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Abstract

Class 1 integrons are widespread genetic elements playing a major role in the dissemination

of antibiotic resistance. They allow bacteria to capture, express and exchange antibiotic

resistance genes embedded within gene cassettes. Acquisition of gene cassettes is cata-

lysed by the class 1 integron integrase, a site-specific recombinase playing a key role in the

integron system. In in vitro planktonic culture, expression of intI1 is controlled by the SOS

response, a regulatory network which mediates the repair of DNA damage caused by a wide

range of bacterial stress, including antibiotics. However, in vitro experimental conditions are

far from the real lifestyle of bacteria in natural environments such as the intestinal tract

which is known to be a reservoir of integrons. In this study, we developed an in vivo model of

intestinal colonization in gnotobiotic mice and used a recombination assay and quantitative

real-time PCR, to investigate the induction of the SOS response and expression and activity

of the class 1 integron integrase, IntI1. We found that the basal activity of IntI1 was higher in

vivo than in vitro. In addition, we demonstrated that administration of a subinhibitory concen-

tration of ciprofloxacin rapidly induced both the SOS response and intI1 expression that was

correlated with an increase of the activity of IntI1. Our findings show that the gut is an envi-

ronment in which the class 1 integron integrase is induced and active, and they highlight the

potential role of integrons in the acquisition and/or expression of resistance genes in the gut,

particularly during antibiotic therapy.

Author summary

Class 1 integrons are genetic systems allowing bacteria to acquire antibiotic resistance

genes through the recombination activity of the IntI1 integrase. These genetic platforms

are involved in the spread of antibiotic resistance among bacteria. So far, most of the
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studies for understanding the mechanistic of integrons have been performed in vitro,

experimental conditions which are far from the lifestyle of bacteria in natural environ-

ments such as the gut. We developed a new in vivo model using gnotobiotic mice and we

showed that in the gut, the basal activity of IntI1 is significantly higher than in in vitro
conditions. In addition, we showed that a subinhibitory concentration of ciprofloxacin

rapidly triggers the SOS response, leading to increased activity of IntI1 in the mouse gut.

Our results demonstrate that the intestinal environment promotes the acquisition/expres-

sion of antibiotic resistance genes through the integron system and that this phenomenon

can be enhanced by antibiotic therapy.

Introduction

Overuse and misuse of antibiotics have led to the emergence of multidrug-resistant bacteria,

causing a major threat worldwide [1,2]. Both pathogenic and commensal microbial species

can become multidrug-resistant, and reservoirs of antibiotic resistance (AR) genes are found

in various ecosystems, including the animal and human gut, soil and water [3–6]. The human

gut hosts a dense microbiota that constitutes a favourable environment for the exchange of

genetic material, such as AR genes, through horizontal transfer between commensal bacteria

and/or incoming pathogens, and between resistant and susceptible bacteria [6–8]. Intestinal

commensals shape a reservoir of AR genes known as “the gut resistome" [6,9,10] and transfer

of resistance genes between bacteria has been demonstrated in the gut of gnotobiotic mice

[11–14], as well as in the human gut [15].

Integrons are genetic systems that allow bacteria to capture, stockpile, express, and

exchange AR genes embedded within gene cassettes. They are non-mobile per se, but are usu-

ally associated with mobile genetic elements such as transposons and plasmids, and thus par-

ticipate actively in the dissemination of AR genes, mainly among Gram-negative bacteria [16].

Integrons are composed of an intI gene, which encodes a site-specific recombinase (IntI), a

specific recombination site (attI) and a functional promoter (Pc) that allows the expression of

gene cassettes, which are usually promoterless [17]. More than 130 gene cassettes have been

identified, conferring resistance to almost all existing classes of antibiotics [16]. Three main

classes of integrons have been associated to clinical setting, the class 1 being the predominant

one [18–20]. The integrase is the key element in the integron system, catalysing both insertion

and excision of gene cassettes [21,22]. The mechanisms driving its recombination activity have

been extensively studied in vitro [23]. We have previously shown that, in in vitro planktonic

culture, expression of the class 1 integron integrase gene, intI1, is regulated by the bacterial

SOS response [24]. The SOS response is a global regulatory network controlled by the tran-

scriptional repressor LexA and induced by the activator RecA when it is bound to single-

strand DNA produced by stress [25]. Widely used antibiotics (trimethoprim, fluoroquino-

lones, β−lactams, aminoglycosides) and horizontal gene transfer (conjugation and transforma-

tion) are known to induce the SOS response in vitro [26–31].

Epidemiological studies have reported the presence of integrons in the healthy animal and

human gut, showing that the gut is a natural reservoir of integrons [32–34]. However, to the

best of our knowledge, there are no previous report on the regulation of the integron integrase

and the dynamics of gene cassettes acquisition and exchange in vivo in the gut. In this study,

we developed a model of intestinal colonization with Escherichia coli in gnotobiotic mice to

study the expression and activity of the class 1 integron integrase and the induction of SOS reg-

ulon genes in the gut, in the absence and presence of antibiotic. Using an in vivo
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recombination activity assay and quantitative real-time PCR (qRT-PCR) from mice faeces, we

provide the experimental evidence that in the mouse gut, (i) the basal activity of IntI1 is higher

than in in vitro planktonic culture, indicating that the gut is a stressful environment able to

promote antibiotic resistance gene acquisition via integrons, and (ii) administration of a subin-

hibitory concentration of ciprofloxacin induces both the SOS response and expression of intI1
that is correlated with an increase of the integrase activity.

