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ABSTRACT Bacteria can adapt to stressful conditions through mutations affecting the
RNA polymerase core subunits that lead to beneficial changes in transcription. In
response to selection with rifampicin (RIF), mutations arise in the RIF resistance-deter-
mining region (RRDR) of rpoB that reduce antibiotic binding. These changes can also al-
ter transcription and thereby have pleiotropic effects on bacterial fitness. Here, we stud-
ied the evolution of resistance in Bacillus subtilis to the synergistic combination of RIF
and the B-lactam cefuroxime (CEF). Two independent evolution experiments led to the
recovery of a single rpoB allele (S487L) that was able to confer resistance to RIF and
CEF through a single mutation. Two other common RRDR mutations made the cells 32
times more sensitive to CEF (H482Y) or led to only modest CEF resistance (Q469R). The
diverse effects of these three mutations on CEF resistance are correlated with differen-
ces in the expression of peptidoglycan (PG) synthesis genes and in the levels of two
metabolites crucial in regulating PG synthesis, glucosamine-6-phosphate (GIcN-6-P) and
UDP-N-acetylglucosamine (UDP-GIcNAc). We conclude that RRDR mutations can have
widely varying effects on pathways important for cell wall biosynthesis, and this may
restrict the spectrum of mutations that arise during combination therapy.

IMPORTANCE Rifampicin (RIF) is one of the most valued drugs in the treatment of
tuberculosis. TB treatment relies on a combination therapy and for multidrug-re-
sistant strains may include B-lactams. Mutations in rpoB present a common route
for emergence of resistance to RIF. In this study, using B. subtilis as a model, we
evaluate the emergence of resistance for the synergistic combination of RIF and
the B-lactam cefuroxime (CEF). One clinically relevant rpoB mutation conferred re-
sistance to both RIF and CEF, whereas one other increased CEF sensitivity. We
were able to link these CEF sensitivity phenotypes to accumulation of UDP-N-ace-
tylglucosamine (UDP-GIcNACc), which feedback regulates GImS activity and thereby
peptidoglycan synthesis. Further, we found that higher CEF concentrations pre-
cluded the emergence of high RIF resistance. Collectively, these results suggest
that multidrug treatment regimens may limit the available pathways for the evolu-
tion of antibiotic resistance.
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core enzyme, can facilitate adaptation to a variety of environmental and antibiotic stresses
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(3-6). However, the pleiotropic nature of mutations affecting the core RNAP subunits has
made it challenging to discern the specific basis of such phenotypes (7). One exception is
rifampicin (RIF) resistance (8). RIF binds to the B-subunit of RNAP to suppress transcription,
and substitutions in RpoB inhibit RIF binding, resulting in drug resistance (9). Importantly,
such mutations are localized to the RIF-binding pocket and define a RIF resistance-deter-
mining region (RRDR). These RRDR changes dramatically reduce RIF binding and can also
have other less well-understood effects on RNA polymerase function (10).

RRDR mutations affect the B-subunit of RNAP and often have collateral effects, such as
reduced fitness (11) and altered susceptibility to other antibiotics (12). Accordingly, the
ability of RIF to select RNAP mutations has been used as a tool for altering cell physiology
(13). One possibility is that the mutant RNAP is altered in its biochemical properties or
interactions with regulatory factors, and this leads to a change in the transcriptional land-
scape. For instance, selection of RIF resistance in Bacillus subtilis led to strains defective in
sporulation, providing early support for the idea that the genetic program of sporulation
might require modifications of RNAP (14). Further, altered expression of metabolic
enzymes might account for the effects of rpoB mutations on the ability to grow on diverse
carbon sources (15). In Mycobacterium tuberculosis (MTB), RIF-resistant rpoB mutants dis-
play an altered cell wall metabolism, perhaps due to effects on the channeling of metabo-
lites into cell wall precursors (16, 17).

Since rpoB mutations may have global effects on cell physiology, the RRDR muta-
tions that emerge in response to RIF selection can be influenced by other features of
the growth environment. This phenomenon has been explored in B. subtilis, where
both the frequency and spectrum of RRDR mutations are altered in diverse environ-
ments (including that of a spaceflight!) (18-20). In a clinical context, RIF is administered
as part of a multidrug therapy for the treatment of MTB (21). Thus, it is important to
consider the influence of other antibiotics on the acquisition of rpoB mutations confer-
ring RIF resistance. More generally, it is important to understand the interactions
between coadministered drugs and the impact of the evolution of resistance to one
drug on susceptibility to the partner drug.

Here, we explore the physiological and genetic interactions between RIF and the cell
wall-inhibiting B-lactam cefuroxime (CEF). Recently, B-lactams have been suggested as
part of multidrug treatment regimens for drug-resistant tuberculosis (TB) (22). CEF is a
potent B-lactam commonly used against B. subtilis (23), a model organism used in the
current study. We demonstrated that RIF and CEF are synergistic against B. subtilis, and
coselection with these two antibiotics led only to RRDR mutations. However, under these
coselection conditions, the spectrum of RRDR mutations was reduced. When commonly
arising RRDR mutations were characterized, only one mutation was identified to simulta-
neously confer high-level RIF and CEF resistance. The effects of RRDR mutations on CEF
resistance correlated with changes in the expression of peptidoglycan synthesis enzymes
and the levels of key intermediates. These findings highlight the ability of RRDR muta-
tions to have divergent effects on microbial physiology.

