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ABSTRACT Aliarcobacter butzleri is an emergent enteropathogen for which resistance
to several classes of antimicrobial agents has been described, although the underlying
mechanisms have been poorly addressed. We aimed to evaluate the contribution of
the resistance-nodulation-division-type (RND) efflux system, AreABC, to drug resistance
in A. butzleri. A. butzleri strains were first tested against several antimicrobials with and
without an efflux pump inhibitor. Then, erythromycin-resistant strains were screened
for the presence of a premature stop codon in a putative transcriptional regulator of
the AreABC system, areR. Lastly, antimicrobial susceptibility and ethidium bromide
(EtBr) accumulation were evaluated using an areB knockout strain and a strain overex-
pressing the AreABC system through areR truncation. The presence of the efflux pump
inhibitor resulted in increased susceptibility to most of the antimicrobials tested. A cor-
relation between erythromycin resistance and the presence of premature stop codons
in areR was observed. The truncation of areR resulted in increased expression of the
AreABC system and decreased susceptibility to various antimicrobials. In contrast, areB
inactivation resulted in increased susceptibility and a higher intracellular accumulation
of EtBr. In conclusion, the AreABC efflux pump plays a role in the resistance of A. but-
zleri to multiple drugs and is regulated by a putative transcriptional repressor, areR.
Our results support the importance of efflux pumps in this bacterium's resistance to
major classes of antibiotics and other antimicrobials.

KEYWORDS Aliarcobacter butzleri, antimicrobial resistance, efflux pump, resistance
nodulation cell division, transcriptional repressor

he genus Arcobacter was included in the Campylobacteraceae family in 1991, but in

2017, it was reclassified as a new family, Arcobacteraceae (1), followed by the pro-
posal of a division of the genus Arcobacter into seven different genera (2). Considering
the historical development of the genus Arcobacter, it is comprised of a large and het-
erogeneous group of bacteria, with 33 recognized species isolated from a wide range
of habitats (3-6). Among these, Aliarcobacter butzleri is an emergent pathogen with a
global distribution and is described as the fourth most prevalent pathogen found in
diarrheal samples in humans among the Campylobacter-like organisms (7-9). A. butzleri
has been associated with nondiarrheal gastrointestinal illness as well, causing abdomi-
nal pain, nausea, vomiting, or fever, and also has been associated with extraintestinal
diseases such as bacteremia (3, 10-13). Besides its pathogenic potential, A. butzleri
isolates from the environment, of both animal and human origin, have shown variable
resistance to several classes of antibiotics, namely, to fluoroquinolones, macrolides,
aminoglycosides, penicillins, and tetracyclines, among others, while being linked to
high rates of multidrug resistance (14-18).

The A. butzleri genome is highly diverse, with this bacterium presenting a broad set
of genes putatively involved in antibiotic resistance, including several efflux pump genes
(19, 20). The analysis of 49 genomes showed the presence of 19 efflux pump systems,
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TABLE 1 MICs of antibiotics, biocides, and bile salts in the presence and absence of the efflux
pump inhibitor PABN in Aliarcobacter butzleri isolates®

MIC (wg/ml) of:

Strain TET DOX CIP AMP CTX ERY GEN CHL ACR SC

Ab_2811 8 4 32 256 32 16 1 64 32 8,000
+PABN 8 1 16 32 16 0.25 1 8 32 1,000
CR641 4 4 0.25 16 16 16 2 16 32 4,000
+PABN 8 1 0.125 8 2 0.125 2 4 32 1,000
CR1143 4 1 16 256 16 4 1 8 32 2,000
+PASBN 8 1 16 128 16 0.125 1 4 32 2,000
DQ40A1 1 0.25 0.03 8 4 1 1 4 16 4,000
+PASN 2 0.125 0.015 4 1 0.25 1 2 8 2,000
CR1132 2 0.25 0.03 16 8 2 1 8 16 4,000
+PASN 4 0.25 0.03 16 2 0.5 1 4 8 1,000

a+PABN, MIC determined in the presence of 1/4x MIC, thus, 10 ug/ml for Ab_2811, 20 wg/ml for CR641, 5 ug/
ml for CR1143 and CR1132, and 2.5 ug/ml for DQ40A1. Changes of at least twofold are indicated in bold type.
Abbreviations: TET, tetracycline; DOX, doxycycline; CIP, ciprofloxacin; AMP, ampicillin; CTX, cefotaxime; ERY,
erythromycin; GEN, gentamicin; CHL, chloramphenicol; ACR, acriflavine; SC, sodium cholate.