Results and discussion

Colonization of the mouse gut and plasmid stability

Three groups of germ-free mice were inoculated with E. coli strain MG1656 carrying two plas-

mids, p6851 and a pZE1-derivative, both necessary to follow the recombination activity of the

class 1 integron integrase (see further and S1 Fig for more details). p6851 plasmid carried the

cassette recombination reporter (Table 1 and S1 Fig). For the expression of the IntI1 integrase,

we used pZE1-derivatives: pZE1intI1 allowed the expression of intI1 from the LexA-regulated

wild-type integrase promoter PintI1, pZE1intI1� allowed the expression of intI1 from the pro-

moter PintI1 carrying mutations in the LexA binding site which led to a derepressed expres-

sion of the integrase and pZE1 was a control plasmid that did not carry the intI1 gene, (Table 1

and S1 Fig). The strains are hereafter referred to as MG/intI1, MG/intI1� and MG/pZE1 (con-

trol strain) respectively.

First, we verified the capability of E. coli strain MG1656 to colonize the mouse gut, as well

as the stability of the plasmids throughout the duration of the experiments. Colony-forming

Table 1. Bacterial strains and plasmids used in this study.

Strains and

plasmids

Relevant genotype or description Reference

Escherichia coli
strains
MG1656 ΔlacMluI derivative of Escherichia coli MG1655 (K-12F– λ– ilvG−rfb-50 rph-1) [35]

MG/pZE1 MG1656 carrying p6851 and pZE1 plasmids This

work.

MG/intI1 MG1656 carrying p6851 and pZE1intI1 plasmids This

work.

MG/intI1� MG1656 carrying p6851 and pZE1intI1� plasmids This

work.

MG1656λatt::gfp MG1656 containing the gfpmut3 gene at the λatt site; expression of gfpmut3 from

Pλ promoter. Green fluorescent bacteria.

[36]

Plasmids
p6851 Cassette recombination reporter (pSU38::aac(6’)-Ib�::attCaadA7-cat(T4)-attCVCR2);

CmR, KmR
[24]

Recombined p6851 Plasmid resulting from deletion of the resistance gene cassette cat(T4)-attCVCR2 in

native p6851; expression of the resistance gene cassette aac(6’)-Ib� from PlacZ
promoter; TobraR, KmR

This

work.

pZE1 Promoterless derivative of pZE12 plasmid, carrying a multiple cloning site

(mcs1); AmpR
[24]

pZE1intI1 attI site + intI1 gene from In40 class 1 integron cloned into pZE1 plasmid; this

intI1 gene encodes the most active variant of the integrase, IntI1R32_H39; AmpR
[24,37]

pZE1intI1� pZE1intI1 plasmid carrying the LexAmut2 mutation in the LexA binding site of

the class 1 integron integrase promoter PintI1, leading to constitutive expression

of the intI1 gene; AmpR

[24]

CmR: confers resistance to chloramphenicol; KmR: confers resistance to kanamycin; TobraR: confers resistance to

tobramycin; AmpR: confers resistance to ampicillin

https://doi.org/10.1371/journal.pgen.1010177.t001
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units (CFU) counting from mice faeces on non-selective medium, showed that MG/pZE1,

MG/intI1 and MG/intI1� readily colonized the mouse gut and established at high levels

throughout the 21 days of experiment, at an average population level of 2.9x108 ± 1.4x108,

1.3x109 ± 4.4x108 and 1.3x109 ± 7.3x108 CFU/g of faeces respectively (Fig 1). The stability of

plasmids p6851 and pZE1-derivatives in bacteria, was monitored by CFU counting on selective

media supplemented with kanamycin or ampicillin respectively. Plasmid instability was

defined by a recovery of bacteria on selective media significantly lower (p< 0.05) than the

recovery of the total bacterial population on non-selective medium. Control plasmid pZE1 was

stable throughout the experiment, pZE1intI1 and pZE1intI1� were stable in bacteria up to day

17 and day 14 post inoculation respectively (Fig 1). The stability of p6851 plasmid was variable

from up to day 10 to up to day 17 post inoculation according to the experiments. The observed

differences in the stability of the plasmids expressing the integrase, pZE1intI1 and pZE1intI1�

suggests that integrase overexpression might be deleterious and that the fitness cost might be

too high for bacteria, leading to the loss of the plasmid in the bacterial population. Previous

studies suggested that an unregulated integrase activity was disadvantageous for bacteria

[38,39]. Recently we showed that the fitness cost of the class 1 integrase was correlated to its

catabolic activity and that the SOS response prevented the expression of this costly integrase in

E. coli [36]. Similarly, Starikova et al. observed that the expression of an active integrase

reduced host fitness in Acinetobacter baylyi in the absence of regulation of the intI1 gene [40].

Class 1 integron integrase is active in the gut

In order to estimate the activity of the IntI1 integrase in the mouse gut, we assessed the capabil-

ity of IntI1 to catalyse specific recombination between attC sites located on a synthetic array of

two cassettes (attCaadA7-cat(T4)-attCVCR2-aac(6’)-Ib�) carried by plasmid p6851, resulting in

the deletion of the chloramphenicol resistance gene cassette cat(T4)-attCVCR2, and the expres-

sion of the tobramycin resistance gene cassette aac(6’)-Ib� (S1 Fig). The recombination activity

of the integrase was thus determined by monitoring the emergence of tobramycin-resistant

(TobraR) bacteria, hereafter referred to as recombinants, as a function of the total bacterial

population carrying the two plasmids and was reported as the frequency of recombinants

