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Moraxella catarrhalis is a common pathogen of the human respiratory tract. Multidrug efflux pumps play a major role in antibi-
otic resistance and virulence in many Gram-negative organisms. In the present study, the role of the AcrAB-OprM efflux pump
in antibiotic resistance was investigated by constructing mutants that lack the acrA, acrB, and oprM genes in M. catarrhalis
strain O35E. We observed a moderate (1.5-fold) decrease in the MICs of amoxicillin and cefotaxime and a marked (4.7-fold) de-
crease in the MICs of clarithromycin for acrA, acrB, and oprM mutants in comparison with the wild-type O35E strain. Exposure
of the M. catarrhalis strains O35E and 300 to amoxicillin triggered an increased transcription of all AcrAB-OprM pump genes,
and exposure of strains O35E, 300, and 415 to clarithromycin enhanced the expression of acrA and oprM mRNA. Inactivation of
the AcrAB-OprM efflux pump genes demonstrated a decreased ability to invade epithelial cells compared to the parental strain,
suggesting that acrA, acrB, and oprM are required for efficient invasion of human pharyngeal epithelial cells. Cold shock in-
creases the expression of AcrAB-OprM efflux pump genes in all three M. catarrhalis strains tested. Increased expression of
AcrAB-OprM pump genes after cold shock leads to a lower accumulation of Hoechst 33342 (H33342), a substrate of AcrAB-
OprM efflux pumps, indicating that cold shock results in increased efflux activity. In conclusion, the AcrAB-OprM efflux pump
appears to play a role in the antibiotic resistance and virulence of M. catarrhalis and is involved in the cold shock response.

Moraxella catarrhalis colonizes the mucosal surface of the hu-
man nasopharynx and is a major cause of acute otitis media

in children and of exacerbations of chronic obstructive pulmo-
nary disease in adults (1–4). The proportion of cases of acute otitis
media caused by M. catarrhalis varies between 5% and 20%, with
recent studies showing a relative increase in M. catarrhalis-caused
otitis media since the introduction of routine infant immuniza-
tion with the pneumococcal conjugate vaccine (2, 4–6). Further-
more, clinical studies revealed that the prevalence of pharyngeal
colonization and respiratory tract infections caused by M. ca-
tarrhalis displays seasonal variation and increases in winter (7–
10). The human nasopharyngeal flora is recurrently exposed to
rapid downshifts of environmental temperature. Breathing cold
air (e.g., �1°C at 10 to 20 liters/min) reduces the nasopharyngeal
temperature from 34°C at room temperature to about 26°C within
several minutes and for extended periods (11). Such rapid varia-
tion of temperature induces adaptive events in the residential up-
per respiratory tract flora that may contribute to the transition
from asymptomatic colonization to infection. Our previous in
vitro studies demonstrated that a 26°C cold shock upregulates the
expression of important virulence traits, such as adherence to ep-
ithelial cells, iron acquisition, complement resistance, and im-
mune evasion (12–14).

Adaptive resistance also involves a temporary increase in the
ability of a bacterium to survive exposure to antimicrobials due to
alterations in gene/protein expression as a result of an environ-
mental trigger, e.g., temperature, stress, nutrient conditions, or
subinhibitory levels of the antibiotics themselves (15). One of the
main antimicrobial resistance strategies of bacteria is altered porin
expression to limit intracellular access of antibiotics. Recently, we
showed that M. catarrhalis responds to exposure to aminopenicil-
lins by reducing the expression level of the porin M35, thereby
developing adaptive resistance to these antibiotics (16). Porin

M35 is also regulated by temperature, being downregulated dur-
ing growth at 26°C compared to growth at 37°C.

Bacterial efflux is another important mechanism of antimicrobial
resistance, and bacterial efflux pumps of the resistance-nodulation-
division (RND) family confer intrinsic resistance to multiple, struc-
turally distinct, clinically relevant classes of antimicrobials, including
the �-lactams, quinolones, and aminoglycosides (17). The AcrAB-
OprM tripartite efflux system is the major RND efflux system found
in M. catarrhalis (18) and other Gram-negative bacteria (17). The
pump is composed of an inner membrane RND pump (AcrB), an
outer membrane channel (OprM), and a periplasmic adaptor pro-
tein (AcrA). Some studies suggest that overexpression of AcrAB is
a marker of multidrug resistance (19). The multidrug-resistant
phenotype of carbenicillin-resistant clinical isolates of Pseudomo-
nas aeruginosa can be explained as the consequence of the overex-
pression of multidrug efflux systems (20). However, the role, if
any, that the AcrAB-OprM efflux pump plays in M. catarrhalis
respiratory infections has not been investigated. Our recently per-
formed transcriptome sequencing (RNA-seq) data analysis dem-
onstrates that the expressions of genes encoding membrane fusion
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proteins of the RND family multidrug efflux pump (acrA and
acrB) and the RND system membrane channel OprM (oprM) were
considerably increased after exposure of M. catarrhalis to a 26°C
cold shock (21). Therefore, consistent with these reports, it is pos-
sible that a 26°C cold shock may also influence the susceptibility of
M. catarrhalis to several antimicrobial agents through the induc-
tion of the membrane multidrug efflux pump proteins AcrA,
AcrB, and OprM.

