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Mutations in the Primary Sigma Factor o* and Termination Factor
Rho That Reduce Susceptibility to Cell Wall Antibiotics

Yong Heon Lee,®® John D. Helmann?

Department of Microbiology, Cornell University, Ithaca, New York, USA% Department of Biomedical Laboratory Science, Dongseo University, Busan, South Korea®

Combinations of glycopeptides and 3-lactams exert synergistic antibacterial activity, but the evolutionary mechanisms driving
resistance to both antibiotics remain largely unexplored. By repeated subculturing with increasing vancomycin (VAN) and cefu-
roxime (CEF) concentrations, we isolated an evolved strain of the model bacterium Bacillus subtilis with reduced susceptibility
to both antibiotics. Whole-genome sequencing revealed point mutations in genes encoding the major o factor of RNA polymer-
ase (sigA), a cell shape-determining protein (mreB), and the p termination factor (rho). Genetic-reconstruction experiments
demonstrated that the G-to-C substitution at position 336 encoded by sigA (sigA“***©), in the domain that recognizes the —35

promoter region, is sufficient to reduce susceptibility to VAN and works cooperatively with the rho

G56€ substitution to increase

CEF resistance. Transcriptome analyses revealed that the sigAS**°C substitution has wide-ranging effects, including elevated ex-
pression of the general stress o factor (¢®) regulon, which is required for CEF resistance, and decreased expression of the glpTQ
genes, which leads to fosfomycin (FOS) resistance. Our findings suggest that mutations in the core transcriptional machinery
may facilitate the evolution of resistance to multiple cell wall antibiotics.

he evolution of multidrug resistance among pathogenic bac-

teria is an increasing threat to global public health because the
rate of resistance evolution far outpaces that of development of
new antibiotics (1-3). Combinations of antibiotics have emerged
as a promising strategy to enhance antibiotic effectiveness (4, 5),
and they are commonly classified as additive (no interaction),
synergistic (greater than the additive effect), or antagonistic (less
than the additive effect) (6, 7). The synergistic interactions be-
tween glycopeptides and -lactams have been demonstrated, es-
pecially against staphylococci with reduced susceptibilities to van-
comycin (VAN) (8, 9). Glycopeptide antibiotics, such as VAN,
inhibit cell wall biosynthesis by binding tightly to the p-Ala-p-Ala
terminus of the peptidoglycan pentapeptide, thereby blocking the
transpeptidation and transglycosylation reactions in peptidogly-
can assembly (10). The B-lactam antibiotics, including cephalo-
sporins, such as cefuroxime (CEF), inhibit cell wall cross-linking
by inactivating specific transpeptidases known as penicillin-bind-
ing proteins (PBPs) (11, 12). Although synergistic combinations
of drugs have clinical benefits, in some cases, resistance to drug
combinations may evolve at an even higher rate than resistance to
individual drugs (13).

Whole-genome resequencing has enormous resolving power
for identifying the genetic changes underlying adaptation. Thus, it
has been widely used to explore the evolution of antibiotic resis-
tance that results from the accumulation of random mutations
(14-17). Thousands of bacterial genome sequences are available
in the public domain and can be used as reference genomes for
comparison (18).

Mutations affecting bacterial RNA polymerase (RNAP) arise
during many selections (2, 19-23), suggesting that alterations to
RNAP can facilitate adaptation. Bacterial RNAP is an essential,
highly conserved, multisubunit enzyme that is responsible for
transcription (24). It consists of the core (a,fR'w) enzyme, a
dissociable o factor (24), and, in Gram-positive bacteria, an addi-
tional 8 subunit that enhances transcriptional specificity (25, 26).
For transcription initiation, the core enzyme must bind one of
various o factors, each of which recognizes a specific promoter
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sequence (27). Bacteria have one housekeeping o factor (6% in
Escherichia coli; o™ in Bacillus subtilis) and several alternative o
factors that are activated in response to either environmental
or developmental signals. Thus, the replacement of one o fac-
tor by another redirects transcription of different subsets of
genes (28-30).

The transcription termination factor Rho is required for one of
two bacterial termination mechanisms, Rho dependent and in-
trinsic (31, 32). Rho is broadly distributed among the Bacteria and
highly conserved, but some bacterial species do not have a ho-
molog (33, 34). Rho is essential in enterobacteria, such as E. coli
(35), but dispensable in the Gram-positive bacteria B. subtilis and
Staphylococcus aureus (33, 36). In B. subtilis, the cellular level of
Rhoisless than 5% that of E. coli, and initially, rho itself and the trp
operon were the only genes known to be regulated by Rho-depen-
dent termination (37, 38). In addition, Gram-positive bacteria,
except for Micrococcus luteus, are resistant to the Rho-inhibiting
antibiotic bicyclomycin, suggesting that Rho is usually nonessen-
tial in these bacteria (33, 39).

