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ABSTRACT Neisseria gonorrhoeae has developed resistance to every antibiotic intro-
duced for treatment of gonorrhea since 1938, and concern now exists that gonor-
rheal infections may become refractory to all available antibiotics approved for ther-
apy. The current recommended dual antibiotic treatment regimen of ceftriaxone
(CRO) and azithromycin (AZM) is threatened with the emergence of gonococcal
strains displaying resistance to one or both of these antibiotics. Non-beta-lactamase
resistance to penicillin and third-generation cephalosporins, as well as low-level AZM
resistance expressed by gonococci, requires overexpression of the mtrCDE-encoded
efflux pump, which in wild-type (WT) strains is subject to transcriptional repression
by MtrR. Since earlier studies showed that loss of MtrCDE renders gonococci hyper-
susceptible to beta-lactams and macrolides, we hypothesized that transcriptional
dampening of mtrCDE would render an otherwise resistant strain susceptible to
these antibiotics as assessed by antibiotic susceptibility testing and during experi-
mental infection. In order to test this hypothesis, we ectopically expressed a WT
copy of the mtrR gene, which encodes the repressor of the mtrCDE efflux pump
operon, in N. gonorrhoeae strain H041, the first reported gonococcal strain to cause
a third-generation-cephalosporin-resistant infection. We now report that MtrR pro-
duction can repress the expression of mtrCDE, increase antimicrobial susceptibility in
vitro, and enhance beta-lactam efficacy in eliminating gonococci as assessed in a fe-
male mouse model of lower genital tract infection. We propose that strategies that
target the MtrCDE efflux pump should be considered to counteract the increasing
problem of antibiotic-resistant gonococci.

IMPORTANCE The emergence of gonococcal strains resistant to past or currently
used antibiotics is a global public health concern, given the estimated 78 million in-
fections that occur annually. The dearth of new antibiotics to treat gonorrhea de-
mands that alternative curative strategies be considered to counteract antibiotic re-
sistance expressed by gonococci. Herein, we show that decreased expression of a
drug efflux pump that participates in gonococcal resistance to antibiotics can in-
crease gonococcal susceptibility to beta-lactams and macrolides under laboratory
conditions, as well as improve antibiotic-mediated clearance of gonococci from the
genital tract of experimentally infected female mice.
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Gonorrhea remains a major global public health concern, given the estimated 78
million infections that occurred in 2012 (1). Furthermore, the emergence of

Neisseria gonorrhoeae clinical isolates displaying clinically significant levels of resistance
to currently or previously used antibiotics and the lack of new antibiotics entering
clinical practice in the foreseeable future has raised the concern that some infections
may soon be untreatable (2, 3). With the lack of a vaccine, society relies on antibiotics
to not only cure a gonorrheal infection but also reduce spread of the gonococcus in the
community (4).

Research on the mechanisms by which bacteria, including the gonococcus, develop
resistance to antibiotics can provide insights as to heretofore-unexploited targets for
drug discovery. In this respect, the realization that overexpression of multidrug efflux
pumps can contribute to bacterial resistance to antibiotics prompted early attempts to
develop efflux pump inhibitors (EPIs). Unfortunately, initial efforts that identified prom-
ising compounds were abandoned over a decade ago due to host cell toxicity concerns
(reviewed in reference 5). However, with the worldwide public health concern about
antibiotic resistance and the dearth of new antibacterials, especially those that recog-
nize unique targets or metabolic pathways, a renewed effort to develop EPIs should be
considered.

Previous work has shown that the resistance-nodulation-division (RND) efflux pump
termed MtrCDE (Fig. 1) is needed for clinically defined levels of gonococcal resistance
to certain antibiotics, including beta-lactams and macrolides (6–10). Overexpression of
the mtrCDE operon in clinical isolates or laboratory-derived genetic variants due to
cis-acting promoter mutations can significantly decrease gonococcal susceptibility to
antimicrobials (9, 11, 12). Importantly, Golparian et al. (7) showed that loss of MtrCDE
in such overexpressing strains can render gonococci clinically sensitive to penicillin
(PEN), as defined by the MIC breakpoint. In addition to PEN, loss of MtrCDE in clinical
isolate H041, the first strain to cause an extended-spectrum-cephalosporin (ESC)-
resistant case of gonorrhea (13), increased gonococcal susceptibility to cefixime (CFM),
ceftriaxone (CRO), and azithromycin (AZM) 4- to 8-fold (7).

In addition to cis-acting promoter mutations, loss of the MtrR repressor, which
negatively controls mtrCDE expression (14), can increase gonococcal resistance to
antimicrobials, including classical antibiotics and host-derived compounds that partic-
ipate in innate defense against infection (reviewed in reference 6). In strains having a
single base pair deletion in the mtrR promoter (e.g., strain H041) (Fig. 1), the most
common cis-acting mutation, the expression of mtrR is abrogated (11). Thus, we
hypothesized that ectopic expression of mtrR in these strains would decrease levels of
MtrCDE and render gonococci more susceptible to antibiotics both under laboratory
conditions and during experimental infection. The results reported herein suggest that

FIG 1 Shown is the organization of the mtr locus in N. gonorrhoeae strain FA19. Promoters are indicated
by a bent arrow in the direction of transcription. The intergenic region between mtrR and mtrCDE is
expanded to show the overlapping mtrR and mtrCDE promoters, with the 13-bp inverted repeat (5=-
AAAAAGACTTTTT-3=) positioned between the �10 and �35 mtrR promoter hexamers indicated. The red T
highlights where a single base pair deletion occurs in strain H041 and other gonococci that overexpress
mtrCDE (7). The deletion results in abolishment of mtrR expression and significantly elevates gonococcal
resistance to certain antimicrobials that are substrates of the MtrCDE efflux pump (11).
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strategies that dampen efflux pump gene expression could allow for a return of
previously used antibiotics (e.g., PEN) or help preserve those (CRO) currently used to
treat infections like gonorrhea.

