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Abstract

Background

Antimicrobial resistance among enteric bacteria in Africa is increasingly mediated by inte-

grons on horizontally acquired genetic elements. There have been recent reports of such

elements in invasive pathogens across Africa, but very little is known about the faecal reser-

voir of integron-borne genes.

Methods and findings

We screened 1098 faecal Escherichia coli isolates from 134 mother-child pairs for integron

cassettes by PCR using primers that anneal to the 5’ and 3’ conserved ends of the cassette

regions and for plasmid replicons. Genetic relatedness of isolates was determined by flagel-

lin and multi-locus sequence typing. Integron cassettes were amplified in 410 (37.5%) iso-

lates and were significantly associated with resistance to trimethoprim and multiple

resistance. Ten cassette combinations were found in class 1 and two in class 2 integrons.

The most common class 1 cassette configurations were single aadA1 (23.4%), dfrA7

(18.3%) and dfrA5 (14.4%). Class 2 cassette configurations were all either dfrA1-satI-

aadA1 (n = 31, 7.6%) or dfrA1-satI (n = 13, 3.2%). A dfr cassette was detected in 294

(31.1%) of trimethoprim resistant strains and an aadA cassette in 242 (23%) of streptomycin

resistant strains. Strains bearing integrons carried a wide range of plasmid replicons of

which FIB/Y (n = 169; 41.2%) was the most frequently detected. Nine isolates from five dif-

ferent individuals carried the dfrA17-aadA5-bearing ST69 clonal group A (CGA). The same

integron cassette combination was identified from multiple distinct isolates within the same

host and between four mother-child pairs.

Conclusions

Integrons are important determinants of resistance in faecal E. coli. Plasmids in integron-

containing strains may contribute to dispersing resistance genes. There is a need for
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improved surveillance for resistance and its mechanisms of dissemination and persistence

and mobility of resistance genes in the community and clinical settings.

Introduction

The level of antibiotic resistance among pathogenic and commensal bacteria has steadily

increased and has become a global health concern [1]. Much of the problem has been attrib-

uted to mobile genetic elements such as plasmids and transposons [2]. Integrons are genetic

elements that also contribute to the prevalence and horizontal transmission of antibiotic resis-

tance [3,4,5]. Integrons are genetic elements with a site-specific recombination system for cap-

turing, expressing and exchanging gene cassettes [6]. They are characterized by conserved

features, namely an intI gene encoding an integrase, a recombination site (attI), a promoter

(P) and the ability to integrate gene cassettes comprise of a single open reading frame (orf) and

a specific recombination site, attC [4,7]. Intracellularly, gene cassettes exist either in a linear

form inserted into an integron or as a free circular cassette that is not dependent on an inte-

gron [7, 8]. At least nine classes of integrons have been described and class 1and 2 integrons

are the most predominantly associated with antibiotic resistance in clinical isolates [9]. The

capture of resistance genes is especially important when these integrons are disseminated by

broad-host-range conjugative plasmids or transposons.

So far, more than 8000 gene cassette arrays have been identified in class 1 integrons (http://

integrall.bio.ua.pt/). Yet, less than 10 array compositions are commonly reported [9,10,11].

These commonly reported arrays are found in a wide variety of hosts and environments,

highlighting a high level of horizontal dissemination of these elements among bacterial popu-

lations and species. Clonal expansion also contributes to the current prevalence of inter-

regional spread of integron-carrying bacterial species. However, the extent to which each con-

tributes is unknown [12]. In Nigeria, there have been reports of integrons in strains isolated

from the clinical and environmental settings [13,14,15,16]. However, very little is known about

the faecal reservoir of integron-borne genes. In this study, we investigated prevalence of classes

1 and 2 integrons, their association with antimicrobial resistance and how resistance cassettes

are disseminated in faecal, Escherichia coli strains isolated from children with diarrhoea and

their apparently healthy mothers.,

Materials and methods

Ethics statement, study population and sample collection

The investigation protocols used in this study were approved by the Ethics and Research Com-

mittee of Obafemi Awolowo University Teaching Hospitals Complex (OAUTHC), Ile-Ife. All

the participants gave verbal informed consent after explaining the purpose and procedures of

the study to them. Parents, guardians or caretakers consented on behalf of the children before

recruitment at the State Hospital Oke-Ogbo, Ile-Ife, Osun State, between February 2008 and

February 2011.

A total of 134 children up to five years of age with diarrhoea of not more than two weeks

duration, paired with their mothers, was included in this study. Children without diarrhoea

and those who had taken antibiotics before coming to the hospital were excluded. Consenting

mothers and their children were requested to produce stool samples in sterile universal bottles.

All samples were transported to the laboratory for processing.

Classes 1 and 2 integrons in faecal Escherichia coli strains
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Isolation and identification of Escherichia coli strains

All faecal samples were inoculated onto Eosin Methylene Blue (EMB) agar plates (Oxoid Ltd.,

Basingstoke, Hampshire, England) and incubated for 24 hours aerobically at 37˚C. From each

sample, up to five morphologically distinct colonies typical of E. coli were selected and identi-

fied by standard biochemical testing [17].

DNA extraction

All isolates were grown overnight in 5 ml of peptone broth (Oxoid, England). A 1 ml aliquot of

the culture was centrifuged at 10,000 rpm for two minutes in a microcentrifuge (BioRad,

USA). DNA was extracted from each isolate using the Promega Wizard genomic extraction kit

(Promega, corporation, Madison, USA) according to the manufacturer’s instructions.