Here, we describe mutations resulting from the selection of B.
subtilis for reduced susceptibility to VAN and CEF. Whole-ge-
nome resequencing and genetic-reconstruction studies demon-
strate that single-nucleotide substitutions within sigA and rho are
responsible for the observed effects. These results highlight the
ability of mutations affecting the core transcriptional machinery
to mediate adaptation to cell envelope antibiotics.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains, plasmids,
and primers used in this study are listed in Table 1. Null mutant strains
were constructed by using long-flanking homology PCR (LFH-PCR) as
described previously (40). Cells were routinely cultured at 37°C in lysog-
eny broth (LB) medium or minimal medium supplemented with either
2% glucose or 2% glycerol-3-phosphate (glycerol-3-P). Minimal medium
contained 40 mM potassium morpholinepropanesulfonate (MOPS) (ad-
justed to pH 7.4 with KOH), 2 mM potassium phosphate buffer (pH 7.0),
glucose (2% [wt/vol]), (NH,),SO, (2 g/liter), MgSO, - 7H,O (0.2 g/liter),
trisodium citrate - 2H, O (1 g/liter), potassium glutamate (1 g/liter), tryp-
tophan (10 mg/liter), 3 nM (NH,);Mo,0,,, 400 nM H;BO;, 100 uM
FeCls, 30 nM CoCl,, 10 nM CuSOy,, 10 nM ZnSO,, and 80 nM MnCl,. For
B. subtilis, the following antibiotics were used for selection: spectinomycin
(100 wg/ml), kanamycin (15 pwg/ml), chloramphenicol (10 pg/ml), or
macrolide-lincosamide-streptogramin B (containing 1 pg/ml erythromy-
cin and 25 pg/ml lincomycin).

Selection of antibiotic resistance. The MICs for vancomycin and ce-
furoxime in combination were determined using a Bioscreen C microbial-
growth analyzer. Overnight cultures of B. subtilis W168 were subcultured
by 1:100 dilution in 5 ml of Mueller-Hinton (MH) medium (Difco) con-
taining sub-MICs of the combination of the antibiotics (vancomycin, 0.1
pg/ml; cefuroxime, 2 pg/ml). Then, 24-h cultures were inoculated 1:100
into 5 ml fresh medium containing both antibiotics, with the concentra-
tions incrementally increasing for 10 days. Bacterial glycerol stocks were
frozen at —80°C every day. The day 6 cultures were streaked on an LB agar
plate, and the susceptibilities of 10 colonies to vancomycin and cefu-
roxime were compared. Finally, a representative colony (HB13513) was
selected for whole-genome resequencing.

Whole-genome resequencing. B. subtilis wild-type and HB13513 mu-
tant strains were grown in LB medium to an optical density at 600 nm
(ODygyq) of 0.4, and their genomic DNAs were purified using the Qiagen
DNeasy blood and tissue kit. The quantity and purity of DNA were deter-
mined using a NanoDrop spectrophotometer (Nanodrop Technology,
Inc., Wilmington, DE), and DNA was sequenced using an [llumina HiSeq
2000 at the Cornell University Life Sciences Core Laboratories Center. To
identify single-nucleotide polymorphisms (SNPs), the resulting genomic
sequence data were assembled with MOSAIC, using the reference se-
quence (41) under GenBank accession number ABQK00000000.

Genetic reconstruction. Each point mutation was moved into the
wild-type chromosome using LFH PCR as described previously (2). The
upstream and downstream fragments were amplified from either the wild
type or HB13513 using four primers for each SNP (Table 1) and then
joined to an antibiotic resistance cassette (mls, kan, or spc), which was
introduced as a selectable marker after the stop codon or before the pro-
moter region. The final PCR products were transformed into the wild-
type B. subtilis strain, and the correct transfer of the point mutation was
verified by DNA sequencing.

Plasmid construction. Molecular techniques were performed as de-
scribed by Sambrook and Russell (42). Plasmid pPL82 was used for the
expression of glpTQ under the control of the isopropyl-B-p-thiogalacto-
pyranoside (IPTG)-inducible promoter P, (hy) (43). To construct
pYHO006 (pPL82-glpTQ), the promoterless glpTQ operon was amplified
from B. subtilis wild-type chromosomal DNA by PCR using the primers
6205 (glpTQ Pspac-F)/6206 (glpTQ Pspac-R). Construct integrity was
verified by DNA sequencing. The resulting plasmid was then integrated by
double-crossover homologous recombination into the amyE locus.

Disk diffusion assays. Disk diffusion assays were performed as de-
scribed previously (2). Briefly, strains were grown in LB at 37°C with
shaking toan ODy, of 0.4. A 100-pl aliquot of these cultures was added to
4 ml of 0.7% MH soft agar (kept at 45°C) and directly poured onto MH
plates (containing 15 ml of 1.5% MH agar). After 30 min incubation at
room temperature, the plates were dried for 20 min in a laminar airflow
hood. Filter paper disks containing the antibiotics to be tested were placed
on top of the MH agar, and the plates were incubated at 37°C for 16 to 18
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h. The diameters of the inhibition zones were measured after subtraction
of the diameter of the filter paper disk (6.5 mm). The following antibiotics
and quantities were used in the disk diffusion assays: cefuroxime, 50 pug;
ceftazidime, 30 pg; ceftriaxone, 30 wg; ampicillin, 50 pg; penicillin G, 50
g; piperacillin, 100 pg; oxacillin, 1 pg; and fosfomycin (FOS), 100 g or
500 pg.