RESULTS

Rifampicin (RIF) and cefuroxime (CEF) exhibit synergy against B. subtilis. A syn-
ergistic interaction between B-lactams and RIF has been reported against Gram-posi-
tive bacteria, including both methicillin-resistant staphylococci (24) and mycobacteria
(25). We chose to test for synergy in B. subtilis between RIF and the cephalosporin
cefuroxime (CEF). CEF, with an MIC of 5.12 wg/mL (Fig. S1A in the supplemental mate-
rial), acts by preferentially binding to and inhibiting the activity of class A penicillin-
binding proteins (PBPs), enzymes involved in the polymerization of peptidoglycan (PG)
precursors (26). Using a checkerboard assay, we found the combination of RIF and CEF
to be strongly synergistic with a zero-interaction potency (ZIP) score (27) of >10 over a
range of antibiotic concentrations (Table 1; Table S3). Values for the combination of
0.06 ng/mL RIF with increasing concentrations of CEF have been listed in the table for
illustration. The full data set, including other concentrations, is available in Table S3.
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TABLE 1 ZIP scores for the combination of 0.06 ng/mL RIF with increasing concentrations

of CEF

RIF (zg/mL) CEF (ng/mL) ZIP score
0.06 0 0.0
0.06 0.04 61.7
0.06 0.08 69.1
0.06 0.16 65.7
0.06 0.32 55.8
0.06 0.64 43.1
0.06 1.28 27.6
0.06 2.56 14.3
0.06 5.12 5.2
0.06 10.24 0.0

On treatment with sub-MICs of CEF (up to 0.64 ng/mL), the lag phase was increased by
no more than 3 h (Fig. 1A). A sub-MIC of RIF (0.06 ng/mL; Fig. S1B) also led to an
increase in lag phase (from <1.5 h to ~5 h). However, these cells were now very sensi-
tive to growth inhibition by CEF, with as little as 0.08 ug/mL CEF leading to a lag phase
of ~10 h (Fig. 1B). Similarly, the presence of sub-MIC CEF (0.64 wg/mL) reduced the RIF
MIC by 4-fold from 0.125 to 0.03 wg/mL (Fig. S1B and C). This change corresponds to a
fractional inhibitory concentration index (FICI) (28) of 0.36, further supporting the con-
clusion that these two antibiotics act synergistically.

Cotreatment with RIF and CEF selects for mutations in rpoB. Drug synergy is a
clinically attractive feature of antibiotic chemotherapy. However, drug interactions also
have the potential to influence the evolution of resistance (29). Both RIF and CEF suscepti-
bility is influenced by mutations in RNA polymerase (30, 31). We therefore sought to
explore how cotreatment with both RIF and CEF affected the evolution of resistance. We
hypothesized that the combination of RIF and CEF might select for the emergence of
mutations at novel loci. We evolved B. subtilis by repeated passage (10 times) in the pres-
ence of three alternative drug combinations (Fig. 2A): 0.06 ug/mL RIF with 2.56 wg/mL

A CEF
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FIG 1 (A and B) Synergy between rifampicin (RIF) and cefuroxime (CEF) monitored by growth
kinetics. Cell density was monitored after treatment with sub-MIC levels of CEF alone (A) or in the
presence of 0.06 ug/mL RIF (B). The observed lag phases were all less than 5 h with CEF alone and
increased to nearly 15 h with the combination treatment, as highlighted by the dashed lines.
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FIG 2 Evolution of WT B. subtilis to achieve RIF and CEF resistance. (A) Schematic of the evolution experiment performed in the presence of the RIF + CEF
combination; WGS, whole-genome sequencing. (B and C) RIF (B) and CEF (C) susceptibilities as measured by zone of inhibition for the 10 passages evolved
under the 3 combination treatments. The three RIF and CEF concentrations used for evolving the cells are mentioned in the legend. The control group
consists of 10 passages of WT cells that have not been treated with any drugs. The shaded bars in C represent the zone of lower density.

CEF (0.5x MIC of the individual drugs), 0.12 wg/mL RIF with 2.56 wg/mL CEF (MIC of
RIF and 0.5x MIC of CEF), and 0.06 wg/mL RIF with 5.12 ng/mL CEF (0.5x MIC of RIF and
MIC of CEF). Under all three conditions, cells developed resistance to both drugs by the
fourth passage, as measured by a decrease in diameter in a zone of inhibition (ZOI) assay
(Fig. 2B and C). The absence of red and blue bars in Fig. 2B represents complete loss of the
ZOl and hence high resistance to RIF. Interestingly, when evolved in the presence of the
highest CEF concentration (5.12 ug/mL), cells were only able to acquire low-level RIF
resistance.
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TABLE 2 The mutations identified by whole-genome sequencing after evolution

Drug combination Gene Coding region change Amino acid change
Strain A (0.06 R + 2.56 C) rpoB 1460C>T S487L
Strain B (0.12R + 2.56 C) rpoB 1460C>T S487L
Strain C (0.06 R + 5.12 C) rpoB 1559C>T P520L

