
tion-like response are currently unknown. The mechanism may be as simple as reactive
oxygen species oxidizing usable Fe21 to unusable Fe31 via the Fenton reaction (50) or
damaging the Fe-S clusters (51). If so, iron import would be upregulated to supply iron
to the labile iron pool and Fe-S cluster machinery. The Fur-Fe21 complex has also been
shown to be inactivated by nitric oxide (52). Incidentally, nitroheterocyclic drug reduc-
tion has been proposed to result in nitric oxide by-product (53), though direct evi-
dence for nitric oxide production during nitrofuran activation has not yet been
reported. Despite the overall decrease of iron content in the cells, the inactivation of
Fur will likely lead to an increase in the labile iron pool inside the cell that can increase
oxidative damage and stress via the Fenton reaction (54).

FZ and DOC also caused gene perturbations usually observed in bacteriostatic
translation inhibitors, such as downregulation of the central carbon metabolism and
respiration, along with the upregulation of ribosomal proteins to compensate for the
translational stress (43, 55, 56). Protein synthesis inhibition by nitrofurans has been
reported and was proposed to be due to nonspecific binding to ribosomal proteins
and rRNA (13, 14). However, translation inhibition by DOC has not been demonstrated
previously. Given that the Mg content of the cells is dramatically lowered by DOC, a

FIG 7 Effect of recA deletion on the two-drug interactions of FZ and VAN (A), FZ and DOC (B), and
VAN and DOC (C). Isobolograms were obtained using a checkerboard assay, and each data point
represents fractional inhibitory concentrations (FIC; ratio of MICs in combination to those alone).
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possible connection between Mg homeostasis dysregulation by DOC and translational
stress can be proposed: the decrease in total Mg levels by DOC will decrease the num-
ber of functioning ribosomes and thus inhibit translation in E. coli due to activation of
the stringent response (57). However, due to the absence of (p)ppGpp regulation in
the E. coli K1508 strain used in this work (i.e., spoT and relA mutant), translation control
based on Mg21 levels is possibly absent, which would lead to the unchecked upregula-
tion of ribosome assembly even during Mg21 deficiency, a phenomenon which has
been demonstrated in Salmonella (57).

Our transcriptome analyses showed that FZ and DOC upregulated efflux pump
genes (acrA, acrB), downregulated porin genes (ompC, ompF) (Fig. 2F), and induced
stress responses that are expected to increase the tolerance to these agents. In this
context, it seems contradictory that the combination is synergistic rather than antago-
nistic. A possible explanation for observed synergy is that some of these resistance
mechanisms are somehow being inhibited by the combined action of FZ, VAN, and
DOC. A proposed pathway for inhibition of these resistance mechanisms could be
through Fur inactivation or downregulation of the central carbon metabolism. Both of
these activities will have an inhibitory effect on the ETC (25, 58). FZ, DOC, and FVD
downregulated the aerobic ETC genes nuo and cyd, which encode two of the primary
ETC complexes, NADH dehydrogenase I and cytochrome bd-I, that generate the proton
motive force (PMF). These findings, along with the demonstrated overall decrease in
aerobic respiration, could indicate diminished proton motive force in response to FZ
and DOC. Since PMF is directly or indirectly required for the function of efflux pumps,
low PMF is conducive for the accumulation of the antibacterials inside the cells by pre-
venting efflux. These findings support our previous study in which deletion of tolC or
acrA efflux pump genes resulted in the loss or reduction of synergy between FZ and
DOC, highlighting the importance of efflux in the synergy mechanism (7).

VAN treatment of E. coli did not induce much change in overall gene expression
compared to the control. Even though only 17 genes were significantly differentially
expressed, these genes do, however, give insight into the initial cellular effects of VAN.
The majority of the 17 DEGs are members of envelope stress responses, particularly
the Rcs pathway, which has been demonstrated to be induced by peptidoglycan-tar-
geting antibiotics (40). Taken together, these findings indicate that VAN on its own can
somehow cross the outer membrane of E. coli, although only in minimal amounts, and
inhibit peptidoglycan synthesis. From the known mechanisms of action of VAN (pepti-
doglycan synthesis inhibitor) and nitrofurans (DNA damage), there does not seem to
be an obvious connection to why these drugs interact synergistically (8). One impor-
tant mechanism of resistance to nitrofurans is the SOS response to DNA damage.
Deletion of recA, making E. coli unable to mount an SOS response, resulted in the loss
of synergy between FZ and VAN. Data presented here indicate the SOS response’s
involvement in the mechanism of synergy between FZ and VAN, possibly through inhi-
bition of SOS induction by VAN, which can decrease the resistance to FZ’s DNA-damag-
ing effect and therefore increase lethality. The recA deletion also increased the FICI for
the triple combination, but the interaction is still synergistic, supporting the concept of
multiple interaction points that contribute to the synergy of FVD.