(FR). As expected, when no integrase was expressed (MG/pZE1 strain), no recombinants were

recovered. In mice colonized with MG/intI1, recombinants were detected on day 2 post inocu-

lation (S2A Fig), reflecting that the IntI1 integrase carried out recombination events. The aver-

age FR increased gradually from day 2 (1.2x10-6 ± 6.3x10-7) to day 9 (3.6x10-5 ± 3.0x10-5), then

it stabilized until day 17 post inoculation (Fig 2A). The gradual increase of the FR corre-

sponded to an increase of the number of recombinants (tobramycin-resistant) and their stable

establishment in the mouse gut (S2A Fig). In addition, we observed a variability of the FR

from one mouse to another, as well as a temporal variability in the detection of recombinants,

where the number of mice exhibiting recombinants varied from one to four mice depending

on the sampling day. Indeed, before day 14 post inoculation, 50% of mice (10/20) were colo-

nized, then 81% of mice (13/16) were colonized until the end of the experiment (Fig 2A). To

assess whether the variation in recombinants detection was not due to differences in fitness

cost between the native non-recombined p6851 and the recombined plasmid, we performed in
vitro pairwise competition assays between two MG1656 strains carrying either the native non-

recombined p6851 or the recombined plasmid. As shown in S3 Fig, both plasmids had similar

fitness cost, with no strain being fitter than the other. During the first ten days, the population

of recombinants did not seem to only maintain itself at a constant level but rather resulted

from a combination of the maintenance of the recombinants and the appearance of new

recombination events over time. PCR and sequencing analysis confirmed that recombinants
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Fig 1. Bacterial colonization and plasmid stability in the mouse gut. On day 0, three groups of germ-free mice were

inoculated with 108 CFU of MG/pZE1 control strain (carrying p6851 and pZE1 that did not carry the intI1 gene, n = 4)

(A), MG/intI1 strain (carrying p6851 and pZE1intI1 allowing the expression of intI1 SOS-regulated, n = 4) (B) or MG/

intI1� strain (carrying p6851 and pZE1intI1� allowing the constitutive expression of intI1, n = 3) (C). Bacterial

colonization in the mouse gut was monitored by counting the CFU/g of faeces on non-selective medium (MG1656).
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resulted mainly from recombination between the two attC sites of plasmid p6851. Indeed,

most of the recombinants were susceptible to chloramphenicol (CmS). These results contrast

with previous data obtained in planktonic culture, where recombination events mediated by

IntI1, mainly generated plasmid co-integrates, i.e. recombination between attC sites of two

copies of the same plasmid and/or duplicated gene cassettes [22,41,42]. Our results provide the

first experimental evidence that the IntI1 integrase is active in the gut and that it efficiently

ensures recombination events.

We also estimated the FR in mice colonized with MG/intI1� (constitutive expression of

intI1), considering only the period during which both plasmids were stable (from day 2 to day

14 post inoculation) (Fig 1C). Contrary to the experiment carried out with MG/intI1, when

colonized with MG/intI1�, all mice were colonized with recombinants since day 2 post inocu-

lation (Fig 2B), that reflects that IntI1 catalysed recombination events and that recombinants

established quickly in the mouse gut. On day 2, the average number of recombinants was 1.5

log10 higher than the one observed in the gut of mice colonized with MG/intI1 (S2B Fig), indi-

cating that the disruption of the LexA binding site in PintI1 had the same effect in vivo as in

planktonic cultures. This observation suggests that in the gut PintI1 could also be under the

control of LexA. The FR was stable over the nine first days (9.4x10-5 ± 2.2x10-5), and then

increased up to 9.9x10-3 ± 1.1x10-2 on day 14 post inoculation (Fig 2B). Although the integrase

was constitutively expressed in MG/intI1�, the population of recombinants did not increase

over the nine first days but reached 2.3x104 ± 1.9x103 CFU/g of faeces (on day 9 post inocula-

tion), which was 4.0 log10 lower than the total bacterial population (S2B Fig). Then, there was a

further increase of the FR from day 10 to day 14 post inoculation (Fig 2B) that correlated with

an increase of the number of recombinants (S2B Fig), suggesting that some recombinants

Plasmid stability was evaluated by counting the CFU/g of faeces on selective media supplemented with kanamycin

(p6851) or ampicillin (pZE1, pZE1intI1 and pZE1intI1�). Symbols represent the average of the CFU/g of faeces per day

and error bars indicate the SD.

https://doi.org/10.1371/journal.pgen.1010177.g001

Fig 2. Recombination activity of IntI1 integrase in the mouse gut. On day 0, two groups of germ-free mice were inoculated with 108

CFU of MG/intI1 (carrying p6851 and pZE1intI1 allowing the expression of intI1 SOS-regulated, n = 4) (A) or MG/intI1� (carrying p6851

and pZE1intI1� allowing the constitutive expression of intI1, n = 3) (B). Recombination activity of IntI1, reflected by the frequency of

recombinants (FR), was estimated by determining the frequency of emergence of tobramycin-resistant recombinants, as a result of specific

recombination between attC sites located on a synthetic array of two cassettes (attCaadA7-cat(T4)-attCVCR2-aac(6’)-Ib�) carried on plasmid

p6851. Each symbol represents the FR in the gut calculated from a single mouse exhibiting recombinants. For each sampling day, the

average FR is shown as a black horizontal line.

https://doi.org/10.1371/journal.pgen.1010177.g002
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started to proliferate in the gut. This latter bacterial population still carrying both plasmids,

was predominant towards the end of the experiment: on day 17 post inoculation, the total bac-

terial population and the population of recombinants were respectively 1.3x107 ± 7.6x106 and

2.6x106 ± 3.5x106 CFU/g of faeces (p> 0.05) (S2B Fig).