8 belonging to the resistance-nodulation-cell-division (RND) family (20), a common family of
efflux pumps known to be associated with antibiotic resistance in Gram-negative bacteria
(21). Although A. butzleri resistance has been vastly described, only a few studies addressed
the association between genomic background and resistance phenotype, with the underly-
ing mechanisms being very poorly understood. Even so, a recent study by our team pointed
to a correlation between resistance to erythromycin and the presence of premature stop co-
dons in a putative transcriptional repressor found close to an RND-type system operon (20).
In the present study, we aimed to evaluate the physiological contribution of RND efflux
pumps to antimicrobial resistance in A. butzleri, focusing on the RND efflux pump system
previously associated with erythromycin resistance, the AreABC system.

RESULTS

Effect of efflux systems in the resistance of A. butzleri to antimicrobials. First,
the effect of the efflux pump inhibitor (EPI), phenylalanine-arginine B-naphthylamide
(PABN), in the resistance to several antibiotics, a biocide, and a bile salt was evaluated
using five A. butzleri strains previously shown to harbor several efflux pumps, including
the AreABC system (20). The MIC determination in the presence and absence of PASN
showed that efflux pumps play a role in the resistance of A. butzleri to doxycycline,
ciprofloxacin, ampicillin, cefotaxime, erythromycin, chloramphenicol, acriflavine, and
sodium cholate (Table 1), although the effect was strain dependent. The presence of
the EPI resulted in a 2- to 256-fold MIC reduction, the effect being more pronounced
for erythromycin and for strains with higher levels of resistance.

In silico analysis of the RND-type AreABC efflux system and its putative
transcriptional regulator, AreR. A. butzleri encodes several efflux pumps, namely,
from the RND family, among which AreABC was found as a complete operon in 37 of
the 49 whole genomes previously analyzed (20). At the genomic level, a contig of
5,700 bp containing three open reading frames (ORFs) was identified, with a putative
transcriptional regulator ORF (tetR gene, here designated areR) located immediately
upstream of the operon on the opposite strand. The length of areR was 540 bp, coding
for a 179-amino-acid (aa) protein (20). The three ORFs composing the efflux pump op-
eron were designated areA (1,155 bp), coding for a 384-aa membrane fusion protein;
areB (3,168 bp), coding for a 1,055-aa inner membrane transporter; and areC (1,389 bp),
coding for a 462-aa outer membrane lipoprotein, according to BLAST annotation. The
three genes were found to be tandemly positioned with an overlap of four and eight
nucleotides between areA and areB, and areB and areC, respectively, displaying a struc-
tural organization similar to the CmeABC efflux system of Campylobacter jejuni (22).

In addition, focusing on the conserved inner membrane component AreB, the homology
with known and well-characterized systems was evaluated. Accordingly, a neighbor-joining
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FIG 1 (A) PCR amplification of the areB gene. M, DNA marker, lane 1; DQ40A1AareB mutant, lane 2.
DQ40A1 wild-type strain. (B) Influence of areB and areR impairment in the expression of efflux pump
subunits areA, areB, and areC. Upregulation was normalized to 16S rRNA. The results correspond to at
least three independent assays. Data are presented as mean * SEM. Black column, DQ40A1 wild-type
strain; white column, DQ40A1AareB mutant; gray column, DQ40A1_trunc_areR mutant; filled circles,
DQ40A1; filled squares, DQ40A1AareB; filled triangles, DQ40A1_trunc_areR. **, P < 0.01; ***, P <
0.001; ****, P < 0.0001.

