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The aim of this study was to assess the impact of ciprofloxacin, clindamycin, and placebo administration on culturable Gram-
negative isolates and the antibiotic resistance genes they harbor. Saliva and fecal samples were collected from healthy human
volunteers before and at intervals, up to 1 year after antibiotic administration. Samples were plated on selective and nonselective
media to monitor changes in different colony types or bacterial species. Following ciprofloxacin administration, there was a de-
crease of Escherichia coli in feces and after clindamycin administration a decrease of Bacteroides in feces and Leptotrichia in sa-
liva, which all returned to pretreatment levels within 1 to 4 months. Ciprofloxacin administration also resulted in an increase in
ciprofloxacin-resistant Veillonella in saliva, which persisted for 12 months. Additionally, 949 aerobic and anaerobic isolates pu-
rified from ciprofloxacin- and clindamycin-containing plates were screened for the presence of resistance genes. Resistance gene
carriage was widespread in isolates from all three treatment groups, and no association was observed between genes and antibi-
otic administration. Although the anaerobic component of the microbiota was not a major reservoir of aerobe-associated anti-
microbial resistance (AMR) genes, we detected the sulfonamide resistance gene sul2 in anaerobic isolates. The longitudinal na-
ture of the study allowed identification of distinct Escherichia coli clones harboring multiple resistance genes, including one
carrying an extended-spectrum �-lactamase blaCTX-M group 9 gene, which persisted in the gut for up to 4 months. This study
provided insight into the effects of antibiotic administration on healthy microbiota and the diversity of resistance genes har-
bored therein.

The advent of antimicrobial chemotherapy for the treatment of
bacterial disease has revolutionized medicine and made a sig-

nificant contribution to reductions in human morbidity and mor-
tality. However, antimicrobial use selects for resistance in bacteria,
and multidrug resistance has become a significant public health
issue worldwide (1). Furthermore, antibiotic treatment can alter
the composition of the natural microbiota and the prevalence of
antimicrobial resistance (AMR) genes (2–6). The human micro-
biota also serves as a reservoir of AMR genes (7–12) that may be
acquired by susceptible pathogenic or commensal bacteria, con-
tributing to the spread of multidrug-resistant bacteria.

In order to discover new means of limiting the development of
resistance and the transmission of antibiotic-resistant strains, a
greater understanding of how the administration of particular an-
tibiotics affects the carriage of AMR genes in the individual bac-
teria present in the human microbiota is required. This is of
particular concern for Gram-negative bacteria such as Esche-
richia coli that are currently the most common causative organ-
isms in infections such as urinary tract infections (13). Both bac-
terial clonal expansion and acquisition of mobile elements such as
plasmids have resulted in increased multidrug resistance (14), and
the problem of multidrug resistance in Gram-negative bacteria is
worrying as there are few applicable new antibiotics under ad-
vanced development for this group (1). Two antibiotics that are
active and commonly used against certain Gram-negative bacteria
are ciprofloxacin and clindamycin. Ciprofloxacin is a fluoroquin-
olone antibiotic, with a broad spectrum of activity targeting aero-
bic Gram-negative and Gram-positive bacteria but with low po-

tency against many anaerobic bacteria. Reduced susceptibility to
ciprofloxacin is mediated by mutations in the topoisomerase
genes targeted by the drug, by alterations in drug efflux, and by
resistance genes (15). Clindamycin is a lincosamide antibiotic that
is active against many aerobic Gram-positive cocci and a range of
anaerobic Gram-positive and Gram-negative bacteria (16). Resis-
tance mechanisms in Gram-negative anaerobes include muta-
tions in the 23S rRNA gene targeted by the drug, alterations in
efflux, and erythromycin resistance methylase genes (16). Gram-
negative aerobes such as Enterobacteriaceae are impervious to clin-
damycin and so are inherently resistant (16).