MIC assays. The Etest assay was performed similarly to the disk dif-
fusion assay. Etest strips (bioMérieux) impregnated with VAN or CEF (at
concentrations ranging from 0.016 to 256 wg/ml) were applied to MH
agar plates, and the plates were incubated at 37°C for 16 to 18 h. The MIC
was determined from the scale at the intersection of bacterial growth with
the Etest strip. For the growth inhibition assay, strains were grown to an
ODy, 0f 0.4 and then diluted 1:400 in MH broth. Aliquots (200 pl) of the
diluted cultures were dispensed in a Bioscreen 100-well microtiter plate,
and a range of at least 9 antibiotic concentrations close to the MIC were
added to each well. Growth was measured spectrophotometrically
(ODgy) every 30 min for 24 h using a Bioscreen C microbial-growth
analyzer at 37°C with continuous shaking. The MIC was defined as the
lowest concentration of antibiotic that completely inhibited growth
(ODggo < 0.2) at the 16-h or 24-h time point.

RNA preparation and microarray analyses. Total RNA was isolated
from strains HB13679 (sigAWT—mls) and HB13680 (sigAG336C mls [where
sigA933C represents the G-to-C substitution at position 336 of sigA])
grown in LB medium to an ODy,, of 0.4, using the RNeasy minikit
(Qiagen) followed by DNase treatment with Turbo DNA free (Ambion).
The quantity and purity of RNA were determined using a NanoDrop
spectrophotometer. Two microarray analyses were performed in biolog-
ical triplicate with a dye swap. cDNA labeling and microarray analysis
were performed as described previously (44). The GenePix Pro software
package (version 6.0) was used for image processing and analysis. The
normalized microarray data sets were filtered to remove those genes that
were not expressed at levels significantly above background under either
condition (sum of mean fluorescence intensities, <20). In addition, the
mean and standard deviation of the fluorescence intensities were com-
puted for each gene, and those for which the standard deviation was
greater than the mean value were ignored. The fold change was calculated
by using the average signal intensities for HB13680 divided by those for
HB13679.

RT-PCR assay. For reverse transcription (RT)-PCR, total RNA (1 pg)
was reverse transcribed into cDNA by using random hexamers and a
TaqMan reverse transcription kit (Roche). The cDNA was then amplified
by PCR using gene-specific primer sets (Table 1). The reaction mixture
was denatured (95°C for 3 min) and then subjected to 20 thermal cycles
(95°C for 30 s, 54°C for 30 s, and 72°C for 1 min) and a final extension
(72°C for 10 min). Primer pair 6094 (glpT RT-F)/6095 (glpT RT-R) was
used to detect the glpT transcript. 16S rRNA was used as a normalization
control. The PCR products were separated on a 1.5% agarose gel, stained
with ethidium bromide, and visualized.

Microarray data accession number. The microarray data set is avail-
able in the NCBI GEO database under accession number GSE55202.

RESULTS AND DISCUSSION

Development of resistance to the combination of VAN and CEF
in B. subtilis. We combined experimental evolution and whole-
genome sequencing to define a pathway enabling B. subtilis to
develop increased resistance to the combination of VAN and CEF.
The MICs of VAN and CEF in MH medium for B. subtilis W168
are 0.25 pg/ml and 6 pg/ml, respectively. When either antibiotic
was present at 0.5X MIC, the observed MIC for the other was
reduced by ~2-fold, indicative of synergism. To select for in-
creased resistance against this combination of cell wall antibiotics,
wild-type cells were continuously subcultured for 10 days with
increasing concentrations of both antibiotics. Cells were taken
every day before subculturing for frozen bacterial stocks, and their
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TABLE 1 Strains, plasmids, and primers

Strain, plasmid, or primer

Genotype, description, or sequence (5'—3")"

Source or referenceb

Strains
W168
HB13513
HB13679
HB13680
HB13681
HB13682
HB13683
HB13684
HB13690
HB13691
HB13685
HB13686
HB13689
HB0008
HB13698
HB13699
HB11302
HB13700
HB13701
HB13551
HB13709
HB13710
HB13713
HB13714

Plasmids
pPLS2
pYHO006

Primers (no. [name])
6074 (sigA up-F)
6075 [sigA up-R (mls)]

6076 [sigA do-F (mls)]
6077 (sigA do-R)

6078 (mreB up-F)

6079 [mreB up-R (kan)]
6080 [mreB do-F (kan)]

6081 (mreB do-R)

6082 (rho up-F)

6083 [rho up-R (spc)]

6084 [rho do-F (spc)]

6085 (rho do-R)

6086 (rho up-F) for KO

6087 [rho up-R (spc)] for KO
6088 [rho do-F (spc)] for KO
6089 (rho do-R) for KO
6090 (penP up-F)