tree analysis was constructed with representatives of RND inner membrane components of
Escherichia coli (AcrB, AcrD, AcrF, MdtB, and MdtC), Pseudomonas aeruginosa (MexB, MexD,
MexF, and MexY), and C. jejuni (CmeB) (Fig. S1 in the supplemental material). The analysis
revealed that AreB clustered together with these RND family members, corroborating its role
in the efflux system. Furthermore, AreB is predicted to possess 12 transmembrane domains
(aa residues 11 to 28, 340 to 359, 366 to 385, 394 to 413, 438 to 461,474 to 497, 538 to 561,
875 to 894, 901 to 920, 931 to 950, 975 to 994, and 1,007 to 1,030), with two large extracellu-
lar loops between 1 and 2 and 7 to 8 domains, features from the inner membrane compo-
nent of RND systems (23). Overall, the in silico analysis indicated that AreB is a putative trans-
porter protein belonging to the RND family. By looking at the areR gene in 17 previously
sequenced A. butzleri strains possessing a complete AreABC efflux system, we found that
this gene codes for a 179-aa protein, although in 4 isolates, the predicted protein was found
to be truncated due to premature stop codons (length range of 116 to 142 aa) or, in one
case, due to the presence of an insertional sequence (Fig. S2) (20).

Correlation between areR premature stop codons and erythromycin resistance in
A. butzleri. In addition to the previous whole-genome sequencing of A. butzleri isolates (20),
the areR sequences of an additional 50 isolates were analyzed by PCR and sequenced if posi-
tive. The complete predicted aa sequences of each isolate and the corresponding erythro-
mycin MICs are presented in Table S1. For 14 erythromycin-susceptible strains, no areR
amplification was obtained (Table S1 and Fig. S3), most likely due to the absence of the
AreABC efflux system, as previously described (20). Among the 16 erythromycin-resistant
strains with MICs ranging from 16 to 32 wg/ml, 13 had a truncated AreR, expanding the pre-
viously found AreR length variability (predicted length range, 12 to 163 aa) and explaining
81% of the erythromycin-resistant cases.

Effect of areB and areR impairment in AreABC efflux pump expression. Two
mutants from the A. butzleri DQ40AT1 strain were generated by natural transformation. In
one case, the inner membrane efflux transporter areB was inactivated by insertional muta-
tion (mutant DQ40A1AareB), and in the other, the areR-encoding gene was replaced by its
Ab_2811 counterpart (encoding a truncated protein) (mutant DQ40A1_trunc_areR). In the
DQ40A1AareB mutant, the inactivation of the areB gene was confirmed (Fig. 1A). The real-
time quantitative PCR (RT-gPCR) assay (Fig. 1B) showed that inactivation of areB had no
effect on areA and areC expression (P> 0.05), while a truncated areR gene resulted in over-
expression (19- to 28-fold increase) of all three efflux pump units (DQ40A1_trunc_areR mu-
tant versus wild-type isogenic strain DQ40A1).

Contribution of AreABC to antimicrobial resistance. To investigate the role of
AreABC in antimicrobial resistance, the MICs of several antibiotics, acriflavine, sodium
cholate, and ethidium bromide, were determined for A. butzleri DQ40A1 and for the
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TABLE 2 MICs of antibiotics and sodium cholate tested for Aliarcobacter butzleri DQ40A1
wild-type strain and its corresponding areB and areR mutants®

MIC (g/ml) of:
Strain TET DOX CIP AMP CTX ERY GEN CHL ACR EtBr SC
DQ40A1 1 025 003 8 4 1 1 4 16 8 4,000
DQ40A1AareB 1 025 003 8 4 05 1 4 8 4 4,000

DQ40A1_trunc_areR 2 1 0.25 8 4 16 1 8 32 64 4,000

aChanges of at least twofold are indicated in bold type. Abbreviations: TET, tetracycline; DOX, doxycycline; CIP,
ciprofloxacin; AMP, ampicillin; CTX, cefotaxime; ERY, erythromycin; GEN, gentamicin; CHL, chloramphenicol;
ACR, acriflavine; EtBr, ethidium bromide; SC, sodium cholate.