Interestingly, the average FR determined in MG/intI1, once stabilized (between days 10 to

17 post inoculation), was similar to the average FR determined in MG/intI1� between days 2

to 9 post inoculation (7.0x10-5 ± 8.7x10-5 versus 9.6x10-5 ± 7.2x10-5 respectively; p> 0.05) (Fig

2). This observation suggested that in both groups of mice, a similar equilibrium of the popula-

tion of recombinants was reached and resulted from both excision events and the establish-

ment of recombinants in the gut. In addition, we compared the activity of IntI1 in vivo
(considering days 2 and 3 post inoculation) and in 24-h-old-planktonic cultures. In MG/intI1,

the average FR was 2.6-fold higher in the mouse gut than in 24-h-old-planktonic cultures

(2.1x10-6 ± 1.6x10-6 and 8.0x10-7 ± 2.3x10-6 respectively, p< 0.05) (Fig 3A), whereas it was

similar in both experimental conditions in MG/intI1� (1.3x10-4 ± 1.1x10-4 in 24-h-old-plank-

tonic cultures versus 1.1x10-4 ± 8.3x10-5 in the mouse gut) (Fig 3A). Moreover, the average FR

was significantly higher in MG/intI1� than in MG/intI1 in both experimental conditions

(p< 0.05 and p< 0.0001 for the mouse gut and 24-h-old-planktonic cultures respectively)

(Fig 3A). Altogether, our results indicate that the lifestyle of bacteria in the gut promotes the

induction of the expression of intI1 and thus the activity of the IntI1 integrase.

We then quantified by qRT-PCR the transcript levels for intI1 and three SOS regulon

genes: dinD, recN and sfiA, in the mouse gut (considering days 2 and 3 post inoculation) and

in 24-h-old-planktonic cultures. Interestingly, in MG/intI1, transcript levels of intI1 and dinD
genes did not differ significantly (p> 0.05) (Fig 3B and 3C), while those of sfiA and recN genes

were respectively 1.6- and 2.3-fold significantly lower in the mouse gut than in 24-h-old-plank-

tonic cultures (p< 0.05) (Fig 3C). As expected, the constitutive expression of intI1 was corre-

lated with a level of transcription significantly higher in MG/intI1� than in MG/intI1, both in

the mouse gut and in 24-h-old-planktonic cultures (respectively 2.9-fold and 6.0-fold; p< 0.01

and p = 0.05 respectively) (Fig 3B). Thus, as previously described in in vitro planktonic culture,

the regulation of class 1 integron integrase expression by the SOS response via the repressor

LexA, appears to be efficient in the mouse gut. In planktonic culture, SOS genes are known for

showing different expression profiles: they do not respond to the same level of stress, at the

same time, and they are not expressed at the same level [43,44]. Our results confirm that in the

mouse gut as observed in vitro, the basal expression of SOS-regulated genes varies, depending

on the gene, with expression levels that are similar (intI1, dinD) whatever the condition, or

lower (sfiA, recN) in vivo than in in vitro planktonic cultures (Fig 3B and 3C).

In a previous study, we showed in a biofilm model that in addition to the SOS-dependent

regulation of IntI1, the stringent response exerts a biofilm-specific regulation of intI1 expres-

sion, part of this regulation being SOS-dependent and the other one involving the protease

Lon [45]. In the gut, bacteria form biofilms on the epithelial mucosa and on various particles

present in the lumen [46,47]. The stringent response, which is induced upon nutrient starva-

tion [48–50], might also participate in the upregulation of intI1 in the intestinal tract. Biofilms

are known to have a heterogeneous spatial structure with differences in nutrient availability

[51], and several studies have shown that available nutrients in the gut vary in time and space

[52]. It is thus more than likely that, individually, bacteria do not experience the same nutrient

deprivation at the same level and/or at the same time within the gut. We can hypothesize that

the induction of the intI1 expression by the stringent response, has occurred in a minority of

bacteria dispersed within the total population. As a result, the induction of intI1 expression

could not have been detected from the total bacterial population using the quantification of

transcript levels; however, it could be estimated via the recombination activity assay of the
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integrase using antibiotic selection and counting of individual bacteria having experienced

recombination events.

Ciprofloxacin induces the SOS response and expression of IntI1 in the gut

Ciprofloxacin is known to induce the SOS response and thereby the expression of intI1 in E.

coli in vitro [24]. To evaluate the effect of ciprofloxacin on the integrase induction in the gut,

we continuously exposed mice colonized with MG/intI1 to ciprofloxacin in the drinking

water. Based on a previous study about the impact of ciprofloxacin in a human-flora-associ-

ated mouse model [53], we first assessed three different doses of ciprofloxacin: 0.1, 1 and 10

mg of ciprofloxacin/kg of body weight per day, which corresponded to ciprofloxacin

Fig 3. Comparisons of recombination activity of IntI1 and expression of intI1 and SOS regulon genes, in vivo versus in vitro. (A)

Recombination activity of IntI1, reflected by the frequency of recombinants (FR), was estimated by determining the frequency of emergence of

tobramycin-resistant recombinants, as a result of specific recombination between attC sites located on a synthetic array of two cassettes

(attCaadA7-cat(T4)-attCVCR2-aac(6’)-Ib�) carried on plasmid p6851. The FR was calculated in MG/intI1 (carrying p6851 and pZE1intI1 allowing

the expression of intI1 SOS-regulated) and MG/intI1� (carrying p6851 and pZE1intI1� allowing the constitutive expression of intI1), in the

mouse gut and in 24-h-old-planktonic cultures. Each symbol represents the FR calculated from a single mouse exhibiting recombinants on days

2 and 3 post inoculation (n = 3 for MG/intI1 and n = 4 for MG/intI1�) and from planktonic cultures (n = 28 for MG/intI1 and n = 15 for MG/

intI1�). For each condition, the average FR is shown as a black horizontal line. Transcript levels of (B) the intI1 gene in MG/intI1 and MG/

intI1� and (C) the SOS regulon genes dinD, recN and sfiA, in MG/intI1 in the mouse gut and in 24-h-old-planktonic cultures are represented.