To identify the genetic changes associated with resistance, we performed whole-ge-
nome sequencing (WGS) of single colonies recovered from the fourth passage of selection.
Interestingly, all three evolved strains had mutations in the RRDR of rpoB (Table 2). This
suggests that even in the presence of two drugs, the most facile path to resistance to both
drugs is through alterations in the RRDR region of rpoB. The two independently evolved
strains (A and B) that were selected with sub-MIC levels of CEF both acquired high-level
RIF resistance with an identical mutation, S487L. The RRDR region is highly conserved (32),
and this mutation corresponds to S531L in Escherichia coli and S450L, which is the most
commonly occurring RIF resistance mutation in M. tuberculosis (33). Strain C, evolved with
CEF at its MIC (5.12 wg/mL), acquired an rpoB P520L mutation that contributed compara-
tively low-level RIF resistance (34). This suggests that the selective pressure imposed by
higher CEF concentrations might preclude the acquisition of high RIF resistance through
typical RRDR mutations. We sought to confirm this finding by repeating the experiment
with 10 additional biological replicates. Five tubes were grown with 0.06 wg/mL RIF and
5.12 pwg/mL CEF (1x MIC) and five tubes with 0.06 wg/mL RIF and 10.24 ng/mL CEF (2x
MIQ). In support of the previous experiment, none of the strains acquired high RIF resist-
ance even after 10 passages. Sequencing of the RRDR region from eight isolates led to
four strains with atypical RRDR region mutations that led to modest increases in RIF and
high CEF resistance (L489S, A478V [2 isolates], and S468P) and four that did not contain
RRDR mutations. Thus, high levels of CEF seem to impede the emergence of most RRDR
region mutations that are known to confer high-level RIF resistance in favor of mutations
that confer CEF resistance and only partial RIF resistance.

rpoB mutants exhibit altered susceptibility to other cell wall-acting antibiotics.
In addition to characterizing RIF-resistant mutants selected by both RIF and CEF (Table 2),
we also isolated rpoB mutants on agar containing high concentrations (512 ng/mL) of RIF
alone. Two additional mutations (H482Y and Q469R) were recovered, which have been
identified in prior studies of RIF resistance in B. subtilis (35). Mutations in the RRDR residues
corresponding to B. subtilis S487, H482, and Q469 (Table 3) correspond to more than 90%
of RIF-resistant MTB clinical isolates (36). Because of the clinical prevalence of these muta-
tions and the cross-resistance of the S487L mutant to CEF, we characterized the CEF sensi-
tivity of the H482Y and Q469R RIF-resistant mutants (Table 3; Fig. 3A). In contrast to
mutants evolved under combination selection (5487L), the H482Y mutation made cells
highly susceptible to CEF (32 times more sensitive than wild type [WT]), whereas the
Q469R mutation led to a modest increase in CEF resistance (2 times more resistant than
WT). Combination treatment using RIF and B-lactams has been proposed as a potential
drug therapy for M. tuberculosis (37). We therefore tested whether two common RIF-resist-
ant mutations in M. tuberculosis (S450L and H445Y) also alter CEF susceptibility. Indeed,
both S450L and H445Y were 2- to 4-fold more sensitive to CEF than to H37Rv.

Although H482Y frequently emerges in cells subject to RIF selection, this mutation

TABLE 3 RIF and CEF MICs of different rpoB mutants
Mutation (B. subtilis) E. colilocus M. tuberculosis locus RIF MIC? (ug/mL) CEF MIC? (ug/mL)

WT 0.125 5.12
H482Y H526Y H445Y >4 0.16
Q469R Q513R Q432R >4 10.24
S487L S531L S450L >4 20.48
P520L P562L P481L 4 20.48

aValues are shaded in gray to define resistance. Dark gray with bold represents higher resistance. Values in italic
font represents increased susceptibility for the drug.
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FIG 3 Drug susceptibilities of rpoB mutants. (A) Zone of inhibition against RIF and CEF for different rpoB mutants
(note that only P520L had a detectable inhibition zone with RIF). (B) Zone of inhibition for B-lactams oxacillin,
ampicillin, and penicillin and other cell wall-inhibiting drugs, such as nisin, vancomycin, and fosfomycin for the
common clinically associated RIF-resistant rpoB mutants. Significance was defined as a P value of <0.001. A
comparison was done between all mutants treated with the same drug. No comparison was done between drugs. A
strain with a significant difference compared to others is given a different letter, and “a,b” indicates a value that is not

significantly different from those strains in either group a or group b.

is disfavored in the presence of CEF because it greatly increases CEF sensitivity
(Fig. 3A). Such interactions, where emergence of resistance to one antibiotic increases
the susceptibility to another, are beneficial in combination therapies (38). We next
tested the sensitivity of the three clinically relevant RIF resistant mutants toward addi-
tional B-lactams and other antibiotics that target the cell wall (Fig. 3B). All B-lactams
inhibit the formation of the PG layer by targeting different PBPs with different affinities
(23). Three additional B-lactams (oxacillin, ampicillin, and penicillin) were similar to
CEF, with S487L and Q469R increasing resistance and H482Y conferring sensitivity.
Neither effect was as strong as for CEF, which can be attributed to CEF having the high-
est affinity for PBP1, the most abundant and primary class A PBP (26).