RESULTS AND DISCUSSION
Ectopic expression of mtrR in strain H041 decreases gonococcal resistance to

antibiotics recognized by the MtrCDE efflux pump. Strain H041 caused the first
reported case of ESC-resistant gonorrhea and has been extensively studied regarding
antibiotic resistance determinants (13). With respect to determinants causing beta-
lactam resistance, H041 possesses a mosaic-like penA gene that encodes an extensively
remodeled penicillin-binding protein 2 (PBP2) that is poorly acylated by beta-lactams,
point mutations in ponA and porB that reduce the affinity of PBP1 for beta-lactams and
the influx of antibiotics, respectively, and a single base pair deletion in the promoter
that drives transcription of mtrR (reviewed in reference 15). Previous work with other
gonococcal strains showed that this base pair deletion also abrogates the expression of
mtrR while elevating the expression of the mtrCDE operon (11). Importantly, loss of the
MtrCDE efflux pump in H041 by gene inactivation resulted in increased susceptibility of
the strain to beta-lactams and macrolides (7). Thus, we hypothesized that ectopic
expression of mtrR would result in enhanced susceptibility of this strain to beta-lactams
and macrolides.

To test this hypothesis, we inserted a wild-type (WT) copy of the mtrR gene, which
encodes an active MtrR repressor protein that dampens the expression of mtrCDE (16),
from the antibiotic-sensitive strain FA19 into the lctP-aspC chromosomal region of
strain H041 using pGCC4 (see Materials and Methods); the expression of cloned genes
in pGCC4 is directed by an isopropyl-�-D-thiogalactopyranoside (IPTG)-inducible lac
promoter (17). A resulting transformant (strain SC4) was used to determine the impact
of MtrR expression on beta-lactam resistance. We found that growth of SC4 in the
presence of IPTG resulted in increased levels of MtrR and decreased amounts of the
MtrE outer membrane protein channel of the MtrCDE efflux pump (Fig. 2A). This result
was verified by transcriptional profiling studies that used quantitative real-time reverse
transcription-PCR (qRT-PCR) to quantify transcript levels of mtrR, mtrC, and other
MtrR-repressed genes (farR and rpoH) in SC4 grown in the absence or presence of IPTG.
Briefly, this analysis showed that growth of SC4 in the presence of IPTG resulted in a
nearly 80-fold increase in mtrR expression and 3- to 5-fold decreases in all MtrR-
repressed genes tested, but not in genes outside the MtrR regulon (Fig. 2B and Table S1
in the supplemental material) (18).

FIG 2 Inducible, ectopic expression of WT mtrR represses expression of mtrCDE and other MtrR-regulated genes.
(A) Western blot analyses of whole-cell lysates of strains FA19, H041, and SC4 (with or without IPTG) probed for
MtrE and MtrR. (B) Summary of fold changes of expression levels of representative antibiotic resistance genes in
SC4 as the ratios of qRT-PCR results from RNA extracted from IPTG-treated versus -untreated cultures; specific
values and statistical significance values are provided in Table S1. Asterisks indicate statistically significant results.
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Consistent with changes in gonococcal gene expression due to ectopic overexpres-
sion of mtrR, we found that susceptibility of SC4 to a known MtrCDE efflux pump
substrate, Triton X-100 (TX-100) (11), was greatly increased under inducible conditions
(Table 1). To verify that the MtrCDE efflux pump was involved in the IPTG-inducible
TX-100 susceptibility of strain SC4, we constructed a transformant of SC4 (strain SC5)
that contained an insertionally inactivated mtrD gene. We found that strain SC5 was
500-fold more susceptible to TX-100 than the parental strain SC4 regardless of the
presence of IPTG (Table 1). Based on this result and past studies showing the impor-
tance of the MtrCDE efflux pump in participating in beta-lactam resistance (7, 8), we
assessed whether inducible expression of mtrR would increase susceptibility to peni-
cillin and ceftriaxone. As shown by the results in Table 1, incubation of SC4 in the
presence of IPTG resulted in a 2- and an 8-fold increase in susceptibility to CRO and
PEN, respectively. As a control, we also constructed a derivative of H041 that expressed
a mutated version of MtrR (MtrR G45D, bearing a change of G to D at position 45) from
the lac promoter in pGCC4. Previous studies showed that MtrR G45D (encoded by
mtrR45 allele) lacked DNA-binding activity and that its presence relieved repression of
mtrCDE, resulting in increased antimicrobial resistance compared to that of the other-
wise WT parent (9, 14). However, unlike ectopic expression of WT mtrR, similar expres-
sion of mtrR45 in H041 in the presence of IPTG did not decrease resistance to PEN and
TX-100 (data not presented). Thus, we conclude that dampening the expression of
mtrCDE by expressing WT MtrR in an ESC-resistant gonococcal strain can result in
enhanced bacterial susceptibility to beta-lactam and macrolide antibiotics.