Transcript levels were normalized to the housekeeping gene dxs. Error bars indicate the SD. Differences were determined using the Mann-

Whitney U test. �p< 0.05, ��p< 0.01 and ����p< 0.0001.

https://doi.org/10.1371/journal.pgen.1010177.g003
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concentrations in the drinking water of 0.4 μg/ml, 4 μg/ml and 40 μg/ml respectively (S1

Table). Ciprofloxacin doses of 1 and 10 mg/kg were lethal to bacteria (S1 Table) whereas a

dose of 0.1 mg/kg led to only a slight decrease of the intestinal bacterial population that how-

ever remained high in the mouse gut (S1 Table and S4A Fig). Thus, this ciprofloxacin dose has

been used to study its effect on the in vivo expression and activity of IntI1. Once the bacterial

population was stably established in the mouse gut (S4B Fig), on day 11 post inoculation, cip-

rofloxacin was added to the drinking water of mice until the end of the experiment. We deter-

mined the antibiotic concentration in the mouse gut: 0.3 ± 0.2 μg/g of faeces were detected

throughout the experiment, showing that ciprofloxacin concentration was stable in the gut

over time (S1 Table). We found that ciprofloxacin induced a 0.9 log10 significant increase of

the FR of IntI1, within 48h following its introduction in the drinking water (p< 0.05) (Fig

4A). Although ciprofloxacin induced a slight decrease in the total bacterial population, the

population of recombinants remained stable (S4B Fig), reflecting the appearance of new

recombination events and the establishment and proliferation of the recombinants in the

mouse gut. In addition, we quantified the in vivo transcript levels of intI1 and sfiA genes. The

sfiA gene was used as a positive control of the SOS response as it is known to be strongly

induced following bacterial stress [54]. As shown in Fig 4B, 24h following the antibiotic intro-

duction (day 12 post inoculation), we observed an increase of transcript levels of sfiA and

intI1, 18.5-fold and 2.4-fold respectively (p = 0.05). Then, the levels of transcription of both

genes decreased gradually, returning almost to their basal expression level (Fig 4B), suggesting

that bacteria have adapted to the ciprofloxacin-containing environment, restoring the LexA

control that allowed them to respond to new incoming stress. These results are consistent with

a previous study showing that the SOS response induced by sublethal ciprofloxacin concentra-

tions increased the fitness of Pseudomonas aeruginosa in vitro [55]. The authors found that the

Fig 4. Effect of ciprofloxacin on the induction of the SOS response and the IntI1 integrase expression and activity in the mouse gut. On

day 0, three germ-free mice were inoculated with 108 CFU of MG/intI1 (carrying p6851 and pZE1intI1 allowing the expression of intI1 SOS-

regulated). Ciprofloxacin was added to the drinking water of mice on day 11 post inoculation, just after the fecal sampling on that day. (A)

Recombination activity of IntI1, reflected by the frequency of recombinants (FR), was estimated by determining the frequency of emergence

of tobramycin-resistant recombinants, as a result of specific recombination between attC sites located on a synthetic array of two cassettes

(attCaadA7-cat(T4)-attCVCR2-aac(6’)-Ib�) carried on plasmid p6851. Each symbol represents the FR in the gut calculated from a single mouse

exhibiting recombinants. For each sampling day, the average FR is shown as a black horizontal line. (B) Transcript levels of sfiA and intI1
genes in the mouse gut are represented. Transcript levels were normalized to the housekeeping gene dxs. Error bars indicate the SD.

Differences were determined using the Mann-Whitney U test. �p< 0.05.

https://doi.org/10.1371/journal.pgen.1010177.g004
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SOS response expression in P. aeruginosa increased substantially upon exposure to ciprofloxa-

cin but then declined rapidly by 50%, concluding that adaptation to stress decreased the

expression of the SOS response pathway [55]. In our experiment, the FR remained high after

ciprofloxacin exposure (Fig 4A). This might be explained by the proliferation and the mainte-

nance of the recombinants, resulting from the induction of intI1 expression just after the intro-

duction of the antibiotic (Fig 4B), in addition to ongoing new recombination events, intI1 still

being expressed at its basal level. Throughout the experiment, no ciprofloxacin-resistant iso-

lates were recovered. The minimal inhibitory concentration of ciprofloxacin for the recombi-

nants recovered prior and following ciprofloxacin administration was unchanged (0.012 μg/

ml), indicating that bacteria have adapted to the ciprofloxacin-containing environment in the

gut without acquiring ciprofloxacin resistance. Thus, a ciprofloxacin dose as low as 0.1 mg/kg

of body weight per day, which was more than 100-fold lower than the usual human therapeutic

dose, was sufficient to induce the SOS response and stimulate the upregulation of the class 1

integron integrase in the mouse gut. In the human and animal intestinal tract, commensal bac-

teria can encounter subinhibitory concentrations of antibiotics [56,57], that can affect gene

transcription [58], trigger the transfer of mobile genetic elements carrying AR genes [59,60],