Extending beyond B-lactams, we also tested the sensitivity of the mutants for nisin
and vancomycin, both of which bind lipid Il and prevent PG synthesis and cross-linking
and, in the case of nisin, can form membrane pores (39, 40). Compared to WT, none of
the rpoB mutants had a significant difference in sensitivity toward either of these drugs
(Fig. 3B). In contrast, all the mutants (and especially Q469R) were more susceptible to-
ward fosfomycin (Fig. 3B), which inhibits the MurA-dependent synthesis of UDP-N-ace-
tylmuramic acid from UDP-N-acetylglucosamine (UDP-GIcNAc) (41). As a control, we
also tested the sensitivity of the mutants against drugs acting on other cellular proc-
esses, including chloramphenicol, which inhibits protein synthesis (42), triclosan, which
inhibits fatty acid synthesis (43), and paraquat, which generates reactive oxygen spe-
cies (ROS) toxicity in the cells (44). None of the mutants had a significant difference in
the sensitivity against these drugs (Fig. S2). In conclusion, the predominant rpoB muta-
tions associated with high RIF resistance had various levels of sensitivity to drugs that
inhibit PG synthesis.
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rpoB mutations alter the expression of genes affecting PG synthesis. Based on
our antibiotic sensitivity results, we hypothesized that these RRDR mutations may
change the interaction of RNAP with promoters or regulators involved in the expression of
PG synthesis genes. We therefore sought to evaluate the transcript levels of representative
PG synthesis genes (gImS, gimM, gimU, murA, and ponA) and two genes that function to
divert PG intermediates back into glycolysis (gamA and nagB) (Fig. 4A). PG synthesis
branches from the fructose-6-phosphate (fructose-6-P) node in glycolysis when GImS con-
verts fructose-6-phosphate to glucosamine-6-phosphate (GIcN-6-P) (45, 46). GIcN-6-P is
isomerized by GImM into GIcN-1-P, which is converted by GImU to UDP-GIcNAc. MurA ini-
tiates synthesis of the second sugar required for PG synthesis, UDP-MurNAc. We included
ponA, which encodes PBP1, the primary class A PBP involved in PG synthesis during vege-
tative growth and a major target of CEF inhibition (23, 26). PG synthesis can also be sup-
ported by import of amino sugars such as GIcNAc present in the growth medium.
Catabolism of GIcNAc leads to GIcN-6-P, a branchpoint metabolite that can be used by
GImM to support PG synthesis or, when in excess, can be routed into glycolysis through
the GamA (47) and NagB (48) enzymes (Fig. 4A).

In the case of the CEF-resistant (CEFR) S487L and Q469R mutants, gimU and murA
were expressed at significantly higher levels than in WT cells, and other tested genes
were unchanged (Fig. 4B). CEF resistance was notably not correlated with upregulation
of ponA, encoding a major target for CEF. In the case of the CEF-sensitive (CEF®) H482Y
mutant, g/mM and ponA were expressed at lower levels than in WT cells. We hypothe-
sized that these reduced gimM levels might be correlated with an increase in expres-
sion of gamA and nagB. However, in the H482Y mutant mRNA levels of the latter genes
were reduced relative to those observed in WT. None of the mutants had a difference
in their growth kinetics in the absence of any drug (Fig. S3), suggesting that the altered
drug sensitivity of the mutants did not result from slower growth. Thus, we conclude
that CEF resistance is correlated with increased transcript levels for some enzymes in
PG synthesis (gimU and murA), whereas sensitivity is correlated with reduced mRNA
levels for other enzymes (gImM, ponA, gamA, and nagB). Whether these changes in
mRNA levels are due to effects of RRDR mutations on RNAP activity at the correspond-
ing promoters or are an indirect effect of other changes in metabolism is not yet clear.

Metabolic flux can be regulated by changes in enzyme activity or enzyme expres-
sion. For PG synthesis, GImS is under complex regulation. The level of gimS mRNA is
regulated by GlcN-6-P-activated mRNA cleavage by the gimS ribozyme (49). However,
levels of gimR mRNA were only modestly different between RRDR mutants and those
observed in WT (Fig. 4C). In addition, GImS activity is allosterically activated by GImR
(50). GImR activity is antagonized by complex formation with YvcJ in the presence of
high UDP-GIcNAc (51). Therefore, we sought to determine whether RRDR mutations
affect the levels of metabolites that might impact PG synthesis.

RRDR mutations alter the levels of key PG intermediates. To monitor the impact
of RRDR mutations on metabolite pools, we performed untargeted metabolomics. We
focused our attention on examining the levels of the two key regulatory intermediates
noted above, GIcN-6-P and UDP-GIcNAc (Fig. 4A), and pyruvate, which is indicative of
the flux of fructose-6-phosphate into glycolysis (52). The Q469R strain did not show
any significant difference in the levels of these metabolites, so we focused on the dif-
ferences between the CEFR (S487L) and CEF® (H482Y) strains (Fig. 5).

For the CEFR S487L mutant, we observed an increase in GIcN-6-P and a decrease in
UDP-GIcNAc. Since UDP-GIcNAc regulates GImS activity through the YvcJ/GImR path-
way (Fig. 4A), low UDP-GIcNAc will lead to high GImS activity, which might account for
elevated GIcN-6-P. We also noted elevated mRNA levels for g/mU and murA (Fig. 4B).
Thus, we conclude that the S487L mutant has changes in both gene expression and
metabolite levels, consistent with a higher rate of PG synthesis. Although one might
expect that elevated GIcN-6-P could reduce gimS mRNA levels (by ribozyme cleavage)
and increase the expression of gamA and nagB, our real-time PCR results showed no
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FIG 4 The effect of rpoB mutations on peptidoglycan (PG) synthesis. (A) Schematic of the PG synthesis pathway. (B
and C) Expression levels of enzymes (B) and regulators (C) involved in PG synthesis in WT and rpoB mutants S487L,
H482Y, and Q469R as determined by real-time PCR. The expression levels were calculated by the 272" method. gyrA
was used as the internal control to normalize the levels of the genes of interest. The values are plotted on a log,,
scale. Significance was calculated by two-way ANOVA with Tukey’s multiple-comparison test. The two asterisks (**)

indicate P values less than 0.001.
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FIG 5 Metabolite levels in rpoB mutants. (A) Metabolite levels of pyruvate, which indicate the flux
through glycolysis. (B) Metabolite levels of GIcN-6-P, which determine flux into PG synthesis. (C)
Metabolite levels of UDP-GIcNAc, which indicate the rate of PG formation. Same letters define a data
set with no significant difference. Significance was defined as a P value of <0.0001. A comparison was
performed between all strains for each metabolite. A strain with a significant difference compared to
others is given a different letter.

evidence for these changes (Fig. 4B), suggesting that GIcN-6-P has not reached levels
needed to trigger these responses.