Ectopic expression of WT mtrR increases the ability of beta-lactams to clear
infection caused by resistant gonococci. To test whether ectopic expression of WT
mtrR would increase the susceptibility of N. gonorrhoeae to CRO in vivo, we used
modeled CRO pharmacokinetic (PK) data (19) to design treatment regimens that might
be effective against beta-lactam-resistant gonococci. For this purpose, we used strep-
tomycin (STR)-resistant (rpsL) versions of SC4 (SC6) and H041 (SC7) in a recently
described treatment protocol using experimentally infected mice (19); the STR-resistant
phenotype is necessary in the infection model, as STR is administered to mice prior to
infection to help eliminate the normal bacterial flora (20). We recently showed that the
estimated therapeutic time (the time that the free drug concentration remains above
the MIC [fTMIC]) for CRO is �23 h against an ESC-susceptible strain (FA1090) and that PK
data could be used to design a dosing strategy that would effectively clear H041
infection (19). No single dose of CRO was effective against this strain as predicted by the
PK data. However, administration of a 120-mg/kg dose of CRO three times a day every
8 h (TID) cleared H041 infection in a majority (90%) of mice at 48 h posttreatment. This
regimen was predicted to sustain plasma levels above the H041 MIC for 23.9 h.

Based on the CRO MICs of strains FA1090 and H041, we predicted that the CRO fTMIC

would need to be �22 h for SC6 and �22 h for SC7 to permit distinguishing the
susceptibility of these two strains in vivo. The fTMIC for 60 mg/kg CRO TID or 120 mg/kg
CRO twice daily (BID) are predicted to be 14.7 and 18.1 h, respectively, for strain SC7,
and we previously showed that these regimens were only moderately effective in
clearing parent strain H041 infections (19). In contrast, the fTMIC of both of these
regimens for SC6 was predicted to be �24.9 h, and thus, they might be more effective

TABLE 1 Gonococcal strains and antimicrobial susceptibilities

Strain

MIC (�g/ml) without/with IPTG

CRO PEN TX-100

FA19 �0.008/�0.008 0.015/0.015 125/125
H041 2/2 8/8 �8,000/�8,000
SC4 (H041 mtrR�) 2/1 8/1 �8,000/62.5
SC5 (SC4 mtrD::kan) 1/1 0.5/0.5 16/16
SC6 (SC4 rpsL) 2/1 8/1 �8,000/62.5
SC7 (H041 rpsL) 2/2 8/8 �8,000/�8,000
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against this strain. In two independent experiments, groups of BALB/c mice were
experimentally infected with strain SC7 or SC6 as described in Materials and Methods.
All mice had positive N. gonorrhoeae vaginal cultures on the 2 days after bacterial
inoculation. Mice infected with each strain were given 120 mg/kg CRO BID, 60 mg/kg
CRO TID, or phosphate-buffered saline (PBS) by intraperitoneal injection (n � 8 to 10
mice/group/experiment). Vaginal swab samples were quantitatively cultured for N.
gonorrhoeae for 8 consecutive days starting 24 h after the first dose. Combined results
from the two experiments are shown in Fig. 3. In both experiments, the percentages of
SC6- or SC7-infected mice that cleared infection over 8 days posttreatment were
significantly greater than the percentages in the corresponding PBS control groups for
both treatment regimens (P � 0.01) (Fig. 3A and C). All SC6-infected mice that were
treated with either dosing regimen of CRO cleared the infection, while at least a third
of SC7-infected mice remained infected for the remainder of the 8 days (Fig. 3A and C).
Following the administration of 60 mg/kg CRO TID, 61% and 100% of SC6-infected mice
cleared the infection within 48 and 72 h, respectively, compared to 33% and 44% of
SC7-infected mice at these time points (SC6 versus SC7, P � 0.0006). However, there
was no statistical difference in the efficacy of the 120-mg/kg CRO BID dose in clearing
SC6 or SC7 infection (SC6 versus SC7, P � 0.4) (Fig. 3C), confirming our earlier work
showing that CRO resistance can be overcome by delivering multiple, high doses of this

FIG 3 Administration of CRO eradicated vaginal infection in SC6-infected mice, but not in those infected
with SC7. Mice infected vaginally with SC7 (circles) or SC6 (triangles) were treated on day 0 (arrow) with
CRO using either a 60-mg/kg TID (red) or a 120-mg/kg BID (blue) dosing regimen (n � 17 or 18
mice/group). PBS TID (black) was administered as a negative control. (A) All mice infected with SC6 that
received CRO in a 60-mg/kg TID dosing regimen cleared infection within 72 h posttreatment, and there
was a significantly greater clearance rate in SC7-infected mice that received the 60-mg/kg TID regimen
(P � 0.0006). (B) There was a significant reduction in the average number of CFU/ml recovered from
CRO-treated mice infected with either SC7 or SC6 compared to the average number recovered from mice
in the PBS vehicle control group (P � 0.01). There was a significant reduction in the average bacterial
burden in SC6-infected mice that received CRO compared to the results for CRO treatment of SC7 mice
on days 7 and 8 posttreatment (*, P � 0.0001). (C) All SC6-infected mice that received 120 mg/kg CRO BID
cleared infection within 72 h posttreatment, while in comparison, SC7-infected mice receiving this
regimen remained 30% colonized through day 8 posttreatment. Groups infected with either strain that
received CRO had a significant reduction in the number of infected mice compared to groups that
received the corresponding PBS negative control (P � 0.02). (D) There was a significant reduction in the
average number of CFU/ml recovered from CRO-treated mice infected with either SC7 or SC6 when
compared to the results for the PBS vehicle control group for each infection (P � 0.0008).
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antibiotic. We also analyzed the effects of different CRO dosing regimens on the
gonococcal bioburden by comparing the numbers of CFU/ml recovered from vaginal
swab sample suspensions before and after treatment. While both 60 mg/kg CRO TID
and 120 mg/kg CRO BID significantly reduced the number of bacteria recovered
posttreatment compared to the number in mice given PBS, only the mice treated with
60 mg/kg CRO showed a significant clearance of SC6 compared to the clearance of SC7
at later time points during infection (Fig. 3B), but there was no difference between mice
infected with SC6 or SC7 when the 120-mg/kg CRO dose was used (Fig. 3D). A lower
dose of CRO (30 mg/kg BID) was administered to determine if SC6 infection would be
more susceptible than predicted by PK analysis, which gave a predicted fTMIC of 14.7 h.
This lower dose of CRO cleared SC6-infected mice as predicted by previous PK analysis
and efficacy studies (Fig. S1) (19).