and select resistant bacteria as well as multidrug-resistance plasmids [61–65]. Herein, we

showed that a subinhibitory concentration of ciprofloxacin is sufficient to trigger the SOS

response in the gut, inducing the integrase expression that could thus potentially lead to antibi-

otic resistance gene cassette acquisition, or promote shuffling of gene cassettes within inte-

grons, bringing a distal gene cassette closer to the Pc promoter and thereby allowing or

enhancing its expression. A such event has been observed in a hospitalized patient infected by

a P. aeruginosa strain carrying a class 1 integron [66]. Indeed, following treatment with ceftazi-

dime and metronidazole (to treat a secondary infection by anaerobes), metronidazole led to

the SOS induction in P. aeruginosa, which promoted the excision of a gene cassette by IntI1,

thereby enabling the full expression of a downstream blaOXA-28 gene cassette encoding an

extended-spectrum beta-lactamase responsible for the high resistance to ceftazidime of this

clinical isolate [66].

It had been suggested that integrase expression yields some toxicity and that bacteria lack-

ing LexA would be more prone to display a loss of integrase functionality [38]. We thus inves-

tigated whether MG/intI1 bacteria colonizing the mice gut acquired mutations inactivating/

lowering the expression of the integrase by sequencing the region encompassing the PintI1
promoter to the end of intI1 gene from recombinant clones (resistant to tobramycin and sus-

ceptible to chloramphenicol) that were recovered at different times after the addition of cipro-

floxacin to the drinking water of mice (between days 12 and 18 post inoculation; Fig 4). We

found no mutation, either in the promoter or in the intI1 gene. This might not be so surprising

since the induction of the integrase expression by the ciprofloxacin is restricted in time, with

bacteria adapting to the stress (Fig 4B). Furthermore, the cost of the integron integrase is not

very high in E. coli [36].

In this study, we used germ-free mice colonized with a single E. coli strain (MG/pZE1, MG/

intI1 or MG/intI1�). This animal model hosting a very simple microbiota is obviously much

less complex than the human gut microbiota. However, this first simple model was useful as

proof of concept to study the dynamics of expression of the integron integrase and the SOS

response induction in vivo. It allowed us to show that the gut itself, in the absence of competi-

tion or influence from other microbial strains/species, is an environment that promotes (i) the

integron integrase activation, potentially allowing bacteria to acquire antibiotic resistance

genes from the gut resistome, (ii) the quick induction of the SOS response in the presence of

SOS-inducer antibiotics, enabling bacteria to cope with and adapt to exogenous stress such as

low antibiotic concentrations that they could potentially encounter in the gut [56,57]. Next
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step would be to develop a human microbiota-associated mouse model, to investigate to which

extend the human intestinal microbiota could affect the dissemination of antibiotic resistance

genes via integrons in the gut resistome.

In addition to extend our understanding of the regulation and the dynamics of expression

of the integron integrase in the intestinal tract, our results also raise again questions as to the

impact of the use of antibiotics known to be SOS-inducers, on bacterial genetic adaptation and

on the acquisition of genetic determinants of drug resistance within the gut. In agreement with

previous studies [67,68], our findings highlight the potential of the SOS system as a good can-

didate for the development of new therapeutic strategies to prevent the acquisition and spread

of antibiotic resistance genes among bacteria.

Materials and methods

Ethics statement

The protocols involving animals and their care were conducted in conformity with the institu-

tional guidelines that are in compliance with national and international laws and policies. All

efforts were made to minimize animal suffering. The protocol was approved by the Committee

on the Ethics of Animal Experiments n˚26 of the University of Paris-Sud (n˚2012–120). Exper-

iments were conducted according to the European Union regulations (Directive 210/63 UE)

for animal experiments and complied with our institution’s guidelines for animal care and

handling.

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids are listed in Table 1. E. coli MG1656 cells were freshly elec-

troporated simultaneously with plasmid p6851 and a pZE1 derivative plasmid i.e. pZE1 (MG/

pZE1 strain), pZE1intI1 (MG/intI1 strain) or pZE1intI1� (MG/intI1� strain) (Table 1 and S1

Fig), then plated on Lysogeny Broth (LB) agar medium supplemented with ampicillin (Amp,

100 μg/ml) and chloramphenicol (Cm, 25 μg/ml), and incubated at 37˚C overnight. For inocu-

lation of germ-free mice with MG/pZE1, MG/intI1 or MG/intI1�, four colonies were grown in

brain-heart infusion (BHI) broth without antibiotics at 37˚C for seven hours statically. For

competition assays, bacterial strains were grown in Davis Minimal (DM) broth supplemented

with 25 μg/ml glucose (DM25 medium).

Model of intestinal colonization in gnotobiotic mice

Mice. C3H germ-free female mice (6–8 weeks, 20 g) obtained from Cryopreservation, Dis-

tribution, Typage et Archivage animal (CDTA) (CNRS, Orléans, France), were housed in ster-

ile isolators, provided with sterilized bedding and fed ad libitum with a commercial diet

sterilized by gamma irradiation (4 Mrad) and autoclaved drinking water. The germ-free status

was confirmed by testing fecal samples for aerobic and anaerobic bacteria and yeast.