In contrast, the CEFS H482Y mutant had elevated levels of UDP-GIcNACc. In this case,
we predict that the high UDP-GIcNAc will cause sequestration of GImR in a YvcJ:GImR:
UDP-GIcNAc complex and thereby prevent GImR stimulation of GImS activity (51). By
restricting GImS activity, this could reduce flux of fructose-6-P into PG and contribute
to the CEF-sensitive phenotype. Thus, the most striking correlation to emerge from the
metabolomics analysis is the correlation between UDP-GIcNAc and CEF sensitivity.
Further, our data support the idea that a key function of UDP-GIcNACc is as a feedback
regulator of GImS activity, as mediated by the GImR/YvcJ pathway (51).

The ability of UDP-GIcNAc to modulate PG synthesis is dependent on GImR. We
used epistasis studies to determine if the correlation of UDP-GIcNAc levels and CEF
sensitivity is in fact mediated by the role of UDP-GIcNAc as a negative regulator of
GImR activity. The CEF? S487L mutant has reduced UDP-GIcNAc levels that could result
in increased activity of the GImR regulator, and this, in turn, could lead to elevated PG
synthesis and contribute to antibiotic resistance. Consistent with this model, the ele-
vated CEFR of the S487L mutant is lost in a strain additionally lacking gImR (Fig. 6).
Conversely, in the CEFS H482Y mutant, UDP-GIcNACc levels are high, and, therefore, we
predict that GImR will be largely nonfunctional due to sequestration in a YvcJ:GImR:
UDP-GIcNAc complex (51). Both the H482Y and the g/mR mutations individually make
cells CEF> but these two mutations are not additive in the H482Y gimR double mutant
(Fig. 6.). This supports our hypothesis that H482Y and gimR function in the same path-
way and that H482Y has effectively inactivated GImR function by altering metabolism,
leading to a high level of UDP-GIcNAc.

Perturbing flux of amino sugars can alter CEF sensitivity. We hypothesize that
the CEF sensitivity of the H482Y mutant is due to restricted GImS activity resulting
from elevated UDP-GIcNAc levels. Therefore, we sought to bypass GImS by supple-
menting cells with GIcNAc, which has been shown to increase the level of GIcN-6-P
(53). Indeed, in the presence of GlcNAc, there was a significant increase in CEF resist-
ance for the H482Y mutant (Fig. 7A). The growth of the cells in liquid medium in the
presence of 0.04 ug/mL CEF was also significantly better when LB was supplemented
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FIG 6 The importance of GImR activity in CEF sensitivity. The sensitivity of WT and rpoB mutants
with and without the deletion of g/mR as measured by zone of inhibition. An asterisk (*) indicates P
values less than 0.0001; ns, not significant.

with GIcNAc (Fig. S4). These results suggest that increasing flux of sugars into PG syn-
thesis restores CEF resistance to H482Y by bypassing GImS. Consistently, if we
instead delete gamA (Fig. 4A), the flux of amino sugars present in the growth me-
dium into glycolysis is restricted, and this also increases CEF resistance. We next
tested the impact of increasing the flow of GIcNAc into UDP-GIcNAc on CEF resist-
ance. We ectopically induced expression of the GImM phosphoglucosamine mutase
(PNGM) and PgcA*, an allele of phosphoglucomutase with increased PNGM activity
(54). Neither gene was able to increase CEF resistance (Fig. 7B). This is consistent with
the hypothesis that GImS activity is restricted, GIcN-6-P is a limiting metabolite for PG
synthesis, and only the import of amino sugars from outside the cell can bypass this
restriction.

CEF sensitivity
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FIG 7 Perturbation of GIcN-6-P and UDP-GIcNAc levels in cells. (A and B) The sensitivity of WT and
rpoB mutants against CEF as measured by zone of inhibition on medium supplemented with 20 mM
GIcNAc and on deletion of gamA, which directs GIcN-6-P toward glycolysis (A), and after induction of
the phosphoglucosamine mutase gimM and pgcA* and phosphoglucomutase pgcA (B). An asterisk (¥)
indicates P values less than 0.01.
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Conversely, the CEFR S487L mutant did not exhibit any difference in CEF sensitivity
in the presence or absence of 20 mM GIcNAc or after deletion of gamA (Fig. 7A). This is
consistent with our hypothesis that this strain is not restricted in the flux of fructose-6-
P into GIcN-6-P. In this case, induction of gimM or pgcA* actually led to a slight increase
in CEF sensitivity. In contrast, induction of PgcA, which has comparatively low PNGM
activity (54), had no effect (Fig. S5). We speculate that with this strain, which has high
GIcN-6-P levels (Fig. 7B), further increases in the synthesis of amino sugars leads to a
metabolic imbalance. Finally, for the Q469R mutant, which did not exhibit any signifi-
cant depletion or accumulation of the PG intermediates, GIcNAc addition did not
change CEF susceptibility. Similar to S487L, induction of gimM or pgcA* in Q469R also
led to a slight increase in CEF sensitivity (Fig. 7B).

DISCUSSION

Drug interactions have a strong impact on the evolution of resistance (55). Here, we
evaluated the emergence of resistance to a combination of a B-lactam (CEF) and rifampi-
cin (RIF). These two drugs are synergistic in B. subtilis, as shown also for other bacteria
(56-59). We used in vitro evolution followed by whole-genome sequencing to identify
mutations that enable growth in the presence of this dual selection. Strikingly, only one
single RRDR mutation (5487L) emerged that confers high-level resistance to both antibi-
otics. With CEF at or above the MIC, the acquisition of high-level RIF resistance was re-
stricted. When this selection was repeated and colonies were screened specifically for
RRDR mutations, we identified several other mutations not commonly associated with
RIF resistance that confer high-level CEF resistance and only modestly increase RIF
resistance.