The major aim of this study was to determine the mechanism
by which the AcrAB-OprM efflux pump is involved in the suscep-
tibility to antimicrobials. Consideration of the inducible expres-
sion of AcrAB-OprM by a cold shock led us to examine the impli-
cation of the efflux system in adaptive resistance.

MATERIALS AND METHODS
Bacterial strains and culture conditions. M. catarrhalis strain O35E and
clinical isolates 300 and 415 were described elsewhere (12, 14). The col-
lection of 16 M. catarrhalis strains (middle ear isolates from children with
acute otitis media and nasopharyngeal isolates) was provided by R. Dagan,
Israel, and G. A. Syrogiannopoulos, Greece. Bacteria were cultured at
37°C and 200 rpm in brain heart infusion (BHI) broth (Difco, Detroit,
MI) or on BHI agar plates in an atmosphere containing 5% CO2. Cold
shock experiments were performed as described previously (12). Bacteria
were grown overnight at 37°C, resuspended in fresh medium, and grown
to the mid-logarithmic phase (optical density at 600 nm [OD600] of 0.3).
Subsequently, bacteria were exposed to 26°C or 37°C for 3 h.

For analysis of the effects of amoxicillin and clarithromycin, bacteria
were cultured in BHI broth to an OD600 of 0.18. Afterward, 60 �g/ml of
amoxicillin (Sigma, St. Louis, MO) or 0.01 �g/ml clarithromycin was
added, and bacteria were cultured for an additional 4 h (16). To quantitate
viable M. catarrhalis at various clarithromycin concentrations, bacteria
were cultured at different concentrations (0 �g/ml, 0.01 �g/ml, 0.1 �g/ml,
0.5 �g/ml, and 1 �g/ml) for 4 h, and the OD600 and quantitation of CFU
were determined at different time points.

DNA methods. Plasmids were isolated using the Wizard Plus SV mini-
prep DNA purification system (Promega Corporation, Madison, WI).
Escherichia coli DH5� was transformed as described previously (22). Re-

striction enzymes were purchased from New England BioLabs (Beverly,
MA). Naturally competent M. catarrhalis was prepared and DNA was
transformed as described previously (21, 23). The M. catarrhalis strains
(middle ear and nasopharyngeal isolates) were analyzed for the presence
of acrA, acrB, and oprM by PCR using forward and reverse primers
(acrA_2F and acrA_2R, acrB_2F and acrB_2R, and oprM_2F and
oprM_2R, respectively) and visualized by 1% agarose gel electrophoresis
(Table 1).

Construction of the isogenic mutants O35E.acrA, O35E.acrB, and
O35E.oprM. The AcrAB-OprM efflux system is encoded by the acrA acrB
oprM operon. Parts of the acrA, acrB, and oprM genes of strain O35E were
amplified using forward and reverse primers acrAF1 and acrAR1, acrBF1
and acrBR1, and oprMF1and oprMR1, respectively (Table 1). PCR prod-
ucts were ligated into the EcoRI restriction site of pGEM-T Easy (Pro-
mega). The kanamycin cassette from the pUC4K vector (Pharmacia, Swe-
den) was ligated into the HindIII restriction site of acrA, into the BamHI
restriction site of acrB, and into the HpaI restriction site of oprM. The
resulting constructs, �acrA::kan, �acrB::kan, and �oprM::kan, were used
for natural transformation of the competent strain O35E. Transformants
were selected on BHI agar plates containing 20 �g/ml of kanamycin. In-
sertional inactivation of each gene was confirmed by PCR analysis and by
reverse transcriptase PCR (RT-PCR). We screened a number of kanamy-
cin-resistant mutants in which we examined the expression of other genes
by isolating the RNA and performing a PCR analysis for the appropriate
gene. For subsequent experiments, we selected mutant strains without
downstream effects of the kanamycin cassette.

RNA preparation and quantitative reverse transcriptase PCR (qRT-
PCR) assays. M. catarrhalis cultures were fixed with 2 volumes of RNA
Protect (Qiagen, Valencia, CA) and harvested. RNA was isolated using the
RNeasy kit (Qiagen) as described elsewhere (12). Residual DNA in the
samples was removed using DNase I. The reverse transcription step was
carried out using the Superscript II cDNA synthesis kit (Invitrogen, Basel,
Switzerland) according to the manufacturer’s instructions. Oligonucleo-
tide primer pairs (Table 1) were designed for use in qRT-PCR with either
PrimerExpress software (Applied Biosystems, Foster City, CA) or primer
3 (24). To assess DNA contamination, RNA samples were also run with-
out RT. The constitutively expressed 16S rRNA gene was used as an inter-
nal control for relative quantification. Reactions for qRT-PCR were com-