6091 [penP up-R (kan)]
6092 [penP do-F (kan)]

6093 (penP do-R)

6094 (glpT RT-F)

6095 (glpT RT-R)

5397 (165 rRNA-SF)

5398 (16S rRNA-519R)

6205 (glpTQ Pspac-F)

6206 (glpTQ Pspac-R)

trpC2

W168 SigAG336C mreBLZOlS rhoG56C
W168 sigA™V " -mls

W168 sigA“***“_mls

W168 kan-mreBV"

W168 kan-mreB-2°'S

W168 spc-rho™™

W168 spc-rho“°¢

W168 sigA™"-mls spc-rho©>°¢
W168 sigA“***“_mls spc-rho“>°¢
W168 rho::spe

W168 penP::kan

W168 rho::spc penP::kan

CU1065 fosB::cat

W168 fosB::cat sigA™-mls

W 168 fosB::cat sigA®***“-mls
CU1065 bshC::cat

W168 bshC::cat sigA™ " -mls

W168 bshC::cat sigAS*>*“-mls
W168 sigB::cat

W168 sigB::cat sigA™ " -mls

W168 sigB::cat sigA“>**“-mls
W168 sigA™ T -mls amyE:P, (hy)-glpTQ (cat)
W168 sigA>**“-mls amyE::P,,, (hy)-glpTQ (cat)

IPTG-inducible expression vector (amyE integration)
Pspac(hy)_glpTQ in pPL82

CGCCTACGCTCAAAAGATTG

GAGGGTTGCCAGAGTTAAAGGATCTTCAGTAAAATAAAGGCATA
TTATCCA

CGATTATGTCTTTTGCGCAGTCGGCTGCAAATGAACATTGTGGTG

CACTTGTCATCACAACTTTTCTCAA

ACAATGAGAGCTCTTCGCCA

CCTATCACCTCAAATGGTTCGCTGGCAAAAATACCCTAAAGGGAAAA

CGAGCGCCTACGAGGAATTTGTATCGAAAGGAAAAAGGATATTTG
TAACACTT

TGGATGTGCTCCAGTGCTTT

GTCGCAGTTGACCCTCTTGA

CGTTACGTTATTAGCGAGCCAGTCAAGGTTTTGACACGGAATTGA

CAATAAACCCTTGCCCTCGCTACGTCAATTCCGTGTCAAAACCTT

AGCTCTGCTTCAGGCTGGTT

GCGTTGATATCCTGTTCGGA

CGTTACGTTATTAGCGAGCCAGTCCATAAAAACACCACGCTTTTCA

CAATAAACCCTTGCCCTCGCTACGACCATCCTTGCTACGGCTCT

GTACATAGGCTTCGCTCCCC

GATACTGCAGGCCCCTTTTC

CCTATCACCTCAAATGGTTCGCTGCTATGGATTTTGCTTCGGCA

CGAGCGCCTACGAGGAATTTGTATCGGTGGCAATTCTGTCAAACCG

CAAAAGCTCCAGGAAAAGAAGA

TCAACGGATGGTTTCAAGGA

GCCGTATCGCACGAAATAAA

AGAGTTTGATCCTGGCTCAG

GTATTACCGCGGCTGCTGG

GCGCCCCGGGCACAAACAGCAAAGGGGGA

GCGCTCTAGATTTTTGCTTTTAATAACCCTTTTT

BGSC no. 1A1

Evolved isolate

LFH PCR with W168

LFH PCR with W168

LFH PCR with W168

LFH PCR with W168

LFH PCR with W168

LFH PCR with W168

LFH PCR with HB13684

LFH PCR with HB13684

LFH PCR with W168

LFH PCR with W168

HB13686 chr DNA with HB13685
63

HB0008 chr DNA with HB13679
HB0008 chr DNA with HB13680
Laboratory stock

HB11302 chr DNA with HB13679
HB11302 chr DNA with HB13680
72

HB13551 chr DNA with HB13679
HB13551 chr DNA with HB13680
pYHO006 with HB13679

pYH006 with HB13680

43
This study

“ Restriction sites are underlined, and the sequences complementary to antibiotic resistance cassettes for LFH PCR are in boldface.

Y chr, chromosomal.
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FIG 1 Experimental evolution of increased resistance to the combination of VAN and CEF in B. subtilis. (A) Growth rates of the evolved strains. Wild-type B.
subtilis W168 (BGSC 1A1) cells were grown by repeated subculturing with selection for increasing resistance to both VAN and CEF. (B) Determination of MICs
of VAN and CEEF for the evolved isolate after 6 days of culturing. Etest strips (bioMérieux) with VAN or CEF (concentrations, 0.016 to 256 pg/ml) were applied
to MH agar plates, and then the MIC values were read as the point of intersection or by interpolation after 18 h of incubation at 37°C. (C) Sanger sequencing for
the confirmation of SNPs (as originally identified by Illumina-based whole-genome resequencing). Strain HB13513 has four point mutations in three genes. The
mutated residues are indicated by asterisks, and the altered amino acids are listed at the bottom of each panel. (D) Determinations of the VAN and CEF MICs for
evolved strains. The MICs of VAN and CEF were determined by the growth inhibition assay and Etest assay, respectively. (E) Sequential fixation of mutations

during the evolution of resistance to the combination of VAN and CEF.