The aim of this study was to examine the effects of administra-
tion of ciprofloxacin or clindamycin on Gram-negative bacteria
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cultured from the indigenous microbiota of healthy humans and
the diversity of AMR genes they harbor. Aerobic and anaerobic
isolates were examined in this study as both have the potential to
serve as reservoirs and routes for transmission of AMR genes in
the human microbiota (9). We were particularly interested to
know if the AMR genes commonly associated with aerobic bacte-
ria can be present in anaerobes, which can then act as a reservoir
and possible source for dissemination of these genes.

MATERIALS AND METHODS
Study participants, sampling, and bacterial isolation. The study was ap-
proved by the Ethics Committee of the Karolinska Institutet (Stockholm,
Sweden), according to Swedish law. Verbal and written consent to partic-
ipate in this study was obtained from the volunteers. Volunteer recruit-
ment, sample collection, and bacterial isolation and purification were
performed at the Karolinska Institutet as part of the Antiresdev consor-
tium (http://www.ucl.ac.uk/antiresdev). In brief, 30 healthy adult volun-
teers, who had not received antimicrobials in the previous 3 months, were
divided randomly into three groups of 10 volunteers. One group was
administered ciprofloxacin (500 mg twice a day [b.i.d.]) for a 10-day
period, one group was administered clindamycin (150 mg 4 times a day
[q.i.d.]) for a 10-day period, and one group was a control group that
received placebo only. All volunteers in the placebo group successfully
completed the study. Nine volunteers from both the ciprofloxacin and
clindamycin groups successfully completed the study (one volunteer left
the study due to personal reasons and the other left due to treatment with
other antibiotics). Fecal and saliva samples were collected from each vol-
unteer at day 0, before administration; at day 11, immediately after treat-
ment completion; and then at 1, 2, 4, and 12 months following treatment
completion.

Saliva (�0.5 ml) and fecal (�1 g) samples were suspended in prer-
educed peptone-yeast extract medium and diluted to 10�7, and 100 �l of
each dilution was inoculated on selective and nonselective agar plates:
blood agar for total aerobes and anaerobes, cysteine lactose electrolyte-
deficient agar for the detection of Enterobacteriaceae, kanamycin-vanco-
mycin-blood agar for the cultivation of Bacteroides and Prevotella species,
neomycin-vancomycin-blood agar for the cultivation of fusobacteria, and
veillonella agar for the cultivation of Veillonella cocci, as described previ-
ously (4). In addition, all samples were inoculated onto antibiotic plates,
containing either ciprofloxacin at 1 mg/liter or clindamycin at 4 mg/liter,
which according to the EUCAST Clinical Breakpoints (v. 3.1) would en-
able the recovery of intermediate and resistant isolates. After incubation,
different colony types were counted from all plates to establish the num-
ber of CFU per gram of saliva or feces. The effect of antibiotic adminis-
tration on each colony type was investigated by grouping volunteers by
treatment and plotting the geometric mean of the CFU obtained at each
time point (a count of zero was assigned a value of 1 when the geometric
means were calculated).

Representative colony types from antibiotic-containing plates were
subcultured to purity, and bacteria were identified to the genus or species
level, according to the Manual of Clinical Microbiology (17); subsequently,
they were screened for AMR gene content by microarray (see below).
Aerobic Gram-negative isolates were further identified to the species/ge-
nus level using matrix-assisted laser desorption ionization–time of flight
mass spectrometry (MALDI-TOF) (18) and tested for antibiotic suscep-
tibility by the Vitek 2 system. On average, 1 aerobic Gram-negative isolate
and 4 anaerobic Gram-negative representative isolates were picked and
purified for each volunteer, at each visit, and tested by microarray.