TABLE 1 Oligonucleotides used in this study

Oligonucleotide Procedure Sequence (5= to 3=)
acrA_2F PCR CGTGTTGCCGCCATTGAGACTT
acrA_2R PCR GGGAACACAGCGCGTAAGGTCA
acrB_2F PCR GTACTTGCCATTGGCCTTTT
acrB_2R PCR AGGGCTTCATGACCTACACC
oprM_2F PCR CTGGATTTATGGGGCAAAGT
oprM_2R PCR GGCATTTTGAATGGCTTTTT
16S RNA_F PCR AAGGTTTGATC(AC)TGG(CT)TCAG
16S RNA_R PCR CTTTACGCCCA(AG)T(AG)A(AT)TCCG
acrA_F Cloning GCTGGTCATTGGGCTGAT
acrA_R Cloning GTTTCGTCAGCAGCGTTCAT
acrB_F Cloning ATCCTATCAGCCGTGTGGAG
acrB_R Cloning ACACCATCGAAGACACACCA
oprM_F Cloning TGCACGTATCTTGACGCTCT
oprM_R Cloning TGGGATTTTTCGTCATCCAT
acrA_F_SYBR green SYBR green CTCGAAACTGTGCCAGTGAT
acrA_R_SYBR green SYBR green ATCAATAATGCCCGTCACCT
acrB_F_SYBR green SYBR green TCGCTTGAGCAACAAAAATC
acrB_R_SYBR green SYBR green TACAGTGCTGCCAAACACAA
oprM_F_SYBR green SYBR green GCCAAGTCTACAAGCAGCAA
oprM_R_SYBR green SYBR green ACCAATCAGCAGCTGTAACG
16S RNA _F_SYBR green SYBR green CAATGGGCGAAAGCCTGAT
16S RNA _R_SYBR green SYBR green GTGCTTTACAACCAAAAGGCCT
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pleted using Power SYBR green PCR master mix (Applied Biosystems)
with a two-step reaction protocol consisting of 40 cycles of 94°C for 30 s
and 60°C for 1 min, followed by a dissociation phase for quality control.
The 25-�l qRT-PCR mixtures contained 0.2 �M specific primers, Power
SYBR green (2�), and 2 �l of cDNA (10 ng/�l). Relative quantification of
gene expression was performed using the comparative threshold method.
The ratios obtained after normalization were expressed as folds of change
compared with untreated samples or samples isolated from bacteria ex-
posed to 37°C.

Antimicrobial resistance testing. The MICs of amoxicillin, cefo-
taxime, clarithromycin, amikacin, tobramycin, gentamicin, tetracycline,
chloramphenicol, ciprofloxacin, and trimethoprim-sulfamethoxazole
were determined by Etest (AB Biodisk, Solna, Sweden) according to the
manufacturer’s instructions. We tested the MIC of rifampin and erythro-
mycin by a gradient test (Etest). However, the antimicrobial resistance of
M. catarrhalis to these compounds was out of range for commercially
available Etest strips. Therefore, the susceptibilities of M. catarrhalis to
rifampin, erythromycin, and deoxycholate (all purchased from Sigma)
were assayed using standard disk diffusion assays (25, 26). Bacteria were
cultured in BHI broth to an OD600 of 0.2 and spread with a cotton swab
onto BHI agar plates. Sterile blank paper disks (6 mm; Becton Dickinson,
Franklin Lakes, NJ) were placed on the agar surface in duplicate and
saturated with a solution of the antimicrobial at various concentrations
(Table 2). After 18 h of incubation at 37°C, sensitivities were assessed by
measuring the diameters of the zones of growth inhibition on two axes,
and the mean values were calculated. The MICs and the susceptibilities of
the tested agents for the mutant strains were determined in medium with-
out kanamycin because of the synergistic effect between two substances.

Cell lines and growth conditions. Detroit 562 pharyngeal cells
(ATCC CCL-138) were maintained in Eagle’s minimal essential medium
(Invitrogen) supplemented with 10% heat-inactivated fetal calf serum
(FCS), 2 mM L-glutamine, 1 mM sodium pyruvate (Sigma), 1� nones-
sential amino acids (Sigma), 100 units/ml penicillin, and 100 �g/ml strep-
tomycin at 37°C in 5% CO2.

Adherence and invasion assay. The ability of M. catarrhalis to adhere
to and invade human Detroit 562 epithelial cells in vitro was measured as
described previously (13, 27, 28). Each strain was analyzed in triplicate in
each experiment.

Accumulation of Hoechst 33342. To investigate the efflux activity of
M. catarrhalis following a 26°C cold shock, we used an assay that measures
the accumulation of the fluorescent DNA-binding dye Hoechst 33342
(H33342; Sigma), which is a substrate of the AcrAB pump in several
Gram-negative pathogens, including E. coli and Salmonella enterica (29).
When H33342 enters the cell, it binds to the DNA minor groove, becomes
fluorescent, and can be detected by using a fluorescent plate reader. Ef-

flux-competent cells extrude H33342 out of the cell and accumulate the
dye sparingly, resulting in low levels of fluorescence. In contrast, efflux-
defective cells (e.g., efflux pump mutants or heat-inactivated [hi] cells)
accumulate H33342 at a higher rate, resulting in increased levels of fluo-
rescence. Bacteria were exposed to 26°C or 37°C for 3 h, pelleted, and
resuspended in NaCl (0.87%) to an OD600 of 0.2. H33342 was added to a
final concentration of 2.5 �M. Fluorescence intensity was measured at
excitation and emission wavelengths of 350 and 461 nm, respectively,
using a Varioskan Flash (Thermo Scientific, Madison, WI).