Based on our results with CRO, we next sought to determine whether PEN could be
used to effectively clear SC6 in vivo. As described above, under inducible conditions,
SC6 is 8-fold more susceptible to PEN in vitro than SC7, which is greater than the 4-fold
difference in CRO MICs against these strains. Although PEN follows the same PK
parameter (fTMIC) as CRO and other �-lactam antibiotics (21), PK studies have not been
conducted for PEN in the gonorrhea mouse model. We therefore utilized the reported
lower plasma protein binding for PEN (8.5%) compared to that of CRO (60%) in mice,
combined with the modeled PK data for CRO (19, 21), to predict the fTMIC for PEN in
the mouse model. The fTMICs for a 120-mg/kg TID dose of PEN against SC6 and SC7
were similar (22.9 and 24.9 h, respectively); a 60-mg/kg TID dose was predicted to drop
the fTMIC to 18.1 h for SC7 versus 24.9 h for SC6. We next conducted a dose-response
experiment in which groups of SC6- or SC7-infected BALB/c mice were treated with 60,
90, or 120 mg/kg PEN TID or with PBS. The 120-mg/kg TID dose cleared infection by
either strain significantly compared to the results for PBS, with 63% of SC7-infected
mice and 88% of SC6-infected mice cleared of infection by 72 h posttreatment (PEN
versus PBS, P � 0.01 for SC7 and P � 0.001 for SC6) (Fig. 4A). Lower doses of PEN did
not show efficacy against SC7 (PEN versus PBS, 90 mg/kg PEN TID, P � 0.3, and
60 mg/kg PEN TID, P � 0.6) (Fig. 4C and E). In contrast, both of these regimens were
effective against strain SC6 (PEN versus PBS, 90 mg/kg or 60 mg/kg PEN TID, P � 0.005)
(Fig. 4C and E). Quantitative analysis of CFU recovered from infected mice showed that
each of these PEN doses significantly reduced the CFU of SC6 compared to the results
for the PBS negative control group (P � 0.02), while the results for SC7 were compa-
rable to the results for the negative control (Fig. 4B, D, and F).

With the emergence of gonococcal strains resistant to front-line antibiotics (AZM
and CRO) used in dual therapy for gonorrhea in many countries and historical prece-
dents for the ability of this sexually transmitted pathogen to develop resistance to
every antibiotic brought into clinical practice, new treatment approaches must be
considered. Herein, we demonstrate through in vitro antibiotic susceptibility testing
and an experimental infection and treatment model that genetic dampening of the
expression of the mtrCDE efflux pump operon in a �-lactam-resistant clinical isolate
(H041) can render gonococci susceptible to PEN, based on the CLSI breakpoint (29), and
decrease CRO resistance. This conclusion is consistent with earlier work (7) showing
that loss of the MtrCDE efflux pump in H041 resulted in PEN susceptibility even though
the genetic derivative contained and expressed other beta-lactam resistance determi-
nants (e.g., mosaic penA and mutations in porB and ponA). An added benefit of the loss
or reduced levels of MtrCDE would be increased susceptibility to host defense com-
pounds, such as cationic antimicrobial peptides, bile salts, and progesterone (22–24). In
this respect, genetic inactivation of the mtrCDE operon rendered gonococci unable to
survive in the lower genital tract of experimentally infected female mice (25), which
suggests that the MtrCDE efflux pump is a virulence factor that promotes gonococcal
survival during infection. Thus, adjunctive therapies that target the MtrCDE efflux
system could enhance clearance of gonococci by both antibiotics and host-derived
antimicrobials.
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This work was facilitated by our recent findings that PK modeling for CRO can
predict the in vivo efficacy of this antibiotic against CRO-susceptible and -resistant
gonococci (19). As an extension of the use of this model, we employed PEN to learn if
it is theoretically possible to overcome resistance to this historically important antibi-
otic. We reasoned that infections caused by non-beta-lactamase-producing gonococci
that harbor chromosomal resistance genes (e.g., mosaic penA) could be cleared if the
expression of the mtrCDE efflux could be dampened and if the fT�MIC could be
sustained. Our findings support this concept and suggest that the developing EPIs that
target the MtrCDE efflux pump and alternative dosing regimens would allow for a