DNA extraction and microarray. Aerobic bacteria were grown at
37°C on blood agar plates, and anaerobic bacteria were grown on fastidi-
ous anaerobe agar as described previously (19). For extraction of DNA, a
10-�l loopful of bacteria was lysed, as described previously (20). The DNA
was labeled in a linear multiplex reaction using primers described previ-
ously (19, 20) and some newly designed primers (see below). For the
anaerobic samples, the labeled DNA was pooled because previous work

(19) with anaerobic bacteria had shown that carriage of resistance genes
represented on the microarray was low; each pool comprised material
from one volunteer at a single time point (one to six labeling reactions per
pool). The effect of pooling on the microarray sensitivity was assessed
using pools of labeled DNA from isolates of known gene content and
shown to be minimal (data not shown); this method was used because it
was more cost-effective and time-efficient but equally sensitive. Labeled
DNA was hybridized to immobilized probes present on the microarray
using the HybPlus kit buffers (Alere Technologies, Jena, Germany) with
adaptation to the manufacturer’s protocol (see File S1 in the supplemental
material). Microarray signals were detected with the ArrayMate device
(Alere Technologies) using IconoClust software (standard version; Alere
Technologies). The mean signal intensities of two replicate spots per
probe were used for analysis, and values of �0.5 were considered positive.

Most primers and probes included for this microarray work were de-
scribed previously (19, 20), with the exception of those for blaOXY and
cfxA, which were validated during this study. New primers and probes for
the genes blaCTX-M group 1, blaCTX-M group 2, qepA, qnrB, qnrC, and qnrS
were also included and validated in this study. The new probes and prim-
ers (see Table S1 in the supplemental material) were designed as described
previously (20), and their specificities were tested using control strains, in
which the presence of the probe targets was verified by PCR and sequenc-
ing, using the PCR primers described in Table S1. Several probes on the
microarray gave false-positive results when the pools of anaerobic isolates
were tested, as determined by PCR (data not shown), and these probes
were excluded from analysis. The false-positive results may have arisen
because the microarray probes had been designed primarily using gene
sequences from aerobic bacteria.

Pulsed-field gel electrophoresis. Eighteen isolates were selected for
analysis by pulsed-field gel electrophoresis (PFGE) using XbaI restriction
endonuclease according to the PulseNet protocol for E. coli O157 (Centers
for Disease Control and Prevention, Atlanta, GA, USA; http://www.cdc
.gov/pulsenet/pathogens/index.html). PFGE profiles were clustered with
the Dice similarity coefficient and unweighted pair group method using
average linkages (UPGMA) clustering analysis using BioNumerics soft-
ware (v. 3.00; Applied Maths Inc.). Isolates with �85% similarity were
considered the same clone.

RESULTS
Impact of antibiotic administration on isolate counts. The im-
pact of antibiotic administration on Gram-negative bacteria was
determined from samples collected at six time points in a yearlong
study using a range of selective, nonselective, and antibiotic-con-
taining plates. The effect was assessed by grouping volunteers by
treatment and plotting the geometric mean of the CFU obtained
for each colony type at each visit. Only bacterial species showing
notable changes, including those on antibiotic-containing plates,
over the yearlong study, are reported.

This included a 5-log decrease in the geometric mean for E. coli
CFU/g feces observed at day 11 in the ciprofloxacin group (i.e.,
immediately following the completion of ciprofloxacin adminis-
tration), which was not observed in the clindamycin and placebo
groups (Fig. 1a). Indeed, E. coli was present in only a single volun-
teer (volunteer P914) at day 11 in the ciprofloxacin group. The E.
coli was ciprofloxacin resistant and was purified from the corre-
sponding ciprofloxacin-containing plate for examination by DNA
microarray and PFGE (see “Detection of antibiotic resistance
genes by microarray” and “Persistence of AMR genes in the aero-
bic microbiota” below). By month 1, the E. coli population had
largely recovered to preantibiotic administration levels in partic-
ipants in this group (Fig. 1a), but throughout the year-long study,
the geometric means of E. coli strains present on the ciprofloxacin
plates remained very low (�20 CFU/g) in all three treatment
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groups (data not shown). Similarly, in the clindamycin group
there was a 4-log decrease in Leptotrichia spp. at day 11 following
clindamycin administration, which recovered to preadministra-
tion levels by month 4, and this effect was not observed in the
ciprofloxacin and placebo groups (Fig. 1b). For all three treatment
groups, Leptotrichia spp. were not present on clindamycin-con-
taining plates at any time point.