Statistical analysis. Data were expressed as means � 1 standard devi-
ation (SD). Differences between groups were analyzed by one-way analy-
sis of variance with a Dunnett’s correction using Prism software (Graph-
Pad, version 5.01). A P value of 	0.05 was defined as statistically
significant.

RESULTS
In vitro growth of M. catarrhalis acrA, acrB, and oprM mutants
and PCR and RT-PCR analyses of clinical isolates. Standard
growth curves of the O35E wild-type and mutant strains in BHI
broth at 37°C revealed no significant differences in growth veloc-
ity, measured as broth density at OD600 (Fig. 1A). We studied 16
middle ear and nasopharyngeal isolates for the presence and tran-
scription of acrA, acrB, and oprM genes of the AcrAB-OprM efflux
pump. PCR and RT-PCR analyses resulted in positive products
for all strains (data not shown).

TABLE 2 Susceptibilities of M. catarrhalis wild-type strain O35E and its mutant strains to antimicrobial agents

Measurement and antibiotic

Value for strain:

O35E O35E.acrA O35E.acrB O35E.oprM

MIC (�g/ml)a

Amoxicillin 1.5 1.0 1.0 1.0
Cefotaxime 0.75 0.5 0.5 0.5
Clarithromycin 0.094 0.02 0.02 0.02
Amikacin 1.5 0.75 0.75 0.75
Tobramycin 0.5 0.38 0.25 0.25

Zone of growth inhibition (mm)b

Erythromycin (1.5 �g) 23.8 � 0.5 34 � 0.0 35 � 0.0 33.8 � 0.5
Rifampin (0.5 �g) 26 � 0.0 32 � 0.0 32.3 � 0.5 32.8 � 0.5
Deoxycholate (10 mg/ml) 24 � 0.0 32.25 � 0.5 31.75 � 0.5 31.75 � 1.0

a MICs of amoxicillin, cefotaxime, and clarithromycin were determined in two independent experiments with consistent results.
b Sensitivities were assessed by measuring the diameters of the zones of growth inhibition on two axes, and the means � 1 SD were calculated. A representative of two independent
experiments performed in duplicate is shown.

FIG 1 (A) Growth curves for wild-type O35E M. catarrhalis strain and its
isogenic knockout strains in BHI medium at 37°C. (B) Expression of the mu-
tated gene in each strain was determined by RT-PCR. For each strain, the
product of RT-PCR using primers specific for acrA, acrB, oprM, or 16S rRNA,
as a control gene, is shown. Ctrl indicates control reactions with no cDNA
templates.
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Genotypic and phenotypic characterization of the M. ca-
tarrhalis AcrAB-OprM operon knockout mutants. To investi-
gate the role of the AcrAB-OprM efflux pump in M. catarrhalis
antimicrobial resistance and virulence, we constructed isogenic
knockout mutants from the wild-type strain O35E. The periplas-
mic adaptor protein encoded by acrA is the first in an operon also
encoding the cognate RND pump acrB and the outer membrane
channel oprM. RT-PCR was used to check the inactivation of these
genes by insertion of an antibiotic resistance cassette and the ex-
pression of the downstream pump genes (Fig. 1B). The inactiva-
tion of acrA by insertion of the kanamycin resistance gene was
nonpolar; acrB and oprM were still transcribed at normal levels.
The transcriptions of acrA and oprM were not affected by disrup-
tion of the acrB gene. The disruption of the oprM gene allowed the
expression of upstream genes acrA and acrB.

Role of the AcrAB-OprM efflux pump in M. catarrhalis anti-
microbial resistance. The RND family multidrug efflux systems,
which are common in Gram-negative bacteria, pump out a wide
range of compounds, such as lipophilic and amphiphilic inhibi-
tors, including antibiotics, and are responsible for intrinsic resis-
tance to many antimicrobial agents (17, 30–32). To investigate
this, Etests and susceptibility assays were performed with the mu-
tants O35E.acrA, O35E.acrB, and O35E.oprM and the wild-type
O35E strain. There were no differences in MICs for tetracycline,
chloramphenicol, ciprofloxacin, and trimethoprim-sulfame-
thoxazole between wild-type and mutant strains. For amoxicillin
and cefotaxime, there was a minor but consistent 1.5-fold decrease
in the MICs of all mutants (1.5 �g/ml versus 1.0 �g/ml and 0.75
�g/ml versus 0.5 �g/ml, respectively) (Table 2). For clarithromy-
cin, there was a 4.7-fold decrease in the MICs of all mutants tested
in comparison with the wild-type strain (0.094 �g/ml versus 0.02
�g/ml) (Table 2). In a susceptibility test, insertional inactivation
of acrA, acrB, and oprM also increased the antibacterial activity of
many additional agents tested (erythromycin, rifampin, deoxy-
cholic acid), implying that they are ordinarily substrates for the
AcrAB-OprM efflux transporter (Table 2). Thus, M. catarrhalis
strains lacking the efflux pump proteins display a MIC of amoxi-
cillin, cefotaxime, and clarithromycin up to 1.5- and 4.7-fold, re-
spectively, lower than that in the wild-type strain, indicating that
the AcrAB-OprM efflux pump is involved in the susceptibility of
these cells to the antimicrobials tested.