Antimicrobial susceptibility testing

The antimicrobial susceptibility testing for each isolate was performed by the Kirby-Bauer disc

diffusion technique on Mueller-Hinton agar (CM0337) (Oxoid Ltd., Basingstoke, Hampshire,

England). Antibiotics tested were ampicillin (AMP) (l0μg), streptomycin (S10) (l0μg), cipro-

floxacin (CIP) (5μg), nalidixic acid (NAL) (30μg), tetracycline (TET) (30μg), chloramphenicol

(C30) (30 μg), sulphonamides (SUL) (300μg) and trimethoprim (W) (5 μg) (Remel, U.S.A).

The inoculated plates were incubated at 37˚C for 24 hours. Interpretation of the diameters of

the zones of inhibition was made according to the guidelines of the CLSI [18].

Detection of class 1 and 2 integrons

All the isolates were screened for class 1 and 2 integrons by polymerase chain reaction

(PCR). Class 1 integron was detected and amplified by Levesque 5CS and 3CS primers

which bind the 5’ and 3’ conserved ends respectively [19]. Class 2 integron was detected and

amplified by White hep74 and White hep51 to hybridize attI2 and orfX respectively [20]

(S1 Table).

The following PCR cycle, adapted from proposed by Lévesque et al. (1995, with modifica-

tions) was used to amplify the variable regions of both class 1 and class 2 integrons. following a

2 minute hot start at 94˚C, 40 cycles of denaturation 94˚C for 30s, annealing 57˚C for 30s,

extension 72˚C for 1 min per kb were performed. E. coli strains 042 (carrying a class 1 inte-

gron) and 17–2 (carrying a class 2 integron) were used as positive controls in the integron

PCRs and E. coli K-12 strain DH5α, lacking integrons, was used as a negative control. 5μl of

each PCR reaction was electrophoresed on a 1% agarose gel in 1X Tris Acetate EDTA buffer.

Gels were stained with ethidium bromide for 15 minutes, destained in distilled water for 30

minutes, and visualized under ultraviolet (UV) light.

Identification of resistance cassettes and cassette combinations in

integrons

Unique resistance cassettes and cassette combinations within class 1 and 2 integrons were

delineated by performing restriction fragment length polymorphism (RFLP) with Mbo1 (Bio-

lab, England) and Alu1 (Biolab, England) as previously described [21]. Up to three amplicons

from each unique profile were ligated into a pGEMT-Easy vector (Promega, USA) and

sequenced. The identity of contained cassettes was determined using BLAST [22].

Classes 1 and 2 integrons in faecal Escherichia coli strains
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Plasmid replicon typing

Two multiplex panels comprised of 11 primer pairs were used to identify plasmid replicons by

PCR as described by Carattoli et al [23]. Strains carrying well-characterized plasmids pMAR-7,

pB171, pHCM1 and pED204 were used as controls [24,25,26,27].

Flagellin typing

The entire coding sequence of the variable chromosomal gene fliCwas amplified by PCR using

the primers F-FLIC (5'-ATGGCA CAA GTA ATT AAT AAC CAA C-3') and R-FLIC
(5' CTA ACC CTG CAG CAG AGA CA-3') [28]. The cycling conditions were 30s at 95˚C, 1

min at 60˚C, and 2 min at 72˚C for 35 cycles. PCR product was digested with Rsal (Promega,

USA) as described by Fields et al. (1997) [29]. The restriction profiles were compared after

electrophoresis on 1.5% agarose gel. The H-type of flagellin RFLPs of interest was determined

by sequencing and BLAST analysis.

Multi locus sequence typing (MLST)

Greater resolution of similarity between chromosomes of selected isolates was provided by

multilocus sequence typing. This was done by amplifying seven housekeeping genes namely

adenylate kinase (adk), fumarate hydratase (fumC), gyrase B (gyrB), isocitrate dehydrogenase

(icd), malate dehydrogenase (mdh), adenylosuccinate synthetase (purA) and recombinase A

(recA) with primers described by Wirth et al [30] (S2 Table). Cycling conditions were as fol-

lows: 95˚C for 2 minutes, followed by 35 cycles of 94˚C for 1 minute, 56˚C for 1 minute and

72˚C for 1 minute. A final, 3 minute elongation step was performed at 72˚C. Amplified DNA

products of the housekeeping genes were sequenced and alleles were assigned by using an

online E. coli MLST database at http://www.mlst.net.

Statistical analysis

The Chi-square (χ2) and Fischer’s exact tests (two-tailed) of R statistical software package (ver-

sion 3.3.0) were used to determine the statistical significance of the data. Pearson Product

Moment Correlation Coefficient, r, calculated using SPSS (SPSS, Inc. Chicago, Illinois) was

used to identify significant correlations. All reported p-values were two-sided and a p-value of

less than or equal to 0.05 was considered to be statistically significant.

Results

Subjects and faecal Escherichia coli isolates

A total of 1098 Escherichia coli strains was isolated from the stool samples of 134 mother and

child pairs recruited into the study. These comprised of 542 isolates from children aged up to

60 months (13.36±2.12) and 556 isolates from their mothers’ ages of 15–46 years (25.88 ±7.07).