Veillonella spp. were cultured from the saliva samples of all
volunteers at every time point, and the geometric means of total
CFU did not vary markedly between time points (Fig. 1c). Addi-
tionally, Veillonella spp. were rarely present on ciprofloxacin-con-
taining plates before treatment and in the clindamycin and pla-

cebo groups following treatment, thus giving very low geometric
means (Fig. 1d). However, following ciprofloxacin administra-
tion, the geometric means of Veillonella species CFU/g on cipro-
floxacin-containing plates increased by up to 4 log, and this effect
(with some variation) persisted for the duration of the 12-month
study period (Fig. 1d).

In the fecal samples, following clindamycin administration
there was a 2-log decrease in the counts of Bacteroides spp., which
returned to preadministration levels by month 2, an effect not
observed in the ciprofloxacin and placebo groups (Fig. 1e). Nota-
ble changes in the proportions of volunteers positive for the gen-
era Prevotella and Fusobacteria were not observed following anti-

FIG 1 Impact of antibiotic administration on the geometric mean CFU of fecal E. coli (a), saliva Leptotrichia spp. (b), saliva Veillonella spp. (c), and saliva
Veillonella spp. (d) on ciprofloxacin-containing plates and of fecal Bacteroides spp. (e).
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biotic administration (data not shown). Also, the impact of
antibiotic administration on Klebsiella, Citrobacter, and Proteus
isolates present in feces was not determined as too few volunteers
were positive for these genera to enable analysis (data not shown).

Diversity of isolates purified from antibiotic-containing
plates. Representative isolates were purified from antibiotic-con-
taining plates, based on colony morphology, for analysis of resis-
tance gene carriage by microarray (see below) and species/genus
identification by MALDI-TOF and biochemical characterization.
These isolates were expected to be intermediate and fully resistant,
according to EUCAST breakpoints. A total of 949 aerobic and
anaerobic Gram-negative isolates were purified from antibiotic
plates, with approximately one-third recovered from each admin-
istration group (see Table S2 in the supplemental material). From
fecal samples, a total of 195 Gram-negative aerobic isolates were
purified, of which 174 were recovered from clindamycin-contain-
ing plates. There was an average of 1.2 isolates per volunteer per
visit, except at day 11 immediately following administration for
the ciprofloxacin-administered group for which only one isolate
was recovered from the only positive volunteer, P914. The most
common Gram-negative aerobic species purified from feces was
E. coli (166 isolates), while other species were recovered at low
occurrence (see Table S3 in the supplemental material). Four
Gram-negative aerobic isolates were recovered from saliva sam-
ples. All were recovered from the same volunteer and identified as
Klebsiella pneumoniae.

A total of 509 anaerobic Gram-negative isolates were recovered
from the fecal samples, the average number of isolates per volun-
teer per visit was 3.0 (range, 0 to 10), and all were identified as
Bacteroides spp. For the saliva samples, the average number of
Gram-negative anaerobic isolates per volunteer per visit was 1.4
(range, 0 to 5), and these were identified as members of the genera
Prevotella, Fusobacteria, Veillonella, or Leptotrichia (29 isolates
were not fully identified).

Detection of antibiotic resistance genes by microarray. (i)
Antibiotic resistance genes in aerobic isolates. All resistant and
intermediate isolates purified from antibiotic-containing plates
(see “Diversity of isolates purified from antibiotic containing
plates” above) were screened for the carriage of AMR genes to
identify ciprofloxacin and/or clindamycin resistance genes and to
determine other resistance genes that are coselected with clinda-
mycin and ciprofloxacin resistance. For this screen, we used a
DNA microarray previously developed and updated by our group
(19, 20) that targets a wide range of clinically relevant acquired
resistance genes which are frequently located on mobile genetic
elements such as plasmids, transposons, conjugative elements,
and integrases.