The antibiotic class of aminoglycosides is not a substrate for the
E. coli AcrAB-TolC pump, although it is a substrate for the homol-
ogous Yersinia pestis, P. aeruginosa, and Klebsiella pneumoniae
complexes (31, 32). The MICs of three aminoglycosides (amika-
cin, tobramycin, and gentamicin) were determined for M. ca-
tarrhalis O35E and its acrA, acrB, and oprM mutants. The acrA,
acrB, and oprM mutant strains were more susceptible (2-fold)
than the wild-type strain to amikacin (Table 2). The MICs of to-
bramycin were lower (2-fold) for the acrB and oprM knockout
strains than for the wild-type strain, while there were only modest
(1.3-fold) decreases in the MICs of this antibiotic in the case of
O35E.acrA (Table 2). In contrast, gentamicin susceptibility was
not affected in the acrA, acrB, and oprM strains. It was shown that
the S. enterica acrB mutant strain was more susceptible to tobra-
mycin (2-fold), whereas susceptibility to amikacin was not af-
fected compared with that of the wild-type parental strain, reflect-
ing substrate specificity of this pump (33).

Upregulation of acrA, acrB, and oprM mRNA expression af-
ter amoxicillin treatment. Reduced membrane permeability and

increased active efflux—two of the main strategies used by bacte-
ria for protection against antibiotics—are generally regulated by
reduced porin expression and overexpression of efflux pumps (34,
35). Our previous findings of downregulation of m35 porin
mRNA after amoxicillin (60 �g/ml) treatment (16) prompted us
to investigate the expression of the AcrAB-OprM efflux pump
genes of strains O35E and 300 during amoxicillin treatment by
quantitative real-time PCR. Amoxicillin treatment of strain O35E
for a period of 4 h induced the upregulation of acrA (4-fold), acrB
(4-fold), and oprM (2.5-fold) mRNA expression compared with
that of bacteria grown without amoxicillin (Fig. 2). Strain 300
demonstrated similar effects, with expression of acrA, acrB, and
oprM mRNA induced (2-fold) after amoxicillin treatment. The
expression of a control gene encoding type IV pilin A (pilA) was
not altered by amoxicillin treatment, indicating that amoxicillin
induces the expression of genes that are involved in the adaptive
resistance (data not shown).

Expression of acrA, acrB, and oprM mRNA after clarithro-
mycin treatment. Because clarithromycin was found to be a
substrate for the AcrAB-OprM pump, we investigated the ex-
pression of the acrA, acrB, and oprM genes after clarithromycin
treatment by quantitative real-time PCR. The breakpoint of
bacteriostatic clarithromycin concentration was evaluated by a
time-kill curve assay (Fig. 3), and the subinhibitory concentra-
tion was estimated to be 0.01 �g/ml. Clarithromycin treatment
of M. catarrhalis strain O35E, for a period of 4 h, induced the
upregulation of acrA (2-fold) and oprM (2.2-fold) mRNA expres-
sion compared with that of bacteria grown without clarithromy-
cin (Fig. 4). Clarithromycin treatment of M. catarrhalis strains 300
and 415 caused the induction of acrA (4.5- and 2.8-fold, respec-
tively) and oprM (2.4- and 3.4-fold, respectively) mRNA expres-
sion. In contrast, the expression of acrB mRNA in these strains
remained unaffected.

The expressions of acrA, acrB, and oprM genes are required
for efficient invasion of Detroit 562 pharyngeal epithelial cells.
The abilities of a pathogen to adhere to and invade epithelial host
cells are major virulence factors. Efflux pump systems have a role
in mediating the adherence and uptake of bacteria into target host

FIG 2 Upregulation of acrA, acrB, and oprM mRNA expression of M. ca-
tarrhalis strains O35E and 300 during amoxicillin treatment. Quantitative
real-time PCR was performed after 4 h of incubation with and without 60
�g/ml amoxicillin. Upregulation was normalized to 16S rRNA. The graph
shows one of two representative experiments done in triplicate. Data are pre-
sented as means � 1 SD.
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cells (29, 36, 37). To investigate if AcrAB-OprM efflux pump com-
ponents mediate adherence and invasion, assays were performed
on Detroit 562 pharyngeal epithelial cells. Adherence of
O35E.acrA, O35E.acrB, and O35E.oprM mutants was as efficient
as that of the O35E wild-type parent strain (data not shown). To
determine if acrA, acrB, and oprM are required for efficient inva-
sion, Detroit 562 cell monolayers were infected at a multiplicity of
infection (MOI) of 30, and following a 3-h incubation, cells were
washed, incubated with gentamicin for an additional 2 h, and then
lysed, serially diluted, and plated to determine the proportion of
invading bacteria. The O35E.acrA, O35E.acrB, and O35E.oprM
strains demonstrated decreased (up to 50%) invasion compared
to that of O35E (Fig. 5), indicating that acrA, acrB, and oprM are
required for efficient invasion of human nasopharyngeal cells in
vitro.

Serum resistance. Resistance of M. catarrhalis to human com-
plement, which is associated with disease-causing isolates (38),
was not impaired by the lack of AcrAB-OprM efflux pump genes
(data not shown).