Antimicrobial resistance rates in the faecal Escherichia coli isolates

As shown in Table 1, the majority of the E. coli isolates from both mothers and their children

were resistant to streptomycin (n = 1050, 95.8%), sulphonamide (n = 1038, 94.2%), ampicillin

(n = 1014, 92.5%), tetracycline (n = 1025, 93.3%) and trimethoprim (n = 947, 85.9%) except to

ciprofloxacin (n = 94, 8.4%). Isolates that were resistant to ciprofloxacin (χ2 = 6.498; p = 0.009)

were more frequently isolated from healthy mothers than their children. The differences in

resistance to other antimicrobials were not significantly different between isolates obtained

from children and those from mothers.

Classes 1 and 2 integrons in faecal Escherichia coli strains
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Distribution of integron and integron-borne cassettes in E. coli strains

Of 1098 different isolates from the 134 mother and child pairs screened for classes 1 and 2 inte-

gron cassettes, an amplicon was obtained from 410 (37.3%) isolates. Of the 410 isolates, 203

(36.5%) were obtained from the mothers and 207 (38.2%) from children. In all, class 1 integron

cassettes alone were amplified from 340 (31%) isolates, class 2 alone from 44 (4%) and class 1

and class 2 integron cassettes were amplified from 26 (2,4%). Integron cassette regions were

more commonly amplified from antibiotic-resistant isolates compared to susceptible ones,

particularly for trimethoprim, nalidixic acid and chloramphenicol (p� 0.05) (Table 1).

All the isolates were susceptibility tested against eight antimicrobial agents belonging to six

classes (folate inhibitors, quinolones, aminoglycosides, penicillins, tetracyclines, and pheni-

cols). Of the 410 integron-positive E. coli isolates, 404 (98.5%) were resistant to three or more

classes of antimicrobial agents. A multidrug resistant phenotype, that is resistance to three or

more classes, was significantly more commonly found among integron-positive isolates com-

pared with integron-negative isolates (p<0.05) (Table 2). Isolates from which integrons were

identified were commonly resistant to all six classes of antimicrobials (Table 2 and S3 Table).

As many as 136 (34%) integron-positive strains were resistant to all agents tested, but cipro-

floxacin; even though cassettes encoding resistance to classes other than trimethoprim and the

aminoglycosides were rarely or never encountered (the class 1 integron has a sulphonamide

resistance cassette at its 3’ conserved end).

Table 1. Antimicrobial resistance patterns and integron contents of faecal Escherichia coli isolates from mother and child pairs.

Antimicrobial

Agents

Diarrheic

Children

(%)

(n = 542)

Apparently

Healthy Mothers

(%)

(n = 556)

P-valuea Integron- Positive

(%)

(n = 410)

Integron- Negative

(%)

(n = 688)

P-value Total

(%)

N = 1098

Tetracycline 511 (94.3) 514 (92.4) 0.223 385 (93.9) 640 (93) 0.674 1025 (93.3)

Trimethoprim 462 (85.2) 485 (87.2) 0.338 381 (92.9) 566 (82.3) 0.004b 947 (85.9)

Sulphonamide 520 (95.9) 518 (93.2) 0.043 389 (94.9) 649 (94.3) 0.975 1038 (94.2)

Ampicillin 494 (91.1) 520 (93.5) 0.138 383 (93.4) 631 (91.7) 0.305 1014 (92.5)

Ciprofloxacin 36 (6.6) 62 (11.2) 0.009b 29 (7.1) 65 (9.5) 0.174 94 (8.4)

Streptomycin 515 (95) 535 (96.2) 0.329 395 (96.3) 655 (95.2) 0.732 1050 (95.8)

Nalidixic Acid 251 (46.3) 289 (52.1) 0.06 220 (53.7) 320 (46.5) 0.022b 540 (48.8)

Chloramphenicol 293 (54.1) 283 (50.9) 0.295 257 (62.7) 319 (46.4) 0.001b 576 (52.4)

ap values were calculated using the Pearson’s chi-square test.
b p value of less than 0.05 was significant

https://doi.org/10.1371/journal.pone.0183383.t001

Table 2. Frequency of multidrug resistance among faecal Escherichia coli isolates.

Number of Antimicrobial categories

(n = 6)

Number of resistant isolates

(n = 1098)

Integron positive isolates

(n = 410)

Integron negative isolates

(n = 688)

P-valuea

0 0(0) 0(0) 0(0) ND

1 3(0.3) 0(0) 3(0.4) 0.297

2 27(2.5) 6(1.5) 21(3.1) 0.149

�3 1068(97.3) 404(98.5) 664(96.5) 0.0476b

ap values were calculated using the Pearson’s chi-square test.
b p value of less than 0.05 was significant

https://doi.org/10.1371/journal.pone.0183383.t002
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Antibiotic resistance gene cassette content of identified integrons

Ten different gene cassette arrays were found within the integron positive isolates. These con-

sisted of eight varieties in class 1 integrons and two in class 2 integrons (Table 3). In all, three

streptomycin and spectinomycin resistance genes (aadA1/A2/A5), six trimethoprim resistance

genes (dfrA1/5/7/15/17/12), one gentamicin/tobramycin/kanamycin resistance gene (aadB),

one streptothricin resistance gene (satA) and one open reading frame of unknown function

(orfF) were detected.

The commonest cassette detected in the class 1 integron context was aadA1 (n = 96, 8.7%).

This was followed by dfrA7 (n = 75, 6.8%), dfrA1-aadA1 (n = 67, 6.1%), dfrA5 (n = 59, 5.4%),

dfrA17-aadA5 (n = 12, 1.1%), dfrA12-orf-aadA2 (n = 11, 1%) and dfrA15 (n = 10, 0.9%).