The four K. pneumoniae isolates recovered from saliva samples
were positive for the �-lactamase blaSHV gene only. For the fecal
aerobes, at least one AMR gene was detected by microarray in 133
of 195 isolates, and in total 36 different genes were detected (see
Table S4 in the supplemental material). The most commonly de-
tected gene was blaTEM, present in 77 isolates, followed by sul2,
strB, tet(A), tet(B), dfrA17, strA, sul1, blaOXA-2, and aadA4. The
remaining AMR genes were detected in less than 10% of isolates
(see Table S4) and included a blaCTX-M group 9 extended-spec-
trum �-lactamase (ESBL) which was detected in two isolates from
consecutive visits from volunteer P910 (clindamycin-adminis-
tered group) and a blaCTX-M group 1 gene which was detected in
two isolates, each from a different volunteer (one of whom was

P910). �-Lactamase genes were detected in many of the non-E.
coli isolates, e.g., blaSHV in K. pneumoniae, blaCMY in Citrobacter
freundii, and blaACC in Hafnia alvei. The two integrase genes intI1
and intI2, associated with class 1 and class 2 integrons, respec-
tively, were also detected; intI1 was present in 49 isolates and intI2
in 11 isolates.

The AMR genes detected were grouped by their mode of activ-
ity (as classified previously [20]) and encoded resistances to eight
antibiotic classes: aminoglycosides, �-lactams, macrolides, pheni-
cols, quinolones, sulfonamides, tetracyclines, and trimethoprim
(see Table S4 in the supplemental material). Sixty-one isolates
encoded resistances to 1 or 2 antibiotic classes, and 72 isolates
encoded resistances to 3 or more classes. Genes encoding resis-
tances to �-lactam, tetracycline, and trimethoprim classes were
present at every visit for all groups, as was the class 1 integrase gene
intI1. Genes encoding resistances to the aminoglycoside and sul-
fonamide classes were also common, although not detected at day
0 and day 11 for the ciprofloxacin group. Genes encoding resis-
tances to phenicol, macrolide, and quinolone classes were rarely
detected in any treatment group.

Six plasmid-mediated quinolone resistance (PMQR) genes,
qepA, qnrA, qnrB, qnrC, qnrS, and aac6-Ib, were represented on
the microarray. Of these genes, only qnrB was detected in three C.
freundii isolates, and each was susceptible to ciprofloxacin by the
Vitek 2 system (data not shown). Additionally, 36/195 isolates (33
E. coli and 3 Comamonas kerstersii) were found to be ciprofloxacin
resistant by the Vitek 2 system but showed no ciprofloxacin resis-
tance gene by microarray; sequencing showed that all 33 E. coli
isolates harbored a C248T point mutation in the gyrA gene, but
the 3 Comamonas kerstersii isolates were not explored any further
(data not shown). These isolates were recovered from all three
treatment groups, with volunteer P914 (ciprofloxacin administra-
tion) providing 10 E. coli isolates and volunteer P929 (placebo
group) providing 9 E. coli isolates; resistant isolates were recovered
at day 0 from both volunteers. The clindamycin resistance genes
ereA and erm(B) were represented on the microarray, but no
Gram-negative aerobic isolate was positive for either gene.

(ii) Antibiotic resistance genes in anaerobic isolates. The an-
aerobic isolates were tested in pools as microarray sensitivity was
not compromised by pooling (data not shown), and the results
were analyzed as percentages of pooled isolates positive for each
gene (see Table S5 in the supplemental material). Four genes, cfxA,
erm(B), sul2, and tet(Q), were detected in both fecal and saliva
samples. An additional three genes, cblA, cepA, and tet(X), were
detected only in fecal isolates. The sulfonamide resistance gene
sul2 was detected by microarray (see Table S5) and verified by PCR
(data not shown) in anaerobic isolates from three volunteers. In
one volunteer, sul2-positive Bacteroides isolates were recovered at
every visit except day 11. For clindamycin resistance, ereA was not
detected in any pool of anaerobic isolates, while erm(B) was de-
tected in all three treatment groups. Although there was a greater
percentage of erm(B)-positive fecal samples in the clindamycin
treatment group, there was no statistically significant difference in
the number of erm(B)-positive volunteers following treatment us-
ing Fisher’s exact test (not shown).