mutants DQ40A1AareB and DQ40A1_trunc_areR (Table 2). No differences in the MIC val-
ues among wild-type and mutants were observed for ampicillin, cefotaxime, gentamicin,
and sodium cholate, while DQ40A1AareB presented a 2-fold decrease in the MIC for
erythromycin, acriflavine, and ethidium bromide. In contrast, the DQ40A1_trunc_areR mu-
tant was less susceptible to tetracyclines, ciprofloxacin, erythromycin, chloramphenicol,
acriflavine, and ethidium bromide, showing at least a 2-fold and up to a 16-fold increase
in the MIC values compared to the wild-type strain. In particular, the mutant became re-
sistant to erythromycin, with a 16-fold increase in MIC (1 and 16 ug/ml for DQ40A1 and
DQ40A1_trunc_areR, respectively).

To confirm that the observed differences in MIC values were associated with
functional changes in the efflux system, the intracellular accumulation of EtBr was
evaluated for the wild-type and mutant strains. A time-dependent increase in fluo-
rescence was observed for all of the strains, with the areB mutant showing a slightly
higher increase in fluorescence, indicating a higher EtBr accumulation. A reduction
in ethidium bromide accumulation was observed for the DQ40A1_trunc_areR mu-
tant, confirming an overexpression of the AreABC efflux pump.

DISCUSSION

The antimicrobial resistance of A. butzleri has been widely reported, yet the underly-
ing mechanisms are still unknown. In Gram-negative bacteria, one major mechanism
of antimicrobial resistance is the active extrusion of compounds by efflux pumps. The
sequence analysis of the A. butzleri genome demonstrated the presence of several
efflux pump-encoding genes (19, 20, 24) which have never been characterized.

To further understand the role of efflux pumps in antimicrobial resistance, we
started by evaluating the MIC of various compounds in the presence and absence of
the EPI PABN. The findings confirmed the role of efflux pumps in the resistance of A.
butzleri to a broad range of antimicrobials, substantiated by the MIC decrease for sev-
eral of the tested drugs in the presence of PABN. It is noteworthy that the phenotype
change from resistant to susceptible was observed for erythromycin and chloramphen-
icol. These results highlight the relevance of A. butzleri efflux pumps in the extrusion of
antimicrobials, at least at low levels of resistance (Table 1). Our previous genomic anal-
ysis of A. butzleri isolates (20), together with the results obtained in this study, suggest
that active efflux may be involved in resistance to macrolides since no other specific re-
sistance mechanism was identified. Indeed, in A. butzleri, none of the well-described
mechanisms in taxonomically close species, such as the occurrence of point mutations
in domain V of the 23S rRNA gene or in the ribosomal proteins, or the presence of
erythromycin resistance methylase-class genes, were observed (19, 20, 24). Thus, based
on our results, we propose that macrolide resistance in A. butzleri is associated with
truncated forms of the transcriptional repressor AreR. Since the proteins of the TetR
transcriptional regulator family are involved in the repression of the transcription of
efflux pump systems (25), this supports the role of AreABC in the macrolide resistance
phenotype in A. butzleri. The truncation of transcriptional regulators has been previ-
ously associated with efflux pump overexpression. In C. jejuni, the inability of a trun-
cated CmeR to bind to the promoter DNA explained the overexpression of the
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FIG 2 Ethidium bromide accumulation in Aliarcobacter butzleri DQ40A1 wild-type and corresponding
areB and areR mutants. Data are presented as the mean of three independent assays. Filled circles,
DQ40AT1; filled squares, DQ40A1AareB; filled triangles, DQ40A1_trunc_areR.

CmeABC efflux system (26, 27). Our data point to a regulation of the A. butzleri AreABC
efflux pump similar to that occurring in Campylobacter. In addition, a low level of resist-
ance of Campylobacter spp. to erythromycin has been associated with a mediation by
efflux systems, mainly CmeABC, in the absence of a 23S rRNA target mutation (28-31).
Furthermore, when testing over 100 A. butzleri isolates (15, 20; I. Venancio, M. Oleastro,
and S. Ferreira, unpublished data), high levels of resistance were not observed for
erythromycin (MIC range,16 to 32 ug/ml), supporting the relevance of the role of the
AreABC efflux system in erythromycin resistance.