Growth of M. catarrhalis acrA, acrB, and oprM mutants after
cold shock. To investigate whether inactivation of the efflux
pump genes affects the growth rate following cold shock condi-
tions, growth curves were plotted for all strains studied. When the
growth at 37°C was monitored, we observed that the parent strain

O35E and its knockout mutants grew similarly (Fig. 6). The
growth of M. catarrhalis acrA, acrB, and oprM mutants, subjected
to a downshift to 26°C during the mid-logarithmic phase, was
slightly diminished compared to the growth of parent strain O35E
(Fig. 6), indicating that the AcrAB-OprM efflux pump might play
a role in the adaptation to cold shock.

Cold shock induces upregulation of acrA, acrB, and oprM
mRNA. To confirm the RNA-seq data (21) and to investigate the
contribution of the AcrAB-OprM efflux pump to the cold shock
response, we assessed the acrA, acrB, and oprM mRNA expression
levels of strain O35E exposed to either 26°C or 37°C. The expres-
sion levels of acrA, acrB, and oprM were significantly increased at
26°C (10.7-, 5.7-, and 6.5-fold, respectively) compared to expres-
sion at 37°C (Fig. 7). Similar expression patterns of acrA, acrB, and
oprM were observed in M. catarrhalis clinical isolates 300 and 415,
indicating that this effect is a general characteristic of M. catarrha-
lis (Fig. 7).

Cold shock results in the efflux upregulation of Hoechst
33342. Since cold shock increases the expression of AcrAB-OprM
efflux pump genes, we examined the effect of cold shock on active
efflux. The Hoechst dye is a substrate of RND efflux pumps, and its
accumulation can be used to infer the level of RND efflux (29). In
order to compare the levels of active efflux in bacterial growth at
26°C, accumulation of H33342 was determined and compared
with bacterial growth at 37°C. The results of the H33342 accumu-
lation assay are shown in Fig. 8. Accumulation of H33342 was

FIG 5 Ability of M. catarrhalis wild-type strain O35E and its knockout mu-
tants to invade human pharyngeal epithelial cells. Data are displayed as means
of four separate experiments performed in triplicate � 1 SD. *, P 	 0.05 for
wild-type versus respective mutant.

FIG 3 Time-kill curves of strain O35E for different clarithromycin concentrations (0, 0.01, 0.1, 0.5, and 1 �g/ml).

FIG 4 Expression of efflux pump AcrAB-OprM genes acrA, acrB, and oprM
mRNA in M. catarrhalis strains O35E, 300, and 415 during clarithromycin
treatment. Quantitative real-time PCR was performed after 4 h of incubation
with and without 0.01 �g/ml clarithromycin. Upregulation was normalized to
16S rRNA. The graph shows one of three representative experiments done in
triplicate. Data are presented as means � 1 SD.
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approximately 20% lower following cold shock at 26°C than after
exposure to 37°C, indicating that cold shock resulted in increased
efflux activity. Inactivation of acrA alone increased Hoechst 33342
accumulation, indicating that the inactivation of acrA resulted in
reduced efflux activity. Furthermore, there was no cold shock ef-
fect on the accumulation of the dye, indicating that AcrA is re-
quired for active efflux of H33342 in cold shock-induced M. ca-
tarrhalis.

DISCUSSION

Antimicrobial resistance is based on three major strategies: detox-
ify enzymes to degrade or modify antibiotics, target protection to
impair target recognition and thus antimicrobial activity, and tar-
get the membrane barrier to limit intracellular access of antimi-
crobials (35). For M. catarrhalis, two major mechanisms of
bacterial resistance to antimicrobials have been described: the
inactivation of antimicrobials by enzymes such as �-lactamases
(39) and the reduced entry of the antibiotic into bacterial cells due
to reducing the number of entry channels, such as porins (16). In
our previous study, we demonstrated that the M35 porin was
downregulated after amoxicillin treatment, leading to increased
resistance and indicating a novel resistance mechanism against

aminopenicillins in M. catarrhalis (16). Another important mech-
anism of antimicrobial resistance is enhancement of the active
expulsion of antibiotics out of the cells—a process termed efflux.
The expression of genes encoding porins and efflux pumps is care-
fully regulated in order to respond to certain signals, thereby al-
tering the resistance of a bacterium depending on the growth con-
ditions (15).

Sequence analysis of the genome of a variety of bacterial species
has demonstrated that most of them encode several efflux pump
systems. The multidrug efflux systems of M. catarrhalis have never
before been characterized, to our knowledge, although the se-
quencing data for M. catarrhalis strain BBH18 indicate that only a
few such pumps (Acr and Mtr efflux pumps) are potentially pres-
ent (18). M. catarrhalis encodes an AcrAB-OprM efflux system
homologous to the system described in E. coli. Most of the clinical
studies have focused on the involvement of efflux pumps in anti-
microbial resistance. In this study, the role of the AcrAB-OprM
efflux pump in antibiotic resistance was investigated by construct-
ing mutant strains containing acrA, acrB, and oprM genes in M.
catarrhalis strain O35E. We observed a moderate (1.5-fold) de-
crease in the MICs of amoxicillin and cefotaxime and a marked
(4.7-fold) decrease in the MICs of clarithromycin for all mutants
in comparison with those for the wild-type strain. These results
show that the AcrAB-OprM pump is important in clarithromycin
resistance and is involved in macrolide efflux. Conversely, amoxi-
cillin and cefotaxime resistances are only weakly mediated by the
AcrAB-OprM efflux pump, suggesting that other resistance strat-
egies, such as �-lactamases, porins (M35), or another efflux
pump, may play a more important role. Furthermore, the inser-
tional inactivation of acrA, acrB, and oprM increased the antibac-
terial activity of erythromycin, rifampin, and deoxycholic acid,
indicating that this efflux pump may recognize multiple sub-
strates, as already noted for the homologous proteins from E. coli
(40).