(iii) Persistence of AMR genes in the aerobic microbiota. Af-
ter the initial analysis of AMR genes present in fecal aerobes, we
noted that in at least three volunteers there were core sets of AMR
genes that were present at successive visits and these isolates clus-
tered together in a dendrogram looking at the diversity of AMR
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genes. To determine whether this was due to the same E. coli clone
being isolated at each visit, PFGE was performed on 18 represen-
tative isolates. Nine isolates from volunteer P914 from day 0 to day
120 had identical PFGE profiles and AMR gene content (blaTEM,
dfrA17, tet(B), and intI1) (Fig. 2). The same four genes were also
present in a single isolate from volunteer P918 (clindamycin treat-
ment group; month 12), but this isolate had a different PFGE
profile (Fig. 2). This isolate had a PFGE profile identical to that of
a single E. coli isolate from volunteer P914 at month 12 but with a
different AMR gene content [blaOXA-2, blaTEM, and tet(A)]. Seven
isolates from volunteer P910 clustered into four groups by AMR
gene content and PFGE profile. Each distinct AMR genotype
could be matched to a distinct PFGE profile, indicating the pres-
ence of several different E. coli clones with discrete AMR gene
content in this participant over the time period studied (Fig. 2).
For one clone, two isolates were recovered at consecutive visits
(months 1 and 2) and contained a blaCTX-M group 9 gene, along
with blaOXA-2, strA, strB, sul2, and tet(A). This volunteer also pos-
sessed a single isolate that harbored 11 AMR genes that can confer
resistance to six antibiotic classes (aadA4, strA, strB, blaCTX-group M1,
blaTEM, intI1, mphA, sul1, sul2, tet(A), dfrA17, and dfrA19). In the
placebo group, E. coli isolates containing sul2, tet(B), dfrA01,
aadA1, and intl2 were recovered from volunteer P905 at five suc-
cessive visits (day 0 to month 4); however, their clonal relationship
was not examined by PFGE.

DISCUSSION

In this study, we have examined the effect of antibiotic adminis-
tration on culturable Gram-negative bacterial populations and
the carriage of AMR genes in isolates purified from antibiotic-
containing plates from healthy human volunteers. Our data
clearly showed that antibiotic administration resulted in changes
to the Gram-negative component of the saliva and fecal microbi-
ota. One notable change was that immediately following cipro-
floxacin administration, E. coli was cultured from the feces of only
one volunteer. This suggested that E. coli isolates present in all but
one participant in the ciprofloxacin administration group were
susceptible to ciprofloxacin and so were not recovered from other
participants immediately following its administration. However,
by month 1, E. coli cells in the gut flora had recovered significantly
to pretreatment levels, although the numbers of ciprofloxacin-

resistant E. coli isolates remained low throughout the study. Also,
following ciprofloxacin administration, there was an increase in
ciprofloxacin-resistant Veillonella spp., and the level remained el-
evated for the remainder of the study after antibiotic administra-
tion. The MIC range of Veillonella to ciprofloxacin can be broad
(21), and it is possible that there was selection for more resistant
strains as a consequence of ciprofloxacin treatment, which merits
further work in the future. The significant decrease in Leptotrichia
spp. in saliva samples following clindamycin administration was
expected because these bacteria, commonly present in saliva, are
generally susceptible to clindamycin (22). The decrease in Bacte-
roides spp. following clindamycin administration has been ob-
served previously (3).