These results highlight the importance of RRDR mutations in RIF resistance (by
reducing RIF binding to the B-subunit) and the ability of rpoB mutations to also confer
resistance to other antibiotics by less direct mechanisms. In the presence of CEF, only a
limited set of mutations can simultaneously lead to CEF and RIF resistance, and these
were found in the RRDR. In fact, other common RRDR mutations that confer high-level
RIF resistance were either sensitive (H482Y) or had lower resistance to CEF (Q469R). In
MTB, both mutants corresponding to S487L and H482Y were sensitive to CEF com-
pared to WT. The collateral sensitivity to CEF on acquiring RIF resistance is favorable
when considering multidrug treatment (60). Further, cotreatment with B-lactams and
RIF may constrain emergence of RIF resistance.

Mutations in rpoB that emerge in response to antibiotic selection can have broad
effects on cell physiology (10, 61). Selection with RIF leads to RRDR mutations that of-
ten result in a significant decrease in cell fitness (62, 63), which leads to the emergence
of compensatory mutations (64). Similarly, rpoB mutations have been described that al-
ter susceptibility to cell wall-inhibiting drugs, such as B-lactams (6, 30), vancomycin,
and daptomycin (65), although these mutations typically do not map to the RRDR (6).
However, some RIF-resistance mutations in the RRDR not only decrease RIF binding
but also lead to alterations in the cell wall (16). In E. coli, the clinically relevant H526Y
RRDR mutant is very sensitive to cell wall inhibitors and to the deletion of genes en-
coding auxiliary functions related to cell wall synthesis and division (66). Similarly, we
report here that B. subtilis RRDR mutations can lead to either sensitivity or resistance to
an antibiotic (CEF) that inhibits PG synthesis.

The identification of S487L (CEFR) and H482Y (CEF®) mutants in B. subtilis presents a
useful tool to understand the impact of RRDR mutations on cell wall homeostasis.
Using transcriptomic and metabolomic studies, we present evidence for the impor-
tance of altered metabolite levels (GIcN-6-P and UDP-GIcNAC) in affecting B-lactam
susceptibility. Specifically, higher levels of UDP-GIcNAc in H482Y are correlated with
CEF sensitivity, which we ascribe to a loss of GImR-mediated activation of GImS.
Metabolic feeding studies and genetic epistasis suggests that this is a direct cause of
the altered resistance. Conversely, the S487L mutant maintains high levels of GlcN-6-P
and low levels of UDP-GIcNAC, and, in this strain, GImR-mediated activation of GImS is
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GlcNAc supplementation or gamA deletion:
Increase in the flux towards PG synthesis

CEFS—> CEFR
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FIG 8 Interpretation of experimental perturbations predicted to affect UDP-GIcNAc levels. The text
and arrow in blue summarize the data for the CEFR S487L mutant. This mutant has low levels of UDP-
GIcNAc. Thus, GImR is free to stimulate GImS activity, and cells are predicted to maintain a high rate
of PG synthesis detected by high levels of GIcN-6-P. The text and arrow in red summarize the data
for the CEF® H482Y mutant. This mutant has high levels of UDP-GIcNAc, which would bind with
GImR. The bound GImR is unavailable to stimulate GImS activity and is thereby predicted to reduce
PG synthesis. Three perturbation scenarios are also presented. In green, cells were supplemented with
20 mM GIcNAc or gamA was deleted. Both led to higher flux toward PG synthesis independent of
GImS, thereby bypassing the bottleneck in the H482Y mutant and leading to elevated CEF resistance.
In orange, induction of gimM or pgcA* is predicted to increase the levels of UDP-GIcNAc but only in
S487L, which has high levels of GIcN-6-P. Thus, this treatment is predicted to block GImR-dependent
GImS activation in S487L, reduce PG synthesis, and thereby contribute to CEF sensitivity. These
inferences are supported by analysis of the effects of a g/mR deletion (purple). In S487L, we observed
low UDP-GIcNAc levels and predict that GImR is activating GImS. Consistently, deletion of gimR
makes the S487L strain more CEF sensitive. In contrast, in H482Y, we predict that the high observed
UDP-GIcNAC levels will keep GImR sequestered in an inactive state, and consistently there is no effect
of deleting g/mR.

critical for maintaining PG synthesis. Although not the intent of this study, our results
have served to highlight the importance of GImR as a key regulator of metabolic flux
through GImS, the enzyme that shunts carbon from glycolysis/gluconeogenesis into
amino sugar and PG synthesis. Drugs that inhibit PG synthesis cause a buildup of cell
wall intermediates, including UDP-GIcNAc (67). When UDP-GIcNAc levels increase, it
binds to GImR, and flux into PG synthesis may be reduced. Because GImR is conserved
in many bacteria, including MTB (68, 69), these types of effects are important to con-
sider when examining mechanisms of adaptation and resistance to cell wall antibiotics.