FIG 4 A dose response was observed following administration of PEN in mice infected with SC6
compared to the results for mice infected with SC7. Mice infected vaginally with SC7 (circles) or SC6
(triangles) were treated on day 0 (arrow) with PEN in 120 mg/kg TID (purple), 90 mg/kg TID (green), or
60 mg/kg TID (red) dosing regimens (n � 7 to 10 mice/group). PBS TID (black) was administered as a
negative control. (A and B) Administration of 120 mg/kg PEN TID significantly reduced both SC6 and SC7
infection as shown by the percentage of mice infected (P � 0.01) (A) and the average bacterial burden
recovered (B) compared to the results for the PBS negative control (P � 0.03). (C and E) Administration
of PEN at 90 mg/kg TID (C) or 60 mg/kg TID (E) significantly reduced the percentage of SC6-infected mice
compared to the results for the PBS negative control group (P � 0.047), but the percentage of SC7-
infected mice was comparable to the results for the negative control (P � 0.3). (D and F) The average
bacterial burden recovered for SC6-infected mice treated with PEN at either 90 mg/kg TID (D) or
60 mg/kg TID (F) was significantly reduced compared to the results for PBS alone (P � 0.02) over the
course of infection; however, the bacterial burden recovered from SC7-infected mice treated with either
dose was comparable to the results for the negative control (P � 0.2). *, P � 0.03 for indicated days where
SC6-infected mice that received PEN had a reduced bacterial burden compared to the results for
PEN-treated SC7-infected mice.
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return of PEN to the clinic for treatment of gonorrhea. Additionally, through such
efforts, the longevity of ESCs used in the clinic for this purpose could be extended.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The N. gonorrhoeae strains used for this study are listed

in Table 1. Gonococcal strains were grown in GCB broth containing defined supplements I and II (26) or
on GCB agar with supplements under 5% CO2 (vol/vol) at 37°C as described previously (26). When
indicated in Results, isopropyl-�-D-thiogalactopyranoside (IPTG) was added to GCB broth or agar (final
concentration of 1 mM).

Cloning and expression of mtrR and strain construction. The WT mtrR gene from strain FA19 was
introduced into strain H041 using the pGCC4 vector as previously described (27). pGCC4, which contains
an IPTG-regulated lac promoter (17), was digested with PacI and PmeI and purified by agarose gel
electrophoresis. The mtrR coding sequence and 38 bp of upstream DNA were PCR amplified from
chromosomal DNA prepared from strains FA19 or KH16 (FA19 mtrR45) using oligonucleotide primers
5=mtrR and 3=mtrR (Table S2 in the supplemental material) and ligated into PacI-/PmeI-digested pGCC4.
The ligation reaction was used to transform Escherichia coli strain DH5� as described previously (27).
Plasmid DNA was prepared from a representative transformant, and the correct mtrR coding sequence
was confirmed by DNA sequencing using 5=mtrR and 3=mtrR. After verification of the mtrR coding
sequence, the plasmid construct was used to transform N. gonorrhoeae strain H041 with selection for
resistance to erythromycin (4 �g/ml). A representative transformant obtained using the WT mtrR coding
sequence was retained and termed SC4. The presence of mtrR between lctP and aspC was determined
by DNA sequencing of PCR products obtained using oligonucleotide primers LctP_F and 5=mtrR
(Table S2). IPTG induction of mtrR expression was determined as described below.

The mtrD gene of strain SC4 was inactivated using genomic DNA from strain KH14 (FA19 mtrD::kan
[20]) as described previously; gene inactivation was confirmed by PCR using oligonucleotide primers
MTRD1 and KanC (Table S2). A resulting transformant was retained and termed SC5. To prepare strains
SC6 and SC7, genomic DNA from FA19 rpsL was used to transform strains SC4 and H041, respectively, for
resistance to streptomycin (100 �g/ml).

Antimicrobial susceptibility testing. The MICs of different CRO, PEN, and TX-100 concentrations
were determined by spotting approximately 105 CFU of N. gonorrhoeae suspensions onto GC agar
containing antimicrobials with 2-fold differences in concentration; the MIC was defined as the lowest
concentration at which bacterial growth was not observed after 48 h of incubation as described above.
All antibiotics and chemicals were obtained from Sigma Chemical Co. (St. Louis, MO).

Detection of MtrR and MtrE. Strains FA19, H041, and SC4 were grown overnight on GC plates as
described above. Bacterial growth was recovered using sterile cotton swabs and resuspended into GC
broth to an optical density at 600 nm of 1.0. One-milliliter aliquots of each sample were pelleted and
washed with PBS. The final pellet was resuspended in 200 �l of 2� Laemmli solubilizer (containing 8%
�-mercaptoethanol) and boiled for 5 min (28). The solubilized samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (10% [wt/vol] gels) as described previously (9) and then
stained with Coomassie brilliant blue to ensure equal loading of protein samples (ca. 10 �g) or subjected
to immunoblotting. MtrR and MtrE were detected using polyclonal rabbit antiserum (1/1,000 dilution) as
described previously (9, 24).

RNA isolation and qRT-PCR. Total RNA was isolated from gonococcal cultures grown to mid-log
phase using TRIzol (Invitrogen) as described previously (9, 27). Purified RNA was treated with the Turbo
DNA-free kit (Ambion), and cDNA was generated using a QuantiTect reverse transcriptase kit (Qiagen).
The levels of target genes were determined by quantitative PCR in a 25-�l SYBR green (Bio-Rad) reaction
mixture using 2 �l of diluted cDNA as the template. The normalized expression of each target was
calculated by the 2�ΔΔCT threshold cycle (CT) method using 16S rRNA as a housekeeping reference gene.
Mean fold change values were equivalent to the normalized expression ratio.