Table 3. Number of integrons and different cassette arrays occurring in faecal Escherichia coli isolated from mother-child pairs.

Integron and Cassette Arrays No. (%) of Isolates

Child (n = 542) Mother (n = 556) Total (n = 1098)

Class 1 Integron:

One cassette

aadA1 42 (7.7) 54 (9.7) 96 (8.7)

dfrA7 33 (6.1) 42 (7.6) 75 (6.8)

dfrA5 30 (5.5) 29 (5.2) 59 (5.4)

dfrA15 4 (0.7) 6 (1.1) 10 (0.9)

dfrA17-aadA5 9 (1.7) 3 (0.5) 12 (1.1)

dfrA1-aadA1 39 (7.2) 28 (5.0) 67 (6.1)

dfrA12-orfF-aadA2 7 (1.3) 4 (0.7) 11 (1.0)

Two cassette

aadA1, dfrA1-aadA1 3 (0.6) 1 (0.2) 4 (0.4)

dfrA1-aadA1, aadB 2 (0.4) 0 (0) 2 (0.2)

dfrA15, aadA1 1 (0.2) 0 (0) 1 (0.1)

dfrA5, aadA1 1 (0.2) 0 (0) 1 (0.1)

dfrA5, dfrA12-orfF-aadA2 1 (0.2) 1 (0.2) 2 (0.2)

Total Class 1 Integron 168 (31.0) 172 (30.9) 340 (31.0)

Class 2 Integron:

dfrA1-sat1-aadA1 15 (2.8) 16 (2.9) 31 (2.8)

dfrA1-sat1 5 (0.9) 8 (1.4) 13 (1.2)

Total Class 2 Integron 20 (3.7) 24 (4.3) 44 (4.0)

Class 1 and 2 Integron:

aadA1, dfrA1-sat1 2 (0.4) 1 (0.2) 3 (0.3)

aadA1, dfrA1-sat1-aadA1 2 (0.4) 1 (0.2) 3 (0.3)

dfrA12-orfF-aadA2, dfrA1-sat1-aadA1 6 (1.1) 0 (0) 6 (0.5)

dfrA1-aadA1, dfrA1-sat1 1 (0.2) 0 (0) 1 (0.1)

dfrA1-aadA1, dfrA1-sat1-aadA1 3 (0.6) 2 (0.4) 5 (0.5)

dfrA17-aadA5, dfrA1-sat1 1 (0.2) 1 (0.2) 2 (0.2)

dfrA5, dfrA1-sat1 1 (0.2) 0 (0) 1 (0.1)

dfrA5, dfrA1-sat1-aadA1 1 (0.2) 0 (0) 1 (0.1)

dfrA7, dfrA1-sat1 1 (0.2) 0 (0) 1 (0.1)

dfrA7, dfrA1-sat1-aadA1 1 (0.2) 1 (0.2) 2 (0.2)

aadA1, dfrA1-aadA1, dfrA1-Sat1-aadA1 0 (0) 1 (0.2) 1 (0.1)

Total Class 1 and 2 Integrons 19(3.5) 7 (1.3) 26 (2.4)

Total 207 (38.2) 203 (36.5) 410 (37.3)

https://doi.org/10.1371/journal.pone.0183383.t003
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Collectively, these seven class 1 cassette combinations represented 330 (97.1%) of all those

detected. Only two cassette combinations, dfrA1-sat1-aadA1 (n = 31, 2.8%) and dfrA1-sat1
(n = 13, 1.2%) were found in the class 2 integron context. Two cassette arrays were detected in

10 (0.9%) isolates that harboured class 1 integrons while three arrays (aadA1, dfrA1-aadA1,

dfrA1-Sat1-aadA1) were detected in one isolate that harboured class 1 and 2 integron.

Plasmid replicon types and integrons

Plasmid replicons belonging to all incompatibility groups sought except A, C, K, B and W

were identified among integron-containing strains. (The protocol we used does not delineate

IncY from the more common IncFIB replicon). As shown in supplementary Table 4, the

majority of the integron containing isolates (n = 330, 80.5%) carried one or more of ten differ-

ent plasmid-replicon-types and at least 133 carried more than one type. IncFIB/Y (n = 169;

41.2%) was the most frequently detected plasmid replicon in the isolates (S4 Table). Pearson

regressions did not reveal any association between integron cassette combinations and specific

plasmid replicons, pointing to a role for plasmids other than those sought in this study and/or

transposons in disseminating integrons (Fig 1).

In 34 instances, the same integron cassette array was detected in at least one E. coli isolate

from a child as well as an isolate from that child’s mother (Table 4), leading us to hypothesize

transmission of integron-bearing strains and/or mobile elements within families.

Diversity among strains bearing the dfrA5 cassette

We have previously identified a widely disseminated transposon as being responsible for dis-

seminating integron-borne dfrA7 cassettes among commensal E. coli isolates in Nigeria and

elsewhere in Africa [21]. dfrA7 was highly prevalent in the current study and associated with a

wide variety of plasmid replicons (S4 Table). A single dfrA5 cassette was the second most com-

mon single dfr cassette in this study and has been associated with successful invasive non-

typhoidal Salmonella lineages across Africa [31]. As the context for this cassette among com-

mensals remains unknown, we used a simple PCR marker to define one chromosomal feature

and one plasmid feature in each of the strains dfrA5 isolates obtained in this study to deter-

mine whether clonal expansion and/or successful plasmids showed associations with the pres-

ence of dfrA5.