To further clarify the role of the AreABC efflux pump system in antimicrobial resist-
ance and the regulatory role of areR, mutants were generated by impairment of (i) the
areB gene encoding the predicted inner membrane transporter, the component usu-
ally associated with substrate specificity; and (ii) the efflux pump transcriptional
repressor areR gene. While the inactivation of areB had no impact on the expression of
areA and areC genes compared to the native strain, the areR mutant showed a signifi-
cant increase in the expression of the three efflux pump components, confirming that
areR is a transcriptional repressor of areABC.

In addition, AreABC overexpression resulted in an MIC increase of various antimicro-
bials, in particular, erythromycin, where a 16-fold increase (from 1 to 16 ug/ml) was
observed. Regarding ciprofloxacin, despite the 2-fold increase in MIC due to overexpres-
sion of AreABC, this effect was marginal compared to the level of resistance resulting
from point mutations in the quinolone resistance-determining region of the A. butzleri
gyrA gene (32-35). Overall, while the overexpression of AreABC (Fig. 1B) resulted in an
MIC increase for several antibiotics, this was not observed when areB was interrupted
instead, at least not by the same magnitude (Table 2), suggesting that areABC has a low
basal level of expression in the wild-type strain. The EtBr accumulation assays further
support the role of AreABC in active efflux in A. butzleri. Indeed, the upregulation of the
AreABC efflux pump resulted in a reduction of ethidium bromide accumulation due to a
greater rate of active export of this compound (Fig. 2).

Altogether, our results suggest that erythromycin is an important substrate of
AreABC and that tetracyclines, ciprofloxacin, chloramphenicol, acriflavine, and ethi-
dium bromide are also substrates of this transporter. In turn, ampicillin, cefotaxime,
gentamicin, and sodium cholate do not seem to be a part of the spectrum of sub-
strates of this efflux system (Table 2). In fact, the use of an EPI further indicated that
the resistance mechanisms to gentamicin might not involve efflux pumps. Efflux
pumps of the RND superfamily, such as CmeGHI of C. jejuni, have been associated with
resistance to gentamicin, while this antibiotic is unlikely to be a substrate for other sys-
tems, like the CmeABC and CmeDEF (36, 37).

In summary, our findings show that the AreABC efflux pump presents a broad spec-
trum of substrates, the system is regulated by the transcriptional regulator AreR, and
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the occurrence of truncated forms of AreR is associated with macrolide resistance in
A. butzleri. Overall, this work clearly identifies efflux pumps as relevant elements for
antimicrobial resistance in A. butzleri and demonstrates their role in resistance to major
antibiotic classes.

MATERIALS AND METHODS

Aliarcobacter butzleri strains and growth conditions. A group of 72 nonrelated A. butzleri strains,
isolated from clinical cases, environment, and food, were studied. The strains presented different entero-
bacterial repetitive intergenic consensus-PCR profiles, as previously described (15, 38). The A. butzleri
DQ40AT1 strain, harboring a complete areABC-encoded efflux pump system, was used for areB mutant
construction. The A. butzleri Ab_2811 strain, also harboring a complete system but with a truncated areR
gene, was used as a template for amplification of the truncated gene for the construction of an areABC-
overexpressing mutant.

Antimicrobial susceptibility testing. All strains were screened for erythromycin resistance using
the agar dilution method; the resistance breakpoint was that of Campylobacter coli corresponding to an
MIC of >8ug/ml, according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (39). The MIC determination for eight antibiotics (tetracycline, doxycycline, ciprofloxacin, ampi-
cillin, cefotaxime, erythromycin, gentamicin, and chloramphenicol), as well as the biocide acriflavine and
the bile salt sodium cholate, was performed by broth microdilution method (35) in the absence or pres-
ence of a subinhibitory concentration (1/4x of the previously determined MIC) of the EPI, PASBN.