In vivo efficacy testing. For infection and treatment studies, bacteria were propagated on GC agar
(BD Biosciences) supplemented with Kellogg’s supplement and 12 �M Fe(NO3)3 under 7% CO2 at 37°C
(20). GC agar containing vancomycin, colistin, nystatin, trimethoprim, and streptomycin (GC-VCNTS agar)
was used to isolate gonococci from mice as described previously (26). Female BALB/c mice (6 to 7 weeks
old, NCI BALB/c strain; Charles River Laboratories) in the diestrus or anestrus stages of the estrous cycle
were implanted with a 5-mg, 21-day slow-release 17�-estradiol pellet (Innovative Research of America)
and treated with antibiotics to promote long-term gonococcal infection according to a standard
infection protocol (20). Mice were inoculated vaginally with 20 �l of 104 CFU H041 or SC6 (Strr)
suspended in 20 �l of PBS on day �2. Vaginal swab samples were quantitatively cultured on day �1 and
day 0 following bacterial inoculation; following culture on day 0, CRO (10 ml/kg intraperitoneally [i.p.])
and PEN (10 ml/kg i.p.) were administered to mice infected with H041 or SC6 as either two (BID; every
12 h) or three (TID; every 8 h) doses of antibiotic over a 24-h period. PBS was the negative control used
for both H041 and SC6 infections and was administered by i.p. injection (10 ml/kg TID). Mice were
weighed on day 0 prior to antibiotic administration, and preparations of CRO, PEN, or the PBS negative
control were administered as 10-ml/kg doses of stocks of antibiotic prepared to achieve the desired test
concentration. Ceftriaxone disodium salt hemi(heptahydrate) (CRO) and penicillin G sodium salt (PEN)
were prepared in sterile endotoxin-free distilled water (dH2O) and delivered by i.p. injection. Vaginal
swab samples were quantitatively cultured for N. gonorrhoeae for 8 consecutive days posttreatment as
described previously (19). Mice were considered to have cleared the infection when vaginal cultures were
negative (no CFU recovered) for three or more consecutive days. The limit of detection was 20 CFU/ml;
this value was used in the data analysis for mice from which no gonococci were recovered. Differences
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in the duration of colonization were assessed using a Kaplan-Meier survivorship curve and log rank
(Mantel-Cox) test. Differences in colonization load were assessed by a repeated-measures 2-way analysis
of variance (ANOVA), using the Bonferroni test as a post hoc analysis for multiple pair-wise comparisons.
All analyses were performed with GraphPad Prism version 7.05.

Animal use assurances. At the study endpoint, mice were euthanized using compressed CO2 gas in
a CO2 gas chamber in the Laboratory Animal Medicine Facility. All animal experiments were conducted
at the Uniformed Services University of the Health Sciences, a facility fully accredited by the Association
for the Assessment and Accreditation of Laboratory Animal Care, under a protocol that was approved by
the USUHS Institutional Animal Care and Use Committee.
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.01576-19.
FIG S1, PDF file, 0.6 MB.
TABLE S1, PDF file, 0.3 MB.
TABLE S2, PDF file, 0.5 MB.

ACKNOWLEDGMENTS
We thank J. Balthazar, A. Begum, and V. Dhulipala for technical assistance and

laboratory management during the course of this work. We thank Ann E. Eakin for her
insights and critical review of the manuscript prior to submission.

This work was supported by NIH grants R37AI21150-34 (W.M.S.) and U19 AI
113170-05 (A.E.J.). W.M.S. is the recipient of a Senior Research Career Scientist Award
from the Biomedical Laboratory Research and Development Service of the U.S. Depart-
ment of Veterans Affairs. The contents of this publication are the sole responsibility of
the author(s) and do not necessarily reflect the views, opinions, or policies of Uniformed
Services University, the Henry M. Jackson Foundation for the Advancement of Military
Medicine, the Department of Defense, the National Institutes of Health or the U.S.
Department of Veterans Affairs, or the United States government.

The authors have no competing interests to declare.

REFERENCES
1. Newman L, Rowley J, Vander Hoorn S, Wijesooriya NS, Unemo M, Low N,

Stevens G, Gottlieb S, Kiarie J, Temmerman M. 2015. Global estimates of
the prevalence and incidence of four curable sexually transmitted infec-
tions in 2012 based on systematic review and global reporting. PLoS
One 10:e0143304. https://doi.org/10.1371/journal.pone.0143304.

2. Bolan GA, Sparling PF, Wasserheit JN. 2012. The emerging threat of
untreatable gonococcal infection. N Engl J Med 366:485– 487. https://
doi.org/10.1056/NEJMp1112456.

3. Unemo M, Del Rio C, Shafer WM. 2016. Antimicrobial resistance ex-
pressed by Neisseria gonorrhoeae: a major global public health problem
in the 21st century. Microbiol Spectr 4.

4. Rice PA, Shafer WM, Ram S, Jerse AE. 2017. Neisseria gonorrhoeae: drug
resistance, mouse models, and vaccine development. Annu Rev Microbiol
71:665–686. https://doi.org/10.1146/annurev-micro-090816-093530.

5. Lomovskaya O, Bostian KA. 2006. Practical applications and feasibility of
efflux pump inhibitors in the clinic—a vision for applied use. Biochem
Pharmacol 71:910 –918. https://doi.org/10.1016/j.bcp.2005.12.008.

6. Shafer WM, Yu EW, Rouquette-Loughlin C, Golparian D, Jerse AE, Unemo
M. 2016. Efflux pumps in Neisseria gonorrhoeae: contributions to anti-
microbial resistance and virulence, p 439 – 469. In Li XZ, Elkins CA,
Zgurskaya HI (ed), Efflux-mediated antimicrobial resistance in bacteria.
Adis, Cham, Switzerland.

7. Golparian D, Shafer WM, Ohnishi M, Unemo M. 2014. Importance of
multidrug efflux pumps in the antimicrobial resistance property of
clinical multidrug-resistant isolates of Neisseria gonorrhoeae. Antimicrob
Agents Chemother 58:3556 –3559. https://doi.org/10.1128/AAC.00038
-14.