Experimental design. As usually done for axenic mice, batches of three to four mice were

used per experiment. On day 0, each mouse was inoculated individually and intragastrically

with 108 CFU of E. coli MG/pZE1, MG/intI1 or MG/intI1� in 500 μl BHI. In parallel, 100 μl of

each bacterial culture were plated on LB agar supplemented with tobramycin (Tobra, 100 μg/

ml) to control the absence of tobramycin-resistant recombinant within the inoculum. Fecal

pellets from each mouse were collected individually in sterile tubes after spontaneous emis-

sion, at least three days a week. For each mouse, one fresh pellet was weighed and used directly

for CFU counting and the remaining pellets were kept at -80˚C for further analysis. For the

experiment with ciprofloxacin, the antibiotic was added directly into the drinking water of
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mice on day 11 post inoculation, just after the sampling of fecal pellets on that day. The water

bottles were changed every 72h. Ciprofloxacin concentration in mice faeces was measured as

described in S1 Materials and Methods.

Bacterial counting and plasmid stability in mice gut

Fecal pellets were resuspended at 10 mg/ml in sterile 1X phosphate buffer saline (PBS), and

10-fold dilutions in 1X PBS were plated on non-selective LB agar medium to monitor the

intestinal bacterial colonization, and on selective LB agar media supplemented with the appro-

priate antibiotics to monitor the stability of plasmids pZE1, pZE1intI1 and pZE1intI1� (Amp,

100 μg/ml) and p6851 (kanamycin (Km), 25 μg/ml). CFU were counted using the Wasp 2 spi-

ral system (AES Chemunex, Bruz, France). The detection limit was 100 CFU/g of faeces. For

each experiment, results were expressed as the average CFU/g of faeces ± standard error (SD)

for all mice (data-sheets A, H and J in S1 Data).

Ciprofloxacin susceptibility testing

The minimal inhibitory concentration of ciprofloxacin was determined with E-test strips fol-

lowing the supplier’s instructions (BioMérieux, France).

Recombination activity assay

The activity of the IntI1R32_H39 integrase was determined as previously described [24] (S1 Fig).

Briefly, for in vitro recombination activity assay, planktonic cultures of MG/intI1 and MG/

intI1� were grown in LB for 24 hours with shaking. Ten-fold dilutions of cultures were plated

on LB agar + Km + Amp and LB agar + Tobra (10 μg/ml), to estimate CFU/ml. For in vivo
recombination activity assay, fecal pellets collected from mice colonized with MG/intI1 and

MG/intI1� were weighed and resuspended at 10 mg/ml in sterile 1X PBS. Ten-fold dilutions of

samples were plated on LB agar + Km + Amp and LB agar + Tobra to estimate CFU/g of faeces

(data-sheets B and F in S1 Data). The frequency of recombinants (FR) was calculated as the

ratio of the CFU/ml or CFU/g of faeces on LB agar + Tobra to the CFU/ml or CFU/g of faeces

on LB agar + Amp + Km for in vitro and in vivo assays, respectively. All assays were performed

at least five times in triplicate for 24-h-old planktonic cultures (data-sheet C in S1 Data), and

with one fecal pellet from each mouse on each sampling day (average of three to four mice

each day depending on the experiment; data-sheets B and F in S1 Data). Detection limit was

100 CFU/g of faeces in the mouse model. Deletion of the synthetic cassette cat(T4)-attCVCR2

was verified by PCR and Sanger sequencing using primers aac(6’)-Ib-R and MRV-D2 primers

(S2 Table).

Competition assays

Competition experiment. The recombined p6851 plasmid was first purified from a

recombinant clone (resistant to tobramycin and susceptible to chloramphenicol (TobraRCmS))

recovered from faeces of mice colonized with MG/intI1 strain and treated with ciprofloxacin.

The proper recombination was verified by PCR and Sanger sequencing, and the plasmid was

transformed in strain MG1656λatt::gfp (strain expressing constitutively the green fluorescent

protein GFP; Table 1). The fitness of the MG1656 strain carrying the native non-recombined

p6851 plasmid, relative to the MG1656λatt::gfp carrying the recombined p6851 plasmid, was

estimated in pairwise competition assays as previously described [36]. Briefly, independent

pre-cultures of both competitors were grown in DM25 medium overnight and mixed at a 1:1

volume ratio the following day. Fresh DM25 cultures were then inoculated with this mix
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performing a 100-fold dilution. Cultures were then propagated for 4 days with a daily 100-fold

dilution in fresh medium. Samples were collected each day to follow the relative frequency of

the two competitors by flow cytometry.

Flow cytometry analysis. The relative frequency of bacteria expressing GFP was deter-

mined with a Beckman Coulter CytoFLEX LX flow cytometer (Beckman Coulter, Brea, CA,

USA). Measurements were performed directly on bacterial cultures. Bacterial cells were first

gated on the basis of their distribution on forward (FSC-A) versus side scatter (SSC-A) plots.

Only single-cell bacteria were counted using a FSC-W versus SSC-A plot. GFP single cells were

then separated from non-GFP single cells by using the fluorescent marker. Green fluorescence

was acquired on the B525-FITC-A channel (525 ± 15 nm). A fluorescence threshold was deter-

mined based on the fluorescence distribution of a GFP-positive control and GFP- negative

control; this threshold remained constant throughout all the experiments. The relative fre-

quency of the two competitors was calculated by counting 50 000 single cells. All measure-

ments were made in triplicate. Controls were performed to assess the level of false positives

and false negatives in GFP quantification. Both were shown to be negligible and constant

throughout independent daily measurements. For each competition assay, the selection coeffi-

cient of the non-GFP strain was determined from the slope of the regression ln [freqnonGFP/

freqGFP] plotted against the time course in generations [69]. Experiments were performed

twice with 6 replicates per experiment (data-sheet I in S1 Data). The fluorescent marker used

in the MG1656λatt::gfp strain had no cost when compared with the parental MG1656 strain

[36].