Construction of the fragment used for insertional mutation of areB. An isogenic areB mutant of
A. butzleri DQ40A1 strain was constructed by insertional mutagenesis by interrupting an areB ORF with a
kanamycin resistance gene. The kanamycin resistance marker was obtained by double digestion of
pUC18-K2 plasmid with BamHI and Kpnl endonucleases, followed by fragment purification. According to
the published sequences of the areABC (EP16) operon (20), primers were designed to amplify the
upstream and downstream regions of the areB gene (Table S2 in the supplemental material). Additional
sequences were added to the 5’ region of areB_A2 and areB_B1 primers to allow hybridization with
upstream and downstream regions of the kanamycin cassette, respectively. The final fragment
(upstream region of areB, followed by the kanamycin cassette and the downstream region of areB) was
constructed by overlap extension PCR. The purified product was then used for natural transformation of
A. butzleri.

areR amplification and sequencing. Template DNA from each strain was prepared by the boiling
method and used in PCR targeting of the areR gene, using oligonucleotide primers tetR_F1, tetR_F2,
and tetR_R1 (Table S2). The amplified fragments were both strand DNA sequenced by Sanger sequenc-
ing with the BigDye Terminator v1.1 Sequencing standard kit (PE Applied Biosystems Chemistry, Thermo
Fisher Scientific, Germany) in the automated sequencer genetic analyzer ABI Prism3130xI (PE Applied
Biosystems).

Mutagenesis by natural transformation. The areB and areR mutants were obtained by natural
transformation of the A. butzleri DQ40A1 strain as previously described (40), with the purified products
corresponding to the fragment containing the inactivated areB and the fragment containing the areR
truncated gene from Ab_2811 strain. The transformants were selected in blood agar, supplemented
with 20 ug/ml of kanamycin (areB mutant) or with 4 ug/ml of erythromycin (areR mutant). The transfor-
mation with an areB-inactivated fragment was confirmed by PCR through analysis of the fragment size.
Natural transformation with the PCR product of the truncated areR from A. butzleri Ab_2811 was con-
firmed by sequencing and analysis of the translated sequence.

RNA preparation and quantitative PCR assays. A. butzleri strains were grown on tryptic soy agar
(TSA) plates for 24 h at 30°C followed by overnight culture in tryptic soy broth (TSB), which was used to
start a fresh culture allowed to grow until midexponential phase. The cultures were harvested by centrif-
ugation and RNA isolated using the TripleXtractor reagent (GRiSP, Portugal), followed by a DNase | treat-
ment. A total of 1ug of RNA was reverse transcribed with the GRS ¢cDNA Synthesis master mix (GRiSP,
Portugal) according to the manufacturer’s instructions.

RT-gPCR was performed, and the constitutively expressed 16S rRNA gene was used for relative quan-
tification. qPCR mixtures contained 5 ul of NZY qPCR green master mix (NZYTech Ltd., Portugal), 0.4-uM
specific primers targeting areA, areB, and areC (Table S2 ), and 1 ul of cDNA to a final volume of 10 ul.
The relative expression was determined using the comparative threshold cycle (2724¢") method, and the
ratios obtained after normalization were expressed as fold change.

Accumulation of ethidium bromide. For the EtBr accumulation assay, midexponential-phase cells
were harvested through centrifugation at 10,000 x g for 5 min, washed with phosphate-buffered saline
(pH 7.2), and resuspended at an optical density at 620 nm (ODq,,) of 0.2. Each strain suspension was
added in triplicate to a 96-well black plate with clear bottom for fluorescence and incubated at 30°C for
10 min. Ethidium bromide was added to a final concentration of 2 ug/ml, and fluorescence was meas-
ured for 30 min, with readings every minute, using excitation and emission wavelengths of 530 nm and
600 nm, respectively.

Bioinformatic analysis. Homology searches, similarity, identity, and conserved domain analyses
were performed through the NCBI internet server. Alignment and phylogenetic analyses of RND-type
proteins were performed with MEGA software (version 7.0.25).
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