8. Veal WL, Nicholas RA, Shafer WM. 2002. Overexpression of the MtrC-
MtrD-MtrE efflux pump due to an mtrR mutation is required for
chromosomally mediated penicillin resistance in Neisseria gonor-
rhoeae. J Bacteriol 184:5619 –5624. https://doi.org/10.1128/JB.184.20
.5619-5624.2002.

9. Rouquette-Loughlin CE, Reimche JL, Balthazar JT, Dhulipala V, Gernert

KM, Kersh EN, Pham CD, Pettus K, Abrams AJ, Trees DL, St Cyr S, Shafer
WM. 2018. Mechanistic basis for decreased antimicrobial susceptibility
in a clinical isolate of Neisseria gonorrhoeae possessing a mosaic-like
mtr efflux pump locus. mBio 9:e02281-18. https://doi.org/10.1128/
mBio.02281-18.

10. Wadsworth CB, Arnold BJ, Sater MRA, Grad YH. 2018. Azithromycin
resistance through interspecific acquisition of an epistasis-dependent
efflux pump component and transcriptional regulator in Neisseria gon-
orrhoeae. mBio 9:e01419-18. https://doi.org/10.1128/mBio.01419-18.

11. Hagman KE, Shafer WM. 1995. Transcriptional control of the mtr efflux
system of Neisseria gonorrhoeae. J Bacteriol 177:4162– 4165. https://doi
.org/10.1128/jb.177.14.4162-4165.1995.

12. Ohneck EA, Zalucki YM, Johnson PJT, Dhulipala V, Golparian D, Unemo
M, Jerse AE, Shafer WM. 2011. A novel mechanism of high-level, broad-
spectrum antibiotic resistance caused by a single base pair change in
Neisseria gonorrhoeae. mBio 2:e00187-11. https://doi.org/10.1128/mBio
.00187-11.

13. Ohnishi M, Golparian D, Shimuta K, Saika T, Hoshina S, Iwasaku K,
Nakayama S-I, Kitawaki J, Unemo M. 2011. Is Neisseria gonorrhoeae
initiating a future era of untreatable gonorrhea? Detailed characterization
of the first strain with high-level resistance to ceftriaxone. Antimicrob
Agents Chemother 55:3538–3545. https://doi.org/10.1128/AAC.00325-11.

14. Lucas CE, Balthazar JT, Hagman KE, Shafer WM. 1997. The MtrR repressor
binds the DNA sequence between the mtrR and mtrC genes of Neisseria
gonorrhoeae. J Bacteriol 179:4123– 4128. https://doi.org/10.1128/jb.179
.13.4123-4128.1997.

15. Unemo M, Nicholas RA. 2012. Emergence of multidrug-resistant, exten-
sively drug-resistant and untreatable gonorrhea. Future Microbiol
7:1401–1422. https://doi.org/10.2217/fmb.12.117.

16. Shafer WM, Balthazar JT, Hagman KE, Morse SA. 1995. Missense muta-
tions that alter the DNA-binding domain of the MtrR protein occur
frequently in rectal isolates of Neisseria gonorrhoeae that are resis-

Targeting MtrCDE To Counteract Gonococcal AMR ®

July/August 2019 Volume 10 Issue 4 e01576-19 mbio.asm.org 9

https://doi.org/10.1128/mBio.01576-19
https://doi.org/10.1128/mBio.01576-19
https://doi.org/10.1371/journal.pone.0143304
https://doi.org/10.1056/NEJMp1112456
https://doi.org/10.1056/NEJMp1112456
https://doi.org/10.1146/annurev-micro-090816-093530
https://doi.org/10.1016/j.bcp.2005.12.008
https://doi.org/10.1128/AAC.00038-14
https://doi.org/10.1128/AAC.00038-14
https://doi.org/10.1128/JB.184.20.5619-5624.2002
https://doi.org/10.1128/JB.184.20.5619-5624.2002
https://doi.org/10.1128/mBio.02281-18
https://doi.org/10.1128/mBio.02281-18
https://doi.org/10.1128/mBio.01419-18
https://doi.org/10.1128/jb.177.14.4162-4165.1995
https://doi.org/10.1128/jb.177.14.4162-4165.1995
https://doi.org/10.1128/mBio.00187-11
https://doi.org/10.1128/mBio.00187-11
https://doi.org/10.1128/AAC.00325-11
https://doi.org/10.1128/jb.179.13.4123-4128.1997
https://doi.org/10.1128/jb.179.13.4123-4128.1997
https://doi.org/10.2217/fmb.12.117
https://mbio.asm.org


tant to faecal lipids. Microbiology 141:907–911. https://doi.org/10
.1099/13500872-141-4-907.

17. Skaar EP, LeCuyer B, Lenich AG, Lazio MP, Perkins-Balding D, Seifert HS,
Karls AC. 2005. Analysis of the Piv recombinase-related gene family of
Neisseria gonorrhoeae. J Bacteriol 187:1276 –1286. https://doi.org/10
.1128/JB.187.4.1276-1286.2005.

18. Folster JP, Johnson PJT, Jackson L, Dhulipali V, Dyer DW, Shafer WM.
2009. MtrR modulates rpoH expression and levels of antimicrobial resis-
tance in Neisseria gonorrhoeae. J Bacteriol 191:287–297. https://doi.org/
10.1128/JB.01165-08.

19. Connolly KL, Eakin AE, Gomez C, Osborn BL, Unemo M, Jerse AE. 2019.
Pharmacokinetic data are predictive of in vivo efficacy for cefixime and
ceftriaxone against susceptible and resistant Neisseria gonorrhoeae
strains in the gonorrhea mouse model. Antimicrob Agents Chemother
63:e01644-18. https://doi.org/10.1128/AAC.01644-18.