Table 4. Integrons associated with plasmid replicon types in mother and child pairs isolates.

Integrons Mother only Child only Mother-child Pair Plasmid replicons in paired subjects

Class 1

aadA1 54 (26.6) 42 (20.3) 6 FIB/Y, FIA,

dfrA7 42 (20.7) 33 (15.9) 9 FIB/Y, P, FIA

dfrA5 29 (14.3) 30 (14.5) 6 FIB/Y

dfrA15 6 (3) 4 (1.9) 1 None

dfrA17-aadA5 3 (1.5) 9 (4.3) 2 FIB/Y

dfrA1-aadA1 28 (13.8) 39 (18.8) 7 FIB/Y

dfrA12-orfF-aadA2 4 (2.0) 7 (3.4) 1 None

aadB 0 (0) 2 (1.0) 0 None

Class 2

dfrA1-sat1-aadA1 16 (7.9) 15 (7.2) 2 FIB/Y

dfrA1-sat1 8 (3.9) 5 (2.4) 0 None

https://doi.org/10.1371/journal.pone.0183383.t004
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As shown in Figs 2 and 3, fourteen flagellin types were identified and arbitrarily labelled

A-N. Type C (23%) was predominantly identified followed by type E (16%) and type B (11%).

Multiple distinct isolates with the dfrA5 cassette were identified in the same host in six

instances. In three of those instances, (pairs 246, 250 and 289) the same fliC allele was not iden-

tified in the mother and the infant whereas in the other three (pairs 130, 174 and 195), identical

fliC allele although no single allele type was seen in more than one pair. Two of the types seen

in pairs were the most common overall (C and E). Of interest is that for four of the six pairs

with dfrA5-positive isolates, isolates from both the mother and the child carried FIB/Y repli-

cons in four cases and this replicon represents 42.4% of dfrA5 isolates overall (S5 Table).

Resistant pandemic lineage in the fecal reservoir of mothers and infants

Fourteen strains out of 1098 E. coli strains isolated from mother and child pairs carried

dfrA17-aadA5 cassette that is normally found in clonal group A (CGA), a multi-resistant E.

coli belonging to multilocus sequence type (MLST) 69 [32]. These strains comprised of 12

strains with only dfrA17-aadA5 cassette and two strains with a dfrA17-aadA5 cassette and

dfrA1-sat1, a class 2 Integron cassettes (Table 3). As CGA possess a chromosomally located

dfrA17-aadA5-bearing integron, we sought to determine whether any of the 14 dfrA17-aadA5-

positive strains identified in this study belong to this clone. CGA strains carry an H18 flagellin

(pattern A in our study) and belong to the MLST type 69 whose allele profile includes fumC69.

We identified the fliC, fumC and recA allele types for the dfrA17-aadA5-positive strains. As

shown in Table 5, nine isolates from five different individuals carried the CGA-associated H18

Fig 1. Plasmid replicons types detected in strains harboring only one class 1 integron cassette combination and only one

replicon marker site.

https://doi.org/10.1371/journal.pone.0183383.g001
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fliC allele, fumC35, and recA4. Complete MLST according to the Wirth et al [26] scheme con-

firmed that all nine strains belong to ST69. In one instance, independent dfrA17-aadA5-posi-

tive isolates were obtained from a mother and her infant.

Discussion

This study examined integron cassette content in faecal E. coli from children with diarrhea and

their apparently healthy mothers. Integrons are gene exchange systems and are known to play

a significant role in the acquisition and dissemination of antimicrobial resistance genes and to

be selected by antimicrobial pressure [6]. While our study had the limitation of only detecting

cassette regions under 4 Kb in size that had intact 5’ and 3’ ends, we still amplified integron

cassettes from as many as 37.3% of isolates. Our detection of 340 (31%) class 1 integron con-

taining strains and 44(4%) class 2 integron containing strains is comparable to data from stud-

ies using a similar methodology, which reported a prevalence of integrons to be above 30%

[21,33,34,35,36]. Integrons are clearly widespread in faecal E. coli in this environment and may

be responsible for high rates of resistance observed in this study. This is true for trimethoprim

where a significant association between the presence of resistance and amplification of inte-

gron cassettes was seen and for which eight different cassette arrays including a resistance-con-

ferring dfrA gene were detected. The preponderance of the cassette arrays with a dfrA gene

may be associated with the recent and current intensive use of trimethoprim in many common

infections in the study environment as well as to prevent opportunistic infections in HIV-posi-

tive patients [21,37,38,39]. Resistance to chloramphenicol and nalidixic acid was also associ-

ated with the presence of integrons even though cassettes conferring resistance to these agents

were not recovered. This points to integrons as markers of multiresistant strains and the

potential that integrons are physically linked to other resistance genes.