Antimicrobials play a very important role in the induction of
adaptive resistance by the overexpression of efflux systems (15).
Several studies have shown increased bacterial efflux pump ex-
pression during antibiotic therapy, indicating that efflux pumps
may play a role in survival within the host (41, 42). We found that

FIG 6 Growth of M. catarrhalis O35E and its isogenic knockout strains at 26°C
compared to that at 37°C. Bacteria were grown to mid-logarithmic phase
(OD600 
 0.25) under standard conditions at 37°C. The cultures were then
split, and equal aliquots were incubated further at 26°C and 37°C, respectively.

FIG 7 Upregulation of acrA, acrB, and oprM mRNA expression of M. ca-
tarrhalis strains O35E, 300, and 415 after cold shock. Quantitative real-time
PCR was performed after 3 h of incubation at 26°C or 37°C. Upregulation was
normalized to 16S rRNA. The graph shows one of two representative experi-
ments done in triplicate. Data are presented as means � 1 SD.

FIG 8 The accumulation of H33342 in M. catarrhalis strain O35E and its
isogenic mutant strain O35E.acrA over time. Cold shock results in the efflux
upregulation of H33342, a substrate of AcrAB-OprM efflux pump. Bacteria
were exposed to 26°C or 37°C for 3 h, pelleted, and resuspended in NaCl
(0.87%) to an OD600 of 0.2. H33342 was added to a final concentration of 2.5
�M. The graph shows one of three representative experiments done in tripli-
cate. Data are presented as means � 1 SD. Ctrl indicates control reactions with
no bacteria or heat-inactivated (hi; 60°C, 1 h) bacteria.
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exposure of M. catarrhalis strains O35E and 300 to amoxicillin for
4 h triggered the increased expression of all AcrAB-OprM pump
genes (Fig. 2), and exposure of O35E and strains 300 and 415 to
clarithromycin enhanced the expression of acrA and oprM (Fig.
4). We performed the expression analysis of the AcrAB-OprM
efflux pump genes after amoxicillin treatment as an extension of
the previous study by our group and used the already evaluated
concentration of amoxicillin (16). Growth curves for treatment
with 60 �g/ml of amoxicillin indicated that this concentration was
not completely bactericidal but inhibited growth for a period of
about 4 h before proliferation resumed (16). The breakpoint of the
bacteriostatic clarithromycin concentration was evaluated by a
time-kill curve assay (Fig. 3), and the subinhibitory concentration
was estimated to be 0.01 �g/ml. The different correlations of
amoxicillin and clarithromycin concentrations with the MICs ob-
tained by Etest may be attributed to different resistance strategies
of bacteria upon induction by specific antibiotics. It seems that the
threshold concentrations for clarithromycin required to induce
the antimicrobial resistance (e.g., increased expression of efflux
genes) are lower than those of amoxicillin. As we already showed,
exposure of M. catarrhalis to amoxicillin induces downregulation
of the m35 porin to limit intracellular penetration of amoxicillin
(16) and increases the expression of the AcrAB-OprM genes to
enhance the active expulsion of this antibiotic.

The exposure of M. catarrhalis to clarithromycin increases the
expression of particular components of the AcrAB-OprM efflux
pump. Clarithromycin treatment of M. catarrhalis strains O35E,
300, and 415 caused the induction of acrA and oprM mRNA ex-
pression, while the expression of acrB mRNA in these strains re-
mained unaffected. The regulatory mechanism controlling the
transcription of the AcrAB-OprM genes after clarithromycin
treatment is indistinct at this point and needs further investiga-
tion. However, it has been demonstrated that genes within an
operon do not conform to the simple notion that they have equal
levels of expression (43). Several studies revealed the existence of
the internal promoters and read-through terminators in bacterial
operons (43, 44). These additional promoters are often located
downstream of the first gene so that only part of the operon is
transcribed from the internal promoter. Similarly, some operons
contain an internal read-through terminator at which partial con-
tinuation of transcription occurs (44). Additional antimicrobial
strategies used by M. catarrhalis against clarithromycin (e.g., ex-
pression of the porin) are still unclear and need further investiga-
tion. Furthermore, it would be interesting to investigate antimi-
crobial resistance in M. catarrhalis mutant strains lacking the
entire gene cluster of the AcrAB-OprM efflux pump in order to
estimate the level of redundancy between potentially homologous
efflux pump proteins. Our findings of the upregulation of AcrAB-
OprM pump expression at the transcriptional level after treatment
with amoxicillin and clarithromycin in all tested �-lactamase-
producing strains combined with observations of the lower MICs
for the AcrAB-OprM pump knockout mutants indicate that there
is a potentially novel resistance mechanism against these antibiot-
ics in M. catarrhalis.