20. Jerse AE, Wu H, Packiam M, Vonck RA, Begum AA, Garvin LE. 2011.
Estradiol-treated female mice as surrogate hosts for Neisseria gonor-
rhoeae genital tract infections. Front Microbiol 2:107. https://doi.org/10
.3389/fmicb.2011.00107.

21. Erlendsdottir H, Knudsen JD, Odenholt I, Cars O, Espersen F, Frimodt-
Moller N, Fuursted K, Kristinsson KG, Gudmundsson S. 2001. Penicillin
pharmacodynamics in four experimental pneumococcal infection mod-
els. Antimicrob Agents Chemother 45:1078 –1085. https://doi.org/10
.1128/AAC.45.4.1078-1085.2001.

22. Nilles M, Lucas CE, Balthazar JT, Judd RC, Shafer WM, Hagman KE, Snyder
L. 1997. The MtrD protein of Neisseria gonorrhoeae is a member of the
resistance/nodulation/division protein family constituting part of an
efflux system. Microbiology 143:2117–2125. https://doi.org/10.1099/
00221287-143-7-2117.

23. Shafer WM, Qu X-D, Waring AJ, Lehrer RI. 1998. Modulation of Neisseria
gonorrhoeae susceptibility to vertebrate antibacterial peptides due to a
member of the resistance/nodulation/division efflux pump family. Proc
Natl Acad Sci U S A 95:1829 –1833. https://doi.org/10.1073/pnas.95.4
.1829.

24. Warner DM, Shafer WM, Jerse AE. 2008. Clinically relevant mutations that
cause derepression of the Neisseria gonorrhoeae MtrC-MtrD-MtrE Efflux
pump system confer different levels of antimicrobial resistance and in
vivo fitness. Mol Microbiol 70:462– 478. https://doi.org/10.1111/j.1365
-2958.2008.06424.x.

25. Jerse AE, Sharma ND, Simms AN, Crow ET, Snyder LA, Shafer WM. 2003.
A gonococcal efflux pump system enhances bacterial survival in a
female mouse model of genital tract infection. Infect Immun 71:
5576 –5582. https://doi.org/10.1128/IAI.71.10.5576-5582.2003.

26. Sarubbi FA, Jr, Blackman E, Sparling PF. 1974. Genetic mapping of
linked antibiotic resistance loci in Neisseria gonorrhoeae. J Bacteriol
120:1284 –1292.

27. Rouquette-Loughlin CE, Zalucki YM, Dhulipala VL, Balthazar JT, Doyle RG,
Nicholas RA, Begum AA, Raterman EL, Jerse AE, Shafer WM. 2017. Control
of gdhR expression in Neisseria gonorrhoeae via autoregulation and a
master repressor (MtrR) of a drug efflux pump operon. mBio 8:e00449
-17. https://doi.org/10.1128/mBio.00449-17.

28. Laemmli UK. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227:680 – 685. https://doi.org/
10.1038/227680a0.

29. Clinical and Laboratory Standards Institute. 2019. Performance standards
for antimicrobial susceptibility testing; 29th ed. CLSI M100-2F. Clinical
and Laboratory Standards Institute, Wayne, PA.

Chen et al. ®

July/August 2019 Volume 10 Issue 4 e01576-19 mbio.asm.org 10

https://doi.org/10.1099/13500872-141-4-907
https://doi.org/10.1099/13500872-141-4-907
https://doi.org/10.1128/JB.187.4.1276-1286.2005
https://doi.org/10.1128/JB.187.4.1276-1286.2005
https://doi.org/10.1128/JB.01165-08
https://doi.org/10.1128/JB.01165-08
https://doi.org/10.1128/AAC.01644-18
https://doi.org/10.3389/fmicb.2011.00107
https://doi.org/10.3389/fmicb.2011.00107
https://doi.org/10.1128/AAC.45.4.1078-1085.2001
https://doi.org/10.1128/AAC.45.4.1078-1085.2001
https://doi.org/10.1099/00221287-143-7-2117
https://doi.org/10.1099/00221287-143-7-2117
https://doi.org/10.1073/pnas.95.4.1829
https://doi.org/10.1073/pnas.95.4.1829
https://doi.org/10.1111/j.1365-2958.2008.06424.x
https://doi.org/10.1111/j.1365-2958.2008.06424.x
https://doi.org/10.1128/IAI.71.10.5576-5582.2003
https://doi.org/10.1128/mBio.00449-17
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://mbio.asm.org

	Could Dampening Expression of the Neisseria gonorrhoeae mtrCDE-Encoded Efflux Pump Be a Strategy To Preserve Currently or Resurrect Formerly Used Antibiotics To Treat Gonorrhea?
	RESULTS AND DISCUSSION
	Ectopic expression of mtrR in strain H041 decreases gonococcal resistance to antibiotics recognized by the MtrCDE efflux pump. 
	Ectopic expression of WT mtrR increases the ability of beta-lactams to clear infection caused by resistant gonococci. 

	MATERIALS AND METHODS
	Bacterial strains and growth conditions. 
	Cloning and expression of mtrR and strain construction. 
	Antimicrobial susceptibility testing. 
	Detection of MtrR and MtrE. 
	RNA isolation and qRT-PCR. 
	In vivo efficacy testing. 
	Animal use assurances. 

	SUPPLEMENTAL MATERIAL

	ACKNOWLEDGMENTS
	REFERENCES