To gain insight into resistance gene carriage by clindamycin-
and ciprofloxacin-resistant bacteria, microarray analysis was per-
formed on representative Gram-negative aerobic and anaerobic
isolates purified from antibiotic-containing plates from each
group. The purified isolates represented many of the natural in-
habitants of the human oral and fecal microbiota. All of the fecal
anaerobes were identified as Bacteroides, one of the most abun-
dant genera in the human gut (12, 23). The majority of the isolated
fecal aerobes were E. coli strains, with other Gram-negative species
recovered in low numbers, reflecting the normal microbial diver-
sity in the human gut (5, 23). The saliva samples mainly yielded
Gram-negative isolates that grew anaerobically and were from
genera naturally resident in the human oral microbiota (12, 24).
Only one aerobic isolate per participant per time point was se-
lected based on colony morphology, but we believe this was rep-
resentative of the most prevalent isolate at that time point, and the
recovery of clonal isolates at different time points supports this
view. Furthermore, in a similar study where up to 15 aerobic iso-
lates were purified per participant per time point, we have shown
that in many instances the same clones had been selected multiple
times (6).

In this study, we found no association between the presence of
AMR genes and administration of ciprofloxacin or clindamycin.
This is similar to results we have reported recently for minocycline
administration, which resulted in no alternation of gene carriage,
but unlike the effect of amoxicillin administration, which resulted
in an increase in levels of the corresponding resistance gene blaTEM

(6). Instead, all treatment groups, including the placebo group,

FIG 2 PFGE and antibiotic resistance gene profile of E. coli isolates recovered from the feces of three volunteers.
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possessed a wide diversity of AMR genes. For example, the aerobic
isolates contained AMR genes that spanned eight antibiotic classes
and approximately 37% of these isolates encoded resistance to
three or more different antibiotic classes. This indicates that mul-
tidrug resistance is possibly common in the microbiota of the
healthy human population from Sweden, a finding which we pre-
viously noted from the United Kingdom (6). Commonly detected
genes included blaTEM and sul2, both of which usually reside on
plasmids or transposons and are widespread in the human micro-
biota (5, 6, 8, 10, 12, 25). Many of the other microarray-positive
genes have been described previously in the microbiota of healthy
humans (5, 6, 8, 10, 12, 25). The majority of the �-lactamase genes
detected in non-E. coli aerobes are likely genes chromosomally
located in these species, e.g., blaSHV in K. pneumoniae, blaCMY in C.
freundii, and blaACC in H. alvei (26). In this study, 36 ciprofloxa-
cin-resistant isolates were recovered, but none harbored any
PMQR gene represented on the microarray; all 33 E. coli isolates
possessed a mutation in the gyrA gene. The only potential PMQR
gene detected by microarray was qnrB in three C. freundii isolates,
but in this species qnrB can be chromosomally located (27). The
majority of aerobic Enterobacteriaceae isolates were recovered
from clindamycin plates; clindamycin is an antibiotic to which
they are inherently resistant and so these are representative of the
baseline population. The fact that none harbored any PMQR gene
present on the microarray probably reflects the generally low
prevalence of PMQR genes reported previously from epidemio-
logical studies (28).

Two E. coli isolates possessed a blaCTX-M group 1 ESBL, and two
carried a blaCTX-M group 9 ESBL. The prevalence of both these
ESBL genes is increasing in clinical isolates (29), and healthy hu-
mans can be carriers (7, 30). The blaCTX-M group 9 positive isolates
were clonal and recovered from the same volunteer on successive
visits. Interestingly, the single isolate recovered at day 11 in the
ciprofloxacin group was demonstrated by PFGE to be present at
preadministration and persisted until month 4 of the study. In
addition to the gyrA mutation (conferring ciprofloxacin resis-
tance), this isolate harbored three other antibiotic resistance genes
and had a multidrug-resistant phenotype. The persistence of these
clones demonstrates that strains encoding multidrug resistance
can be maintained in the gut of healthy humans for periods rang-
ing from at least 1 to 4 months. The presence of resident E. coli
strains that remain in the gut microbiota for months or years is
well established (5, 31), but AMR gene carriage is rarely described.
Persistence of AMR genes can also arise from the transfer of genes
between bacteria via mobile genetic elements, such as plasmids.
The presence of a class 1 and/or 2 integron in 29% of aerobic
isolates indicates a potential for the transfer of genes via antibiotic
resistance gene cassettes carried on integron-bearing transposons.