Here, we have validated the central role of GImR as a regulator and UDP-GIcNAc as
a regulatory metabolite using the divergent effects of the S487L and H482Y RRDR
mutations on CEF resistance. We have used three experimental perturbations to alter
the availability of metabolites to support PG synthesis: (i) GIcNAc supplementation and
restriction of catabolism (gamA deletion), (ii) elevated expression of gImM or pgcA*,
and (iii) deletion of gImR (Fig. 8). The CEF® S487L mutant maintains high levels of GIcN-
6-P and low levels of UDP-GIcNAc. Thus, in this strain, GImR is active and maintains rel-
atively higher flux of PG synthesis and is better able to tolerate high levels of CEF. As
predicted, if GImR is deleted, the cells become more sensitive to CEF (Fig. 6). Due to
the high levels of GIcN-6-P in this strain, induction of g/mM and pgcA*, combined with
elevated glmU expression (Fig. 4), may lead to elevation of UDP-GIcNAc. High UDP-
GIcNAc, in turn, will inactivate GImR, restrict flux to PG synthesis, and increase CEF sen-
sitivity (Fig. 7B and 8). In the case of CEF> H482Y, the cells already have high levels of
UDP-GIcNAC, which restricts PG synthesis and confers CEF sensitivity. The only manipulation
that increased the resistance of this strain was supplementation with GIcNAc or gamA dele-
tion, both of which increase PG synthesis independent of GImR (Fig. 7A and 8).

In summary, we have shown that RIF-resistant RRDR mutants have altered suscepti-
bility to B-lactams due to altered levels of PG metabolites, especially UDP-GIcNAc.
RRDR mutations have a global impact on the transcriptome of the cells and can lead to
pleiotropic effects. Analyzing the expression levels of PG synthesis genes did not reveal
why UDP-GIcNAC levels are altered by RRDR mutations, but the downstream effects of
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this altered metabolite can account for differences in sensitivity to B-lactams.
B-Lactams are some of the most powerful antibiotics and are being considered in TB
therapy with RIF (37). Thus, this work on evolution of resistance to the combination of
RIF and CEF, the collateral sensitivity to CEF on the acquisition of RIF resistance, and
the differential response of rpoB mutants to CEF will benefit future studies designing
effective drug treatments.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains used in this study are listed in
Table S1 in the supplemental material. All stains were grown in lysogeny broth (LB) medium at 37°C.
Liquid cultures were aerated on an orbital shaker at 280 rpm. Glycerol stocks were streaked on LB agar
plates and incubated overnight at 37°C. rpoB was amplified using the primers mentioned in Table S2.
Mutations in the RIF resistance-determining region (RRDR) of rpoB were confirmed by Sanger sequenc-
ing at the Biotechnology Resources core facility at Cornell University using primer 9286. gimR::erm and
gamA:erm were ordered from the Bacillus knockout erythromycin (BKE) collection available at the
Bacillus Genetic Stock Centre (BGSC) (70). The gene deletion with the erythromycin cassette was then
transformed into the desired strains by natural competence induced in modified competence (MC) me-
dium. The cassette was removed using pDR244 as described previously (70). Transformation was done
using chromosomal DNA with selection on plates with 1 ug/mL erythromycin and 25 png/mL lincomycin.
The deletion was confirmed by PCR with check primers listed in Table S2. Strains with inducible expres-
sion of gimM (HB16910), pgcA* (HB16946), and pgcA (HB16945) were made using chromosomal DNA
from strains from a previous study (54). Genes were ectopically expressed at the amyE locus under pro-
moter P ., and selection of transformants was performed in the presence of chloramphenicol
(10 wg/mL).

Growth kinetics and MIC determinations. A Bioscreen C growth curve analyzer (Growth Curves
USA, NJ) was used to monitor the growth of the strains. Initially, cultures were grown up to an optical
density at 600 nm (ODg,,) of ~0.4 in 5-mL culture tubes. One microliter of this culture was inoculated in
each well of honeycomb 100-well plates containing 200 uL of LB medium. The OD,, was monitored ev-
ery 15 min for up to 24 h with constant shaking at 37°C. For MIC determination, 2-fold increases in drug
concentrations were screened ranging from 0.04 to 10.24 ug/mL for CEF and from 0.075 to 4 ug/mL for
RIF. The minimum concentration of drug having at least 90% growth inhibition compared to the
untreated control after 8 h of treatment was considered the drug MIC. Control cells reached stationary
phase within 8 h (OD,,, of ~1.0). Percent inhibition was calculated as

06 inhibition — (1 _ (average ODg, of treated cells)) 100,

average OD, of control cells

Average ODy,, was calculated from three biological replicates.

Synergy quantification. Checkerboard assays were used to determine the interaction between RIF
and CEF (71) with 2-fold dilutions of both drugs. One microliter of cultures grown to an ODy,, of 0.4 was
added to each well containing 200 uL of medium with either or both drugs. The MIC of the drug combi-
nation was determined as mentioned in the previous section. To quantify the interaction between the
two drugs, we calculated both a fractional inhibitory concentration index (FICI) and a ZIP score. The for-
mula to calculate FICl is

FICI — MIC of drug A in combination " MIC of drug B in combination
- MIC of drug A alone MIC of drug B alone ’

If the value of FICI is =<0.5, the interaction was considered to be synergistic (72). The ZIP score was
calculated using synergy finder (27). A ZIP score of >10 indicates synergy between the two drugs.