Temperature is a critical environmental factor, and cold shock,
as has been characterized for E. coli, affects the bacterial transcrip-
tome in a concerted attempt to maintain essential cellular func-
tions that favor survival under extreme and rapidly changing con-
ditions (45). We have shown that the cold shock response is
obviously an important mechanism for M. catarrhalis as an adap-

tation and survival mechanism in the nasopharyngeal habitat, as
well as for the virulence and colonization abilities of M. catarrhalis
(12–14, 16, 21). Our current results demonstrate that cold shock
increases the expression of AcrAB-OprM efflux pump genes in all
three M. catarrhalis strains tested (Fig. 7), suggesting that this
effect is a general characteristic of M. catarrhalis. We also show
that increased expression of AcrAB-OprM pump genes following
incubation of M. catarrhalis at 26°C leads to a lower accumulation
of Hoechst 33342 (Fig. 8), a substrate of the AcrAB-OprM efflux
pump, indicating that cold shock results in increased efflux activ-
ity. Our findings of the upregulation of AcrAB-OprM pump ex-
pression following cold shock and pretreatment with subin-
hibitory concentrations of clarithromycin together with an
observation of higher efflux activity upon cold shock indicate that
cold shock could contribute to increased resistance of M. ca-
tarrhalis to this antibiotic. Since both cold shock and treatment
with amoxicillin and clarithromycin induce expression of the ef-
flux pump genes, it would be interesting to investigate whether an
additive effect exists with both cold shock and antibiotic treat-
ment. M. catarrhalis exposed to a 26°C cold shock might tran-
siently increase its ability to withstand the presence of subinhibi-
tory concentrations of an antibiotic by limiting its entry (e.g., M35
porin) into the cell and/or expelling it more efficiently, leading to
increased survival of bacteria. The relative and synergistic effect of
these two antimicrobial resistance mechanisms (porin loss/active
efflux) in M. catarrhalis is still unclear and needs further investi-
gation by constructing mutant strains lacking both components
(porin/efflux pump). Since it has been shown that one stress re-
sponse might help bacteria to contend with other stress conditions
(46, 47), it is possible that cold shock could improve the ability of
M. catarrhalis to survive subinhibitory concentrations of antibiot-
ics because several pathways of stress responses are activated. Clin-
ical studies in children demonstrated that the density of M. ca-
tarrhalis in the nasopharynx is positively associated with
prolonged respiratory tract symptoms and a greater likelihood of
purulent otitis media (48, 49).

In addition to antibiotic sensitivity, efflux pumps are used in
bacteria to excrete cellular metabolites that are toxic and/or have a
signaling role (50). This could potentially explain the reduced
growth of the M. catarrhalis efflux pump mutant strains after cold
shock conditions (Fig. 6). Cold shock induces the expression of
AcrAB-OprM pump genes (Fig. 7), suggesting that the AcrAB-
OprM efflux pump might play an important role in adaptation to
cold shock. Inactivation of the AcrAB-OprM efflux pump would
lead to accumulation of potentially toxic metabolites and impair
growth at 26°C. On the other hand, the parent strain O35E and its
knockout mutants grew similarly at 37°C, indicating that at this
temperature, other efflux pumps, such as Mtr, would accomplish
this function. Our RNA-seq data indicate that some components
of the Mtr efflux pump (mtrF) are induced (1.8-fold) after expo-
sure to 37°C (21). The contribution of other environmental trig-
gers like heat shock or nutrient conditions to the expression of
AcrAB-OprM efflux pump genes is still unclear and needs further
scrutiny.

In addition to an established role in antimicrobial resistance,
efflux pumps have been shown to have a role in pathogenicity in a
variety of clinically relevant bacterial species, including Salmo-
nella, P. aeruginosa, Neisseria gonorrhoeae, and Campylobacter je-
juni (36). In Salmonella, disruption of acrA or acrB led not only to
susceptibility to a range of antimicrobial compounds but also to a
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reduced ability to adhere to and invade human intestinal epithelial
cells (29, 37). This effect can be partially explained by the finding
that many efflux pumps are also responsible for exporting host-
derived substrates, such as bile salts and fatty acids. Inactivation of
the AcrAB-OprM efflux pump genes of M. catarrhalis strain O35E
demonstrated a decreased invasion ability compared with the pa-
rental strain (Fig. 5), suggesting that acrA, acrB, and oprM are
required for efficient invasion of human nasopharyngeal cells.

In summary, we describe here the use of specific knockout
mutants to investigate the effect of the AcrAB-OprM efflux system
on antimicrobial resistance and virulence in M. catarrhalis. We
demonstrate that the AcrAB-OprM efflux pump is involved in
resistance to amoxicillin, cefotaxime, and clarithromycin and is
required for efficient invasion of pharyngeal epithelial cells. A
physiologic cold shock, as occurs when humans breathe cold air
for prolonged periods, increases the expression of AcrAB-OprM
pump genes in vitro, resulting in increased efflux activity of M.
catarrhalis. These data support the notion that M. catarrhalis uses
physiologic exposure to cold air to upregulate pivotal survival sys-
tems in the human pharynx that may contribute to bacterial vir-
ulence.
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