Unlike class 2 integrons, the diversity of class 1 integron cassettes/cassette combinations is

low when compared with studies performed elsewhere [40, 41]. The low diversity of class 1 cas-

settes led us to hypothesize that a few strains or mobile elements may be disseminating class 1

integron-mediated resistance. Integrons are not themselves mobile but can be rapidly dissemi-

nated when contained within mobile elements such as plasmids. We detected known plasmid

Fig 2. PCR-RFLP RsaI restriction pattern types of amplified fliC genes of dfrA5 containing isolates. Lanes 1–20: 1kb+ DNA ladder;

042, c62b, m63b, m103e, c141d, c103d, c102a, m103e, m110a, m110b, m110d, m112a, c118c, c132a, c132b, c141a, c163b, m174e,

1kb+ DNA ladder. c = Child: m = Mother.

https://doi.org/10.1371/journal.pone.0183383.g002
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replicons in a large number (81.7%) of integron containing isolates examined. In particular,

IncF plasmids (predominantly IncFIB/Y replicons but also IncFIA and IncFIC) were com-

monly found in association with the integron-borne cassettes identified. IncF plasmids repre-

sent one of the most prevalent incompatibility types and have been identified worldwide in

Enterobacteriaceae from different origins and sources [42,43]. These plasmids appear to signif-

icantly contribute to the dissemination of antibiotic resistance in Enterobacteriaceae and some

have been associated with specific genes conferring resistance to β-lactams, quinolones, and

aminoglycosides [42,44,45,46]. Therefore the preponderance of IncFIB in integron containing

Fig 3. fliC-RFLP of dfrA5 containing isolates (N = 59).

https://doi.org/10.1371/journal.pone.0183383.g003
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isolates may indicate its contribution to the dissemination of integron-borne cassettes in this

environment. The study also points to a significant prevalence of IncO plasmids, which have

not previously been described from Nigeria.

Of all the cassettes detected in integrons, aadA1 (n = 96, 23.4%) which encodes resistance

to spectinomycin/streptomycin was the commonest. This is in line with various reports of

high prevalence of aadA1 among integron-positive isolates in the literature [20,47]. This was

followed by dfrA7 (n = 75, 18.3%), a cassette that has also been reported worldwide as a com-

monly identified cassette combination in integrons [48,49,50,51]. In our previous research,

focused on different populations and strains, we demonstrated that a single dfrA7 cassette is

the predominant amplifiable cassette combination from fecal E. coli in Nigeria and elsewhere

in Africa [21]. This was also the case in this study. Previously, we found that a widely dissemi-

nated transposon accounted for the high frequency of this particular allele [21]. While there

were seven other dfr-containing configurations, the second most common one, a single dfrA5
cassette was also greatly over-represented in the study. Kingsley et al [51] and Okoro et al [31]

have reported this cassette in Salmonella enterica Typhimurium in the context of a transposon

that is similar to the one we found associated with dfrA7. S. Typhimurium strains carrying this

transposon represent a successful lineage that has expanded at multiple sites on the African

continent. We wanted to know whether overrepresentation of dfrA5 in this study was due to

clonal expansion of one or a few E. coli lineages or mobility of the cassette through the com-

mensal flora by virtue of a transposon or other mobile element. Flagellin typing of the 59 iso-

lates that carried a single dfrA5 cassette revealed that while some flagellin types were very

common, none represented more than 23% of the set and there were 14 flagellin types overall.

As each flagellin type is seen in multiple E. coli lineages, it is unlikely that a significant expan-

sion of any dfrA5-bearing clone has occurred. Dissemination of dfrA5 across the commensal

flora could be due to a successful plasmid or a more modular element such as a transposon

that can associate with different plasmids or the chromosome [52]. In the case of the former, a

single plasmid marker would be overrepresented in the set. However PCR screening for eleven

plasmid replicons identified 49 among dfrA5 strains and different replicons were associated

Table 5. Plasmid replicon, fliC restriction types and sequence types of dfrA17-aadA5 isolates.

Strain Source Age (months) fliC RFLP profile Flagellin fliC types fumC allele recA allele Sequence type Plasmid replicons

C115d Child 15 mth A H18 35 4 69 P

C115e Child 15 mth A H18 35 4 69 P

C139a Child 11 mth A H18 35 4 69 FIA

C139b Child 11 mth A H18 35 4 69 B/O

C139d Child 11 mth A H18 35 4 69 B/O+FIB/Y

C139e Child 11 mth A H18 35 4 69 B/O+FIB/Y

M139b Mother A H18 35 4 69 FIB/Y

C102d Child 18 mth B H30 7 2 not determined B/O

M102a Mother B H30 53 4 not determined P+FIB/Y

M102c Mother B H30 not determined B/O

C228d Child 12 mth A H18 35 4 69 FIB/Y

C78a Child 12 mth B H30 not determined B/O+FIB/Y

C163b Child 5 mth C H25 4 6 not determined FIA+FIB/Y

M229a Mother A H18 35 4 69 NIL

SEQ102 CGA control A H18 35 4 69 Unknown

C = child, M = mother, SEQ102 = Sequence 102, CGA = clonal group A, mth = month, H = flagella antigen

https://doi.org/10.1371/journal.pone.0183383.t005
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with different flagellin types. Altogether the data point to diverse strain backgrounds and pos-

sible over-representation of FIB/Y plasmids in integron bearing strains but little indication of

clonal expansion of a distinct dfrA5-bearing lineage. The dissemination of dfrA5 could also be

due to a more modular mechanism potentially similar to what we have previously seen for

dfrA7. Venturini et al. [52] recently reported a role for IS26 elements in disseminating dfrA5,

which could very well be under play in our own study environment.