growth rates were measured spectrophotometrically using a Bio-
screen C growth analyzer at 37°C. As the cells grew very slowly
from day 7 (Fig. 1A), we focused on the day 6 strain. We first
isolated a single colony of the evolved strain (HB13513) by streak-
ing it onto an LB agar plate and determined the MICs of VAN and
CEF by using an Etest assay. Strain HB13513 displayed an ~8-
fold-increased MIC of CEF, together with a modest (=2-fold)
increase in the MIC of VAN (Fig. 1B). These data suggest that B.
subtilis HB13513 has undergone significant evolution of CEF
resistance. Despite extended exposure to VAN, only a modest
decrease in VAN susceptibility was observed in this B. subtilis iso-
late.

Identification of mutations that drive the evolution of re-
duced antibiotic susceptibility. To identify the genomic basis of

November 2014 Volume 196 Number 21

these changes in susceptibility to VAN and CEF, we used whole-
genome resequencing of HB13513 and its parental wild type to
reveal four SNPs that distinguish the two strains. These four SNPs
affect three genes (sigA, mreB, and rho) and lead to single amino
acid changes in each encoded protein. These mutations were con-
firmed by Sanger DNA sequencing (Fig. 1C).

When antibiotic susceptibility was evaluated by the growth in-
hibition assay or Etest assay, the MICs of VAN and CEF gradually
increased over time, as expected (Fig. 1D). To determine the order
of fixation of these mutations, we sequenced these loci in each
sequential daily culture. As shown in Fig. 1E, evolution proceeded
through the sequential fixation of mutations in the rho, sigA, and
mreB genes. The first mutation arising (r709°°) correlates with an
~4-fold increase in CEF resistance, with another significant in-

jb.asm.org 3703


http://jb.asm.org

Lee and Helmann

Growth rate in LB

mls 15
] :::*.:I
cccA SigA
kan E 17
e 4 g
mreC mreB radC g -0~ HB13513
0.5 —_ Sl-gAG3360
spec —o- mreB-""®
: r— v e rhOGSGC
rho il L e e O LI B S |
yj 0 4 8 12 16 20
Time (h)
C
15
WT HB13513 —0—0 ug/ml
E 11 —a—0.15 ug/ml
3 —¥—0.2 ug/ml
0
8 051 —4—0.25 ug/ml
——0.3 ug/ml
0
15
SigAG33GC mreBL201 rhoGSGC
E 14
o
2
505
O T T T T T T T ’I T T T T T T 4 ! l l T T T
0 4 8 12 16 20 240 4 8 12 16 20 24 0 4 8 12 16 20 24

Time (h)

Time (h)

Time (h)

FIG 2 Identification of the genetic determinants for slow growth and reduced VAN susceptibility. (A) Genetic reconstruction of the substitutions in the
wild-type chromosomal DNA. The antibiotic resistance cassette (mls, kan, or spc) was placed as a selectable marker after the stop codon or before the promoter
region. The SNPs, indicated by asterisks, were moved into the parental wild-type strain by transformation of the LFH-PCR product. (B) Determinants of the
slow-growth phenotype in the HB13513 mutant. Growth assays were performed in LB medium in the absence of antibiotic. (C) Determinants of reduced VAN
susceptibility in the HB13513 mutant. Growth assays were performed in MH medium in the absence or presence of VAN. The data are representative of at least

three independent experiments.

crease associated with the next two mutations at days 4 and 5
(which were also correlated with an increase in the MIC of VAN).

The sigA“**>°“ substitution is responsible for both altered
growth and reduced VAN susceptibility. To determine which of
these mutations confer the reduced susceptibility to VAN and/or
CEF, we moved each point mutation into the parental wild-type
strain, as described previously (2). An antibiotic resistance cassette
was introduced as a selectable marker either after the stop codon
or before the promoter region of each gene (Fig. 2A). These genet-
ic-reconstruction experiments demonstrated that the altered
growth phenotype (longer lag phase) results from the sigA“***“
substitution (Fig. 2B). This is consistent with the appearance of
this mutation in the day 4 culture (Fig. 1E), which also had a
longer lag phase (Fig. 1A). Our results provide an example of the
general trend that antibiotic resistance mutations affecting essen-
tial genes often increase fitness in the presence of antibiotic but
result in decreased fitness (including reductions in growth and
virulence) in the absence of antibiotic (45).

To identify genetic determinants that affect susceptibility to
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VAN, we compared the growth rates of the reconstructed strains
in the presence of VAN using a Bioscreen C growth analyzer. As
shown in Fig. 2C, the sigA®***“ substitution is largely responsible
for the reduced VAN susceptibility, although the mreB**°'S sub-
stitution also has a slight effect. These results suggest that the
sigAS¥3°C substitution is sufficient for reduced VAN susceptibility
(comparable to that noted in strain HB13513) (Fig. 2C), but this
change also results in overall reduced fitness (Fig. 2B).