This study searched for the possible mechanistic bases of the synergy between FZ,
DOC, and VAN using transcriptomics and biochemical approaches. The transcriptional
responses shed light on the modes of action of FZ and DOC. By analyzing their highly
similar perturbed pathways, in combination with VAN effects, it was possible to pro-
pose mechanisms for the synergy based on identified changes in gene expression.
Particularly, we propose that the combined effects on the Fur pathway lead to (i) an
increased labile iron pool that can cause oxidative damage to proteins and DNA and
(ii) inhibition of ETC that can diminish PMF and subsequently inhibit PMF-dependent
efflux activity. FZ and DOC’s combined translational stress and VAN’s possible inhibi-
tion of the SOS response, which can amplify the DNA damage, are also possible
sources of synergy. FZ, DOC, and VAN affected correlated pathways that likely result in
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the suppression of resistance mechanisms and amplification of damaging effects.
Although further work is warranted to fully elucidate these mechanisms, this study lays
the groundwork for the development of this combination into a viable clinical therapy
for tackling multidrug-resistant bacterial infections.

MATERIALS ANDMETHODS
Bacterial strain, growth conditions, and checkerboard assay. E. coli K1508 (MC4100 [F2 araD2

Dlac U169 relA1 spoT1 thiA rpsL (Strr)] DlamB106) (20) was grown aerobically in 2xYT medium at 37°C.
The Kanr recA deletion mutation from the Keio collection (59) was introduced into E. coli K1508 using
phage P1 transduction, as previously described (60). To eliminate potential polar effects on downstream
genes in the operon, the FLP recombinase recognition target (FRT)-flanked Kanr cassette was excised
using FLP-mediated recombination using plasmid pCP20 (61).

Determination of MIC and checkerboard assay. MIC determinations and checkerboard assays
were performed using the broth microdilution method in a 384-well plate according to the CLSI guide-
lines (62), with minor changes. 2xYT medium was used, the inoculum concentration was 1 � 106 CFU/
ml, the plates were incubated at 37°C for 24 h, and all experiments were performed in triplicate. MIC is
the lowest concentration that completely inhibits growth.

Synergistic, antagonistic, and no interactions were determined using the fractional inhibitory con-
centration index (FICI) method, using the equation

FICI¼ MICFZðcomÞ
MICFZ

1
MICDOCðcomÞ
MICDOC

1
MICVANðcomÞ
MICVAN

where MICFZ(com), MICDOC(com), and MICVAN(com) are the MIC of FZ, DOC, or VAN, respectively, when used in
combination and MICFZ, MICDOC, and MICVAN are the MIC when used alone. Using the lowest FICI, the
interactions were interpreted as synergistic if FICI was #0.5, indifferent if FICI was .0.5 to #4.0, and
antagonistic if FICI was .4.0 (63).

Total RNA isolation and sequencing. The concentrations that gave 50% growth inhibition (IC50) at
24 h were chosen for the transcriptomics study. The IC50 determination was performed in 384-well plates
on E. coli K1508 at 1 � 106 CFU/ml in a total volume of 50 ml. The plate was incubated at 37°C for 24 h,
and optical density at 600 nm (OD600) was determined. The mean percent growth inhibition was calcu-
lated, and the R package drc v3.0-1 (64) was used to plot the concentration-response (percent inhibition)
curves fitted with a four-parameter log-logistic model to determine the IC50. For the combination, the
most synergistic combination (i.e., lowest FICI) in a checkerboard assay was first determined (see Fig. S2
in the supplemental material), and then fixed-ratio dilutions of these concentrations were used to plot a
concentration-response curve. The IC50s for each antibacterial and combination, which were used in all
the assays, are summarized in Table S1.

Exponentially growing cultures of E. coli K1508 at 5 � 107 CFU/ml were treated with the IC50 of the
antibacterial(s) in a final volume of 25 ml. The dimethyl sulfoxide (DMSO) concentration for all treat-
ments was fixed at 0.1%. After incubation at 37°C with shaking at 200 rpm for 1 h, the cultures were har-
vested by centrifugation. The resulting pellet was then resuspended in 1 ml of resuspension buffer
(20 mM sodium acetate, pH 5.5, 1 mM EDTA, 1% SDS) and homogenized by bead beating. The samples
were then subjected to phenol-chloroform nucleic acid extraction, as previously described (65), except
that acid phenol with pH 4.45 was used to extract RNA.