Evolution and whole-genome sequencing. Wild-type (WT) cells were evolved under the combined
treatment of RIF and CEF. Initially, WT cells were grown up to an ODy,, of 0.4. Twenty-five microliters of
these cells was added to 5 mL of LB containing no drug, 0.06 ng/mL RIF with 2.56 ug/mL CEF, 0.12 ug/
mL RIF with 2.56 wg/mL CEF, or 0.06 wg/mL RIF with 5.12 wg/mL CEF. The cultures were allowed to
grow overnight. The next day, 25 uL of the overnight cultures was transferred to fresh tubes containing
5 mL of LB with the same conditions. This designated the first passage. All cultures were evolved for 10
passages. Cells from each passage were stored as glycerol stocks. For experiments, the frozen stocks
were streaked on LB agar plates, and a representative single colony was picked from each passage and
analyzed for their RIF and CEF sensitivities. These single colonies were again stored as glycerol stocks.
Chromosomal DNA was extracted from the selected single colonies using a Qiagen DNA extraction kit
and was sent for whole-genome sequencing. Sequencing was done using the Illumina platform at the
Microbial Genome Sequencing Center (MiGS, Pittsburgh). The results were trimmed, mapped, and
aligned with reference WT (NC_000964.3) genome sequence using CLC genomics workbench.

Disk diffusion assay. Drug susceptibilities of the mutants were screened by determining the zone
of inhibition using a disk diffusion assay. Cultures were grown up to an ODg,, of ~0.4. One hundred
microliters of this culture was mixed with 4 mL of top agar (0.75% agar). Top agar was kept at 50°C to
prevent it from solidifying. The mix of agar and culture was poured onto a 15-mL LB agar (1.5%) plate.
This was allowed to air dry for 30 min. A 6-mm Whatman paper filter disk was then put on the top agar.
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The required amount of drug was added on the disk immediately. The plates were incubated overnight
at 37°C. The diameter of the clear zone of inhibition/low-density growth (ZOI/ZOLD) was measured the
next day. For all histograms, the y axis starts from 6 mm, which is the disk diameter. For experiments
with GIcNAc supplementation, 20 mM GIcNAc was added to both the top agar and LB agar plates. For
strains with the inducible promoter P, the agar was made with 1 mM isopropyl-3-p-thiogalactopyr-
anoside (IPTG). The following amounts of drugs were used on the disks: CEF, 25 ng; RIF, 25 ng; oxacillin,
3 ug; ampicillin, 15 wg; penicillin G, 20 U; nisin, 100 wg; vancomycin, 10 ug; fosfomycin, 75 ng; chloram-
phenicol, 8 ug; triclosan, 5 ng; paraquat, 8 uL from a 10 mM stock.

Real-time PCR. Gene expression was determined by real-time PCR using primers mentioned in Table
S2. Cultures were grown up to an ODy,, of ~0.4. RNA was purified from 1.5 mL of cells using the RNeasy kit
from Qiagen as per the manufacturer’s instructions. The isolated RNA was then given a DNase treatment
with a Turbo DNA-free kit (Invitrogen, AM1907). Approximately 15 ng of RNA was incubated with 2 uL of
DNase and 2 ul of buffer at 37°C for 15 min, followed by a 5-min incubation with the DNase-inactivating
agent. The samples were then centrifuged at 8,000 rpm for 3 min, and the supernatant was collected in a
fresh microcentrifuge tube. cDNA was prepared with 2 ug of the treated RNA in 20 wL total volume of reac-
tion mix using a high-capacity cDNA reverse transcription kit from Applied Biosystems (4368814). The cDNA
was further diluted 1:10 to obtain a final concentration of 10 ng/uL. Gene expression levels were measured
using 10 ng of cDNA, 0.5 M gene specific primers, and 1x SYBR green master mix (Applied Biosystems,
A25742) in a StepOnePlus system from Applied Biosystems. gyrA was used as an internal control. Gene
expression values (274¢7) were plotted after normalization with gyrA.

Metabolite extraction. Metabolomics experiments were done according to previously published
work (73, 74). Both wild-type and mutant strains were first grown in 5 mL of LB broth (BD Difco) medium
at 30°C for 12 h and were diluted 1:50 in 40 mL of medium (in triplicates) and grown at 37°C. Mid-log-
phase cultures with an ODy,, of 0.4 were pelleted and quenched by resuspending in 700 uL of a precooled
40%:40%:20% mixture of acetonitrile, methanol, and water. To extract metabolites, cells were lysed using
0.1-mm Zirconia beads and a Precellys homogenizer (Bertin Instruments). Lysates were centrifuged at
12,000 rpm for 8 min at 37°C and cleared by passing through 0.22-um Spin-X tube filters (Sigma-Aldrich).

Liquid chromatography and mass spectrometry. Two microliters of extracted metabolite samples
was separated on a Cogent Diamond Hydride type C column of 1200 liquid chromatography (Agilent),
which was coupled to an Agilent accurate mass 6220 time of flight spectrometer. For different classes of
metabolites, two types of solvents were used: (i) solvent A (water + 0.2% formic acid) and (ii) solvent B
(acetonitrile + 0.2% formic acid). The gradient was 0 to 2 min, 85% B; 3 to 5 min, 80% B; 6 to 7 min, 75%
B; 8 to 9 min, 70% B; 10 to 11.1 min, 50% B; 11.1 to 14 min, 20% B; and 14.1 to 24 min, 5% B, with a 10-
min reequilibration period at 85% B at a flow rate of 0.4 mL/min. For dynamic mass axis calibration, a ref-
erence mass solution was continuously injected from the isocratic pump. lon abundances of different
metabolites were determined using Profinder 8.0. The log, fold change values were calculated with
respect to the abundances in the wild-type strain.

Statistical analysis. All experiments were performed with a minimum of three biological replicates.
One-way analysis of variance (ANOVA) was used to calculate the statistical significance. A Tukey’s comparison
test was used to determine significance between all the strains. P value cutoffs are mentioned in the figure
legends. Different letters represent data that are significantly different. Same letters represent mean values
that are not statistically different. Significance between two strains was determined using a Student's t test.
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