In addition to pointing to flexible contexts for more common integron arrays, this study

also provided a little insight into circulation of a successful pandemic lineage, the

dfrA17-aadA5-bearing ST69 CGA in the faecal microflora. Multi-resistant E. coli belonging to

multilocus sequence type (MLST) 69 have been termed CGA and implicated in invasive infec-

tions in different parts of the world, including Nigeria [32]. The epidemiology of CGA in Nige-

ria is understudied since pandemic lineages are rarely sought here. As CGA possess a

chromosomally located dfrA17-aadA5-bearing integron, we sought to determine whether any

of the 14 dfrA17-aadA5-positive strains identified in this study belong to this clone. Likely

members of this lineage represented a small minority of the integron-bearing strains detected

in this study. Verified ST69 strains were detected in 5 (1.9%) of 264 individuals including both

members of one mother-infant pair. Our data suggest that CGA may be shared among individ-

uals in the same household and its presence may facilitate the dissemination of dfrA17-aadA5
cassette in this environment.

Conclusions

In conclusion, this study reveals the presence of integrons in fecal E. coli isolated from appar-

ently healthy mothers and their sick children in Nigeria. The identified integrons contain anti-

biotic-resistant gene cassettes and while the variety of cassette combinations is very limited,

the backgrounds of strains carrying these elements and the repertoire of plasmids associated

with them are reasonably diverse. The detection of different replicons in association with dif-

ferent flagellin types in dfrA5 strains, points to a successful plasmid or a more modular element

that is borne on plasmids or located on the chromosome for its dissemination. In view of the

findings of this study, there is a need for improved surveillance, which can provide informa-

tion for the persistence and mobility of resistance genes between the community and clinical

settings.
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19. Lévesque C, Piché L, Larose C, Roy PH. PCR mapping of integrons reveals several novel combinations

of resistance genes. Antimicrob Agents and Chemother.1995; 39:185–191

20. White PA McIver CJ, Rawlinson W.D. Integrons and gene cassettes in the Enterobacteriaceae. Antimi-

crob. Agents Chemother. 2001; 45:2658–61. https://doi.org/10.1128/AAC.45.9.2658-2661.2001 PMID:

11502548

21. Labar AS, Millman JS, Ruebush E, Opintan JA, Bishar RA, Aboderin AO, et al.Regional dissemination

of a Trimethoprim resistance gene cassette via a successful transposable element. PLoS One. 2012;

7(5): e38142. https://doi.org/10.1371/journal.pone.0038142 PMID: 22666464

22. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.

1990; 215 (3):403–10. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

23. Carrattoli A, Bertini A, Villa L, Falbo V, Hopkins KL, Threlfall EJ. Identification of plasmids by PCR-

based replicon typing. J Microbiol Methods. 2005; 63(3): 219–228. https://doi.org/10.1016/j.mimet.

2005.03.018 PMID: 15935499

24. Tobe T, Hayashi T, Han C, Schoolnik G, Ohtsubo E, Sasakawa C. Complete DNA sequence and struc-

tural analysis of the enteropathogenic Escherichia coli adherence factor plasmid. Infection and Immu-

nity. 1999; 67: 5455–5462. 35. PMID: 10496929

25. Brinkley C, Burland V, Keller R, Rose DJ, Boutin AT, Klink SA, et al.Nucleotide sequence analysis of

the enteropathogenic Escherichia coli adherence factor plasmid pMAR7. Infect Immun. 2006; 74:

5408–5413. 36. https://doi.org/10.1128/IAI.01840-05 PMID: 16926437

26. Parkhill J, Dougan G, James KD, Thomson NR, Pickard D, Wain J, et al. Complete genome sequence

of a multiple drug resistant Salmonella enterica serovar Typhi CT18. Nature. 2001; 413: 848–852. 37.

https://doi.org/10.1038/35101607 PMID: 11677608

27. Lu J, Manchak J, Klimke W, Davidson C, Firth N, Skurray RA, et al. Analysis and characterization of the

IncFV plasmid pED208 transfer region. Plasmid. 2002; 48: 24–37. PMID: 12206753

28. Schoenhals G, Whitfield C. Comparative analysis of flagellin sequences from Escherichia coli strains

possessing serologically distinct flagellar filaments with a shared complex surface pattern. J. Bacteriol.

1993; 175; 5395–5402. PMID: 8366026

29. Fields PI Blom K, Hughes HJ, Helsel LO, Feng P, Swaminathan B. Molecular characterization of the

gene encoding H antigen in Escherichia coli and development of a PCR-restriction fragment length poly-

morphism test for identification of E. coli O157:H7 and O157: NM. J. Clin. Microbiol.1997; 35:

1066–1070. PMID: 9114382

30. Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, et al. Sex and virulence in Escherichia coli: an

evolutionary perspective. Mol. Microbiol. 2006; 60:1136–1151. https://doi.org/10.1111/j.1365-2958.