The anaerobic isolates were microarray positive for a smaller
diversity of genes than aerobes, although this may reflect the
smaller range of anaerobe AMR genes represented on the microar-
ray. The most prevalent AMR gene detected in the anaerobes was
tet(Q), which is the most common tetracycline resistance gene to
be detected in Bacteroides spp. in healthy humans (9, 32) and is
also reported in oral Prevotella species isolates (33). The tetracy-
cline resistance gene tet(X) was detected only in Bacteroides iso-
lates, where it can be located on mobile genetic elements (34).
Three �-lactamase genes (cblA, cepA, and cfxA) were detected in
Bacteroides species isolates and are common in this genus (32).
cfxA was also present in some saliva isolates and has been previ-

ously reported in oral clinical isolates of Prevotella spp. (35). The
clindamycin resistance gene erm(B) was detected in anaerobic iso-
lates from fecal samples in all three treatment groups, but there
was no significant association between the erm(B)-positive volun-
teers and treatment group. Löfmark et al. (3), reported an increase
in the detection of erm(F) and erm(G) in Bacteroides spp. follow-
ing clindamycin treatment but did not detect erm(B) in their
study. However, erm(B) has been described in the microbiota of
healthy humans previously (2, 12) and has a large Gram-negative
host range, including Fusobacterium spp. and Bacteroides spp.
(36). Therefore, the absence of any association in our study may be
due to differences in the study method or the subjects.

The genes represented on the microarray encompass not only
prevalent resistances present in anaerobic bacteria but also a large
selection of AMR genes usually associated with aerobic Gram-nega-
tive bacteria. An additional purpose of this work was to determine if
anaerobes can be a reservoir for these genes that are commonly pres-
ent in Enterobacteriaceae. It is interesting to note, therefore, that in
this study these genes were not detected in the anaerobic isolates,
with the single exception of sul2 (encoding sulfonamide resis-
tance). The sul2 gene was detected in anaerobic isolates from three
volunteers and was present in Bacteroides isolates from one volun-
teer for a year. To date, sul2 has rarely been reported in Bacteroides
species (11, 19), and its mode of carriage in this genus remains
unknown. These data therefore support recent work (19) which
suggests that the anaerobic component of the microbiota is not a
major reservoir of aerobe-associated AMR genes.

An alternative method to investigate the diversity of AMR
genes present in the microbiome is sequenced-based meta-
genomics using next-generation sequencing. These methods can
provide a description of changes in bacterial composition using
the 16S rRNA gene microbial profile and can also look at changes
in AMR genes present in the microbiome following antibiotic ad-
ministration. The general conclusions of one such study (2) is
similar to ours in that certain bacterial species declined immedi-
ately after treatment and subsequently most recovered to pretreat-
ment levels. The study also found elevated levels of ermB genes in
treated groups but did not look at any other resistance gene. Iden-
tifying AMR genes by homology searches from shotgun sequences
of the metagenome is still a challenging and expensive task to
perform. In contrast, using AMR microarrays on either purified
isolates (as in this study) or the total microbiome (12) to look for
resistances is still much easier and cheaper, although has other
limitations.

Therefore, in this study we have shown that even in the absence
of recent exposure to antibiotics, AMR genes are commonly de-
tected in isolates from healthy adults and probably reside in this
milieu for months, if not longer. In the future, whether by mi-
croarrays or whole-genome sequencing, characterizing the molec-
ular basis of resistance in these isolates will continue to prove vital
for monitoring the dissemination of antibiotic-resistant Gram-
negative bacteria in humans and the environment and controlling
their rise.
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