Although the sigA“**°“ substitution occurred at day 4 and the
mreB"*°' substitution occurred at day 5 (Fig. 1E), the cultures
from days 2 and 3 were also slightly less susceptible to VAN (Fig.
1D). This may be due to induction of an adaptive-tolerance re-
sponse. For example, VAN is known to be an inducer of several
cell envelope stress responses, including the o™ regulon (30, 46)
and the LiaRS two-component system (47).

The sigA“>**© and rho®>°C alleles together reduce suscepti-
bility to CEF. A similar genetic-reconstruction strategy was used
to identify the determinants of reduced CEF susceptibility in
HB13513. These studies demonstrate that both sigA“***“ and
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FIG 3 Identification of the genetic determinants for decreased CEF susceptibility. (A) Determination of the CEF susceptibilities of the reconstructed strains.
Note that in the course of introducing each of these mutations into the parent strain (by selection for the linked antibiotic resistance marker [Fig. 2A]),
recombination can occur either proximal to the SNP (leaving a wild-type allele in the chromosome) or distal to the SNP (leading to a strain with the SNP in the
chromosome). The former integrants, which provide a control to rule out effects from the integrated antibiotic cassette, are designated by a superscript WT, and
the latter are identified by the corresponding amino acid change. Disk diffusion assays were performed on MH agar plates with a filter paper disk containing 50
g CEF. Each bar represents the average zone of inhibition, expressed as the total diameter minus the diameter of the filter paper disk (6.5 mm). Three
independent experiments were performed for each strain, and the standard deviations are indicated by error bars. (B) Determination of MICs for CEF using an
Etest assay. The Etest strips (bioMérieux) with CEF concentrations of 0.016 to 256 ug/ml were applied to MH agar plates, and the MIC was read by interpolation

after 18 h of incubation at 37°C.

rho%>°C reduce CEF susceptibility, and the combination is suffi-

cient to confer a 9-fold increase in the MIC (Fig. 3). In contrast,
the mreB"*°'® substitution was not directly involved in CEF resis-
tance (Fig. 3A). Notably, the rh0%°°“ substitution led to an over
4-fold increase in the CEF MIC in the Etest assays (Fig. 3B). These
results suggest that the reduced susceptibility to CEF in the
HB13513 strain is attributable to the effects of both sigA%***“ and
hoG56C.

A rho-null mutant displays reduced susceptibility to B-lac-
tam antibiotics. We next sought to determine how the rho%>*“
mutation might affect Rho function. The active form of Rho is a
ring-shaped homohexamer with RNA-binding, ATP hydrolysis,
translocase, and RNA/DNA helicase activities (32, 48). Each
monomer has two distinct functional domains: an N-terminal
RNA-binding domain (RNA-BD) and a C-terminal ATP-binding
domain (ATP-BD) (49), but the secondary RNA-binding site
(SBS) also exists in the ATP-BD (50).

Analysis of conserved motifs in B. subtilis Rho using the NCBI
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Conserved Domain database (51) revealed that the r70°°°¢ sub-
stitution lies close to the N-terminal RNA-binding domain
(Fig. 4A). Since the 6 RNA-binding domains of the Rho hexamer
together compose the primary RNA-binding site (52, 53), we hy-
pothesized that this substitution might impair RNA binding to
Rho and therefore would be a loss-of-function mutation. Indeed,
the MIC of CEF for a rho-null mutant was exactly the same as that
for the reconstructed rh0°>° strain (Fig. 4B). Bicyclomycin is an
antibiotic that inhibits Rho function by interacting with its sec-
ondary RNA-binding site (54). Although B. subtilis is not sensitive
to bicyclomycin (since Rho is not essential), bicyclomycin dra-
matically reduced CEF susceptibility (Fig. 4C), indicating that bi-
cyclomycin works antagonistically with respect to B-lactams.
Moreover, the rho-null mutant displayed reduced sensitivity to
other broad-spectrum P-lactams, especially cephalosporins
(Fig. 4D).

In B. subtilis, global transcriptomics approaches have recently
revealed that a rho-null mutant results in numerous extended
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G56C

mRNAs (up to 12 kb), thereby affecting the expression of dozens
of downstream genes that collectively comprise ~2% of the ge-
nome (55). Interestingly, penP, which encodes a putative B-lacta-
mase, is among the genes with 3’-extended mRNAs in a rho-null
mutant. We therefore hypothesized that a rho-null mutation
might affect the levels or translation of penP mRNA, possibly ac-
counting for the observed CEF resistance. However, penP is not
required for B-lactam resistance in the rho-null mutant (Fig. 4E).