2006.05172.x PMID: 16689791

Classes 1 and 2 integrons in faecal Escherichia coli strains

PLOS ONE | https://doi.org/10.1371/journal.pone.0183383 August 22, 2017 14 / 16

https://doi.org/10.1093/jac/dkn331
http://www.ncbi.nlm.nih.gov/pubmed/18708645
https://doi.org/10.1093/jac/dkl020
https://doi.org/10.1093/jac/dkl020
http://www.ncbi.nlm.nih.gov/pubmed/16464890
https://doi.org/10.1186/1476-0711-12-29
http://www.ncbi.nlm.nih.gov/pubmed/24143920
https://doi.org/10.1186/s12879-016-1365-x
https://doi.org/10.1186/s12879-016-1365-x
http://www.ncbi.nlm.nih.gov/pubmed/26809819
https://doi.org/10.1128/AAC.45.9.2658-2661.2001
http://www.ncbi.nlm.nih.gov/pubmed/11502548
https://doi.org/10.1371/journal.pone.0038142
http://www.ncbi.nlm.nih.gov/pubmed/22666464
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1016/j.mimet.2005.03.018
https://doi.org/10.1016/j.mimet.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15935499
http://www.ncbi.nlm.nih.gov/pubmed/10496929
https://doi.org/10.1128/IAI.01840-05
http://www.ncbi.nlm.nih.gov/pubmed/16926437
https://doi.org/10.1038/35101607
http://www.ncbi.nlm.nih.gov/pubmed/11677608
http://www.ncbi.nlm.nih.gov/pubmed/12206753
http://www.ncbi.nlm.nih.gov/pubmed/8366026
http://www.ncbi.nlm.nih.gov/pubmed/9114382
https://doi.org/10.1111/j.1365-2958.2006.05172.x
https://doi.org/10.1111/j.1365-2958.2006.05172.x
http://www.ncbi.nlm.nih.gov/pubmed/16689791
https://doi.org/10.1371/journal.pone.0183383


31. Okoro CK, Kingsley RA, Connor TR, Harris SR, Parry CM, Al-Mashhadani MN, et al. Intracontinental

spread of human invasive Salmonella Typhimurium pathovariants in sub-Saharan Africa. Nat Genet.

2012; 44 (11):1215–21. https://doi.org/10.1038/ng.2423 PMID: 23023330

32. Johnson JR, Menard ME, Lauderdale T, Kosmidis C, Gordon D, Collignon P, et al. Global Distribution

and Epidemiologic Associations of Escherichia coli Clonal Group A, 1998–2007. Emerg Infect Dis.

2011; 17 (11):2001–9. https://doi.org/10.3201/eid1711.110488 PMID: 22099087

33. Cocchi S, Grasselli E, Gutacker M. Distribution and characterization of integrons in Escherichia coli

strains of animal and human origin. FEMS Immunol Med Microbiol. 2007; 50:126–132. https://doi.org/

10.1111/j.1574-695X.2007.00242.x PMID: 17456180

34. Sepp S, Lõivukene K, Truusalu K, Kõljalg S, Naaber P, Mikelsaar M. The occurrence of antimicrobial

resistance and class 1 integrons among commensal Escherichia coli isolates from infants and elderly

persons. Ann Clin Microbiol Antimicrob. 2009; 8:34. https://doi.org/10.1186/1476-0711-8-34 PMID:

19995422

35. Hassan MM. Detection of Integrons from Escherichia coli Isolates obtained from Humans and Animals

in the Republic of Korea. Thammasat Int J Sci Tech. 2010; 15(1):48–52.

36. Mordi RM, Momoh MI. Incidence of Proteus species in Wound Infections and Their Sensitivity Pattern in

the University of Benin Teaching Hospital. Afr J Biotechnol. 2009; 8(5):725–730.

37. Okeke IN, Fayinka ST, Lamikanra A. Antibiotic resistance trends in Escherichia coli from apparently

healthy Nigerian students (1986–1998). Emerg Infect Dis. 2000; 6:393–396. https://doi.org/10.3201/

eid0604.009913 PMID: 10905975

38. Okeke IN, Steinruack H, Kanack KJ, Elliott SJ, Sundstroam L, Kaper JB, et al. 2002. Antibiotic-resistant

cell detaching Escherichia coli strains from Nigerian children. J Clin Microbiol. 2002; 40:301–305.

https://doi.org/10.1128/JCM.40.1.301-305.2002 PMID: 11773139

39. Solberg OD, Ajiboye RM, Riley LW. Origin of Class 1 and 2 Integrons and Gene cassettes in a

Population-Based Sample of uropathogenic Escherichia coli. J Clin Microbiol. 2006; 44 (4):1347–1351.

https://doi.org/10.1128/JCM.44.4.1347-1351.2006 PMID: 16597861

40. Ajiboye RM, Solberg OD, Lee BM, Raphael E, Debroy C, Riley LW. Global spread of mobile antimicro-

bial drug resistance determinants in human and animal Escherichia coli and Salmonella strains causing

community-acquired infections. Clin Infect Dis. 2009; 49:365–71. https://doi.org/10.1086/600301

PMID: 19538087

41. Carattoli A. Resistance plasmid families in Enterobacteriaceae. Antimicrob Agents Chemother. 2009;

53: 2227–38. https://doi.org/10.1128/AAC.01707-08 PMID: 19307361

42. Mathers AJ, Stoesser N, Sheppard AE, Pankhurst L, Giess A, Yeh AJ, et al. Klebsiella pneumoniae car-

bapenemase (KPC)-producing K. pneumoniae at a single institution: insights into endemicity from

whole-genome sequencing. Antimicrob Agents Chemother. 2015; 59 (3):1656–63. https://doi.org/10.

1128/AAC.04292-14 PMID: 25561339

43. Johnson TJ, Wannemuehler YM, Johnson SJ, White DG, Doetkott C, Nolan LK. Plasmid replicon typing

of commensal and pathogenic Escherichia coli isolates. Applied Environmental Microbiology. 2007; 73:

1976–83. https://doi.org/10.1128/AEM.02171-06 PMID: 17277222
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