Experiments were conducted in quadruplicate, and the samples were sent to Novogene Co., Ltd.
(Beijing, China), for rRNA depletion using a Ribo-Zero rRNA removal kit (Illumina), library preparation
using the NEBNext Ultra Directional library prep kit for Illumina (New England Biolabs, USA), and subse-
quent 150-bp paired-end RNA sequencing on a HiSeq 2500 sequencer (Illumina).

RNA-Seq analysis. Before analyzing the data, the quality of the reads was checked using FastQC
v0.11.7-5 (66). The RNA sequencing reads were then mapped against the E. coli K1508 genome (NCBI
GenBank accession no. CP072054) using HISAT2 v2.1.0 (67), and the number of reads that mapped to a
gene was counted using featureCounts v1.6.0 (68) (Table S2).

Differential expression analysis was carried out using DESeq2 v1.26.0 (69). To better represent effect
size (gene expression), log2FC estimates were shrunk using the apeglm v1.8.0 shrinkage estimator (70).
Differentially expressed genes (DEGs) were defined as genes with an adjusted (adj) P value (multiple test
adjustment using the Benjamini-Hochberg method) of less than 0.01 (adj P , 0.01) and fold changes
greater than 1.5 (jlog2FCj . 0.58). The DEGs were clustered using k-means clustering of regularized log-
transformed normalized counts into optimal k number of clusters identified by the mclust function of
the R package mclust v5.4.6 (71). Gene Ontology (GO) term enrichment of the DEGs was performed
using statistical overrepresentation test (Fisher’s exact test with Benjamini-Hochberg false-discovery rate
[FDR] multiple-test correction) in PANTHER v15.0 (72). The significantly overrepresented GO terms were
selected using an FDR cutoff of 0.05.

Mutagenicity assay. Mutation frequencies were measured as described previously (73). Briefly,
exponentially growing E. coli K1508 at 1 � 107 CFU/ml was treated with IC50s of FZ, VAN, and DOC, alone
and in combination, in a final volume of 10 ml in 2xYT medium. The cultures were incubated at 37°C
with shaking at 200 rpm for 24 h. The cultures were then centrifuged at 5,000 � g for 10 min and resus-
pended in maximum recovery diluent (0.1% peptone, 0.85% NaCl). Serial dilutions were plated in tripli-
cate onto 2xYT agar containing 100 mg/ml rifampin to select for rifampin-resistant colonies and on non-
selective 2xYT agar to count the total number of colonies. The plates were scored after 24 h at 37°C. The
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mutation frequency was calculated by dividing the number of rifampin-positive colonies by the total
number of colonies from 9 to 11 biological replicates.

Oxygen consumption. Oxygen consumption was measured as previously described (74). Briefly, an
E. coli K1508 culture at an OD600 of 0.3 was treated with IC50s of FZ, VAN, and DOC, alone and in combi-
nation, at 37°C for 1 h. Cells were then diluted in air-saturated 2xYT to an OD600 of 0.2, and dissolved oxy-
gen was measured in a closed chamber with constant stirring using a Clark-type oxygen electrode (Rank
Brothers Ltd.) linked to a chart recorder (Vernier LabQuest Mini).

Metal concentration by ICP-MS. Antibiotic-treated E. coli cultures in a total volume of 80 ml were
processed the same way as for the transcriptomics analyses. After antibiotic treatment, cells were col-
lected and prepared for ICP-MS, as previously described (75). Briefly, cells were harvested by centrifuga-
tion (5,000 � g, 10 min) and then washed twice with 25 ml phosphate-buffered saline (PBS) containing
0.5 mM EDTA and then twice with PBS. All samples were adjusted to a cell number of 2 � 109 CFU based
on their OD600 values. Washed cell pellets were then digested with 500 ml of 70% (wt/vol) nitric acid
($99.999% trace metals basis) at 80°C overnight. Each sample was diluted 1:20 in Milli-Q water (18.2
MX), giving a final acid matrix of 3.5%. The samples were then sent to the University of Waikato Mass
Spectrometry Facility to analyze metal content by ICP-MS on an Agilent 8900 system.

Data availability. The transcriptomic raw data were deposited in GenBank under BioProject acces-
sion no. PRJNA642878.
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