3706 jb.asm.org

As B-lactams target the PBPs, we also examined the impact of
pbp gene deletions on the reduced CEF susceptibility in the rho-
null mutant. Previously, we used a Bocillin-FL competition assay
to demonstrate that CEF targets PBP1 (ponA), PBP2b (pbpB),
PBP2c (pbpF), and PBP4 (pbpD) (56). To determine if increased
expression of one or more of these PBPs might contribute to ele-
vated CEF resistance, we measured the resistance of rho-null
strains additionally lacking one or more PBPs in a zone-of-inhi-
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bition assay. However, none of the deletions tested led to a signif-
icant change in CEF resistance in the rho-null mutant. For exam-
ple, rho-null mutant strains carrying an additional mutation(s) in
ponA, pbpD, pbpF, pbpG, or dacA were at least as resistant to CEF
as the rho-null mutant, and even a quadruple mutant (rho, pbpD,
pbpF, and pbpG) was as resistant as the rho single mutant (data not
shown). Thus, we conclude that inactivation of rho is a new ge-
netic mechanism affecting B-lactam susceptibility in B. subtilis,
but our results do not explain why this mutation confers resis-
tance.

The sigA“***C substitution affects sensitivity to multiple an-
tibiotics. We next sought to determine how the sigA“***“ muta-
tion alters antibiotic susceptibility. The sigA“*?°¢ substltutlon is
located in the helix-turn-helix (HTH) motif in region 4 that rec-
ognizes the —35 promoter element (Fig. 5A). Since sigA is essen-
tial, we hypothesized that this is an altered-function mutation
likely affecting either core binding, promoter recognition, or pos-
sibly interaction with one or more regulatory proteins (57). We
used disk diffusion assays to determine whether the sigA“***“ sub-
stitution affected susceptibility to other cell wall antlblotlcs, in-
cluding fosfomycin, bacitracin, and D-cycloserine. Indeed, the
sigAS*° substitution made B. subtilis highly resistant to FOS,
whereas the substitutions in mreB and rho did not (Fig. 5B). Our
results demonstrate that the sigA“>**“ substitution alone leads to
reductions in susceptibility to CEF, VAN, and FOS.

The sigA“**°“ substitution alters the transcriptome. We used
microarray-based gene expression profiling to better understand
the genetic basis for resistance to antibiotics in the sigA“***“ mu-
tant. This mutation clearly leads to genome-wide changes in gene
expression between the mutant (HB13680) and wild-type
(HB13679) strains even under nonstress conditions (Fig. 5C). Sig-
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nificantly, in the sigA“>**“ mutant (HB13680), 28 genes of the ¢
general stress response regulon (58) were upregulated >2-fold,
and other operons (including glpTQ) were strongly (>4-fold)
downregulated (Fig. 5C). Since the mRNA level for sigB was not
1ncreased in the sig. AS33°C mutant, the increased expression of the
o® regulon is unlikely to be due to an increase in the o® protein
level. One possible explanation is that the mutant o has reduced
stability or binding affinity to core, thereby enabling o® to com-
pete more readily for RNA polymerase core enzyme. Alternatively,
the mutant o may alter the expression of proteins involved in the
posttranslational control of o® activity.

The sigAS***C substitution mediates CEF resistance by in-
creased expression of the o® regulon. To determine whether o®
isinvolved in the enhanced resistance to CEF, we introduced a null
allele of sigB into the sigA“***“ mutant and performed disk diffu-
sion assays. In contrast to the wild type, introduction of the
sigAS¥3°C mutation did not lead to an increase in CEF resistance in
the sigB-null mutant background. Indeed, the opposite was ob-
served: the sigB sigA%***“ double mutant was more sensitive to
CEF than the sigB single mutant, as judged by the diameter of
growth inhibition (Fig. 6). However, after overnight growth, there
was weak growth in the sigA“***“ mutant strain relatively close to
the disk, consistent with some protective effect (Fig. 6, upper
right). Nevertheless, these results suggest that sigB is critical for the
ability of the sigA“***“ mutation to increase CEF resistance, con-
sistent with the elevated expression of the o® regulon observed in
the mutant strain (Fig. 5C). There are ~200 genes in the o® regu-
lon (59-62), and the identity of the gene(s) that mediates reduced
susceptibility to CEF is still unknown.

The sigAS?** substitution mediates FOS resistance by de-
creased expression of glpTQ. We next sought to define the mech-
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sigA"T SigA®33C (63), and a bshC-null mutant lacking bacillithiol (BSH), a cofactor
AsigB AsigB for the FosB bacillithiol transferase, is also highly FOS sensitive
3 S (64). Although cells lacking FosB or BshC are very sensitive to
Overniaht FOS, they still displayed an increase in FOS resistance upon intro-
a\{%r?i% duction of the sigAS?*°C allele (Fig. 7A). We conclude that the
sigAS¥3%C allele can act independently of FosB. Motivated by our
characterization of the transcriptional changes resulting from the
sigAS¥3°C substitution (Fig. 5C), we next asked whether o® might
1 day more . . . .
at RT be involved in FOS resistance. In contrast with the results with
CEF, disruption of sigB had no significant effect on the ability of
the sigA®>** substitution to confer FOS resistance (data not
FIG 6 Reduced CEF suscepnblhty in the sygAGW’C mutant is dependent on ~ Shown).
o". The sigA“*>°C allele no longer decreases CEF susceptibility in strains car- Mutations in glpT are known to be one mechanism for FOS
rying a sigB deletion. Disk diffusion assays were performed on MH agar plates  Locictance (65, 66), because GIpT is a glycerol-3-phosphate per-

with a filter paper disk containing 50 g CEF. Three independent experiments . . .
were performed for each strain, and one representative experiment is shown. mease via which FOS enters the cell (67). The observed decrease in

Note that the sigA5>>* allele allows weak growth relatively close to the CEF  the transcription level of glpT seen in the microarray (Fig. 5C) was

disk, as visualized after overnight growth (upper right, white bars), but the  confirmed by RT-PCR analysis (Fig. 7B). This decreased expres-

overa.ll diame.tersG g%f& (t:he zones of growt}} inhibitiop are larggr in the .strains sion is functionally significant, since the sig AG33C utant dis-
carrying the sigA~>>°* and sigB alleles (right) than in the strains carrying the . .. . .. 0
sigB-null mutant (left). RT, room temperature. played a growth defect in minimal medium containing 2% glyc-

erol-3-P, suggesting that it has lower levels of GlpT (Fig. 7C). To
test whether this decreased expression of glpTQ was responsible
anism by which the sig. substitution confers resistance to  for FOS resistance, the glpTQ operon was expressed under the
FOS, which, unlike CEF and VAN, acts on the very early cytosolic ~ control of the IPTG-inducible P, .(hy) promoter after integra-
steps of peptidoglycan biogenesis. We have shown previously that ~ tion into the amyE locus of the sigA®***“ mutant. Indeed, IPTG
the o"V-regulated fosB gene is a major FOS resistance determinant  induction of glpTQ restored FOS sensitivity (Fig. 7D). These re-
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sults suggest that the sigA“**°C substitution decreases the expres-

sion of glpTQ and that this decrease is sufficient to confer FOS
resistance.

The molecular basis for the decreased expression of the glpTQ
operon in the sigA“***“ mutant is unclear. We noticed that the
residue affected by this mutation (G336) is close to residues pre-
viously implicated in contacting activator proteins. Specifically,
amino acids near and within the first helix of the HTH motif in
region 4 of the E. coli ¢’° mediate contact with the response reg-
ulator PhoB (68). Therefore, we speculated that SigA“***“ may be
defective for interaction with PhoP (the equivalent of the E. coli
PhoB) or other, similar regulators. However, almost all PhoP-
regulated genes are essentially unchanged in the sigA“***“ mutant
(Fig. 5C and data not shown), suggesting that PhoPR activity is
not affected by SigA“**°. Tt is also known that only the glpQ gene
of the glpTQ operon is under the control of PhoPR (69), and glpT
has a SigA-type promoter (70). Thus, it is likely that transcription
of the glpTQ operon is reduced directly due to a change in the
promoter activation function of SigA“?*°<,

Conclusions. Our data highlight the ability of mutational
changes in the core transcriptional machinery to drive the evolu-
tion of decreased sensitivity to antibiotics in B. subtilis. To date,
mutations in rpoB (f subunit) and rpoC (B’ subunit) have been
correlated with the emergence of changes in antibiotic resistance
for B. subtilis and several human pathogens (2, 19, 20, 71). While
the mechanistic bases for these changes are often unclear, we have
shown previously that an rpoC mutation can decrease antibiotic
susceptibility by increasing the activities of three extracytoplasmic
function (ECF) o factors (¢™, ¢, and ¢*) (72).

Here, we show that sigAG3 36C s sufficient to reduce suscepti-
bility to VAN and FOS and that it contributes (with r70%°*) to
decreased CEF susceptibility. In contrast with rpoB and rpoC, mu-
tations in sigA and rho have not, to our knowledge, been previ-
ously linked to the emergence of antibiotic resistance in bacteria.
Indeed, there are relatively few examples where altered-function
mutations in a primary (essential) o factor have emerged in ran-
dom genetic selections (as opposed to experiments explicitly de-
signed to recover such mutations). We are aware of three exam-
ples that include mutations leading to (i) an A-signaling defect in
Myxococcus xanthus (73), (ii) suppression of defects associated
with an inability to synthesize ppGpp in E. coli (74), and (iii)
increased conversion of aminoimidazole ribotide to hydroxy-
methyl pyrimidine in Salmonella enterica (75). Here, we extend
this list to include changes in antibiotic susceptibility. We also
demonstrate that a rho-null mutation displays broad effects on
susceptibility to B-lactam antibiotics in B. subtilis, but the mech-
anistic basis of this effect is presently unclear. Changes in Rho in E.
coli have been previously shown to lead to widespread changes in
the fitness landscape (76). Our results suggest that the Rho inhib-
itor bicyclomycin (which is used in agriculture as a feed additive)
may increase the phenotypic resistance of Gram-positive bacteria
to B-lactams. In sum, our data suggest that changes in the activity
of the primary o factor o and the termination factor Rho may
contribute to the evolution of antibiotic resistance.
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