Quantitative Real-Time PCR

Total RNA was isolated from fecal pellets by using the PowerMicrobiome RNA Isolation Kit

(Mo Bio Laboratories, Inc., Carlsbad, CA, USA) and from 24-h-old-planktonic cultures using

the NucleoSpinRNA kit (Macherey-Nagel, Düren, Germany), according to the manufacturers’

instructions. RNA samples were treated with DNase (Turbo DNase; Ambion, Austin, TX,

USA). The quality, integrity and concentration of total prokaryotic RNA were evaluated with

an Agilent 2100 Bioanalyzer (Agilent, Böblingen, Germany). cDNA was synthesized with the

PrimeScript RT reagent kit (Perfect Real Time) (Takara, Otsu, Japan) according to the manu-

facturer’s instructions. qRT-PCR were performed on an Mx3005P apparatus (Stratagene-Agi-

lent Technologies, Inc., Santa Clara, CA, USA) in triplicate in a 25μl reaction mix with

PerfectaqPCR SuperMix (Quanta Biosciences, Gaithersburg, MD, USA), following the suppli-

er’s instructions, and with specific primers and Taqman probes for dinD, recN, sfiA, intI1
genes and the housekeeping gene dxs (S2 Table). The PCR cycling conditions consisted of one

cycle at 95˚C for 10 min, and 40 cycles at 95˚C for 30 sec and 60˚C for 1 min. The absolute

quantification of transcripts for dinD, recN, sfiA and intI1 genes was normalized to the abso-

lute quantification of the housekeeping gene dxs for each sample (at least three 24-h-old-

planktonic cultures or three mice per condition; data-sheets D, E and G in S1 Data). dxs is a

single-copy chromosomal E. coli gene encoding for D-1-deoxyxylulose 5-phosphate synthase

and it has been previously used for normalization [38,70].

Verification of the integrase gene integrity after ciprofloxacin treatment

Ten recombinant clones resistant to tobramycin and susceptible to chloramphenicol were

recovered from faeces of mice colonized with MG/intI1 strain and treated with ciprofloxacin.

Plasmid extractions were performed using the NucleoSpin mini kit (Macherey Nagel) and

pZE1intI1 plasmid was further isolated. The region encompassing the PintI1 promoter to the

end of intI1 gene was first amplified by PCR using primers ApXFP3 and pZE12rev (S2 Table)

PLOS GENETICS Activity of integron integrase in a mouse model

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010177 April 28, 2022 13 / 19

https://doi.org/10.1371/journal.pgen.1010177


with the PrimeSTAR Max DNA Polymerase (Takara) following the manufacturer’s instruc-

tions. PCR products were analysed by Sanger sequencing with primers ApXFP3, Int1LC18

and pZE12rev (S2 Table).

Statistical analysis

Differences in bacterial colonization and plasmid stability in the gut were determined using

the Student’s paired t test. Differences in recombination frequencies and quantification of

transcript levels were determined using the Mann-Whitney U test (comparing two groups).

Supporting information

S1 Fig. Recombination activity assay. (A) Description of pZE1 derivative plasmids: plasmid

pZE1 (control plasmid that did not carry the intI1 gene), plasmid pZE1intI1 (expression of

intI1 from the LexA-regulated (SOS-regulated) wild-type integrase promoter PintI1), and plas-

mid pZE1intI1� (constitutive expression of intI1 from the derepressed PintI1 carrying muta-

tions in the LexA-binding site (indicated by a black star) inhibiting LexA binding); (B)

Description of p6851 plasmid before (native p6851) and after recombination (Recombined

p6851). Native p6851 carries a constitutively expressed cat(T4) gene located between two attC
sites (attCaadA7 and attCVCR2), a PlacZ promoter upstream of attCaadA7 and the non-expressed

aac(6’)-Ib� gene downstream of attCVCR2. Recombined p6851 has lost the attCaadA7-cat(T4)-
attCVCR2 structure and allows the constitutive expression of the aac(6’)-Ib� gene from PlacZ.

For each plasmid, the resistance phenotype is indicated below in bold: bla, aphA3, cat(T4) and

aac(6’)-Ib� genes confer resistance to ampicillin (AmpR), kanamycin (KmR), chloramphenicol

(CmR) and tobramycin (TobraR) respectively. The integrase activity assay was performed as

previously described [24]. E. coli MG1656 cells were freshly electroporated simultaneously

with native p6851 plasmid and one of the pZE1-derivative. The assay is based on the

IntI1R32_H39 integron integrase capability to excise the synthetic cassette cat(T4)-attCVCR2 (car-

ried on native p6851) by catalysing the specific recombination between the attCaadA7 and

attCVCR2 sites, allowing functional aminoglycoside acetyltransferase-6’ synthesis that confers

selectable resistance to tobramycin (recombined p6851; expression of aac(6’)-Ib� from PlacZ
promoter). Integrase activity was determined as the frequency of recombinants calculated as

the ratio of the CFU/ml or CFU/g of faeces (respectively for in vitro and in vivo assays) on LB

+ Tobra to the CFU/ml or CFU/g of faeces on LB + Amp + Km.

(PDF)

S2 Fig. Emergence of tobramycin-resistant recombinants in the mouse gut. On day 0, two

groups of germ-free mice were inoculated with respectively 108 CFU of MG/intI1 (carrying

p6851 and pZE1intI1 allowing the expression of intI1 SOS-regulated, n = 4) (A) or MG/intI1�

(carrying p6851 and pZE1intI1� allowing the constitutive expression of intI1, n = 3) (B). Emer-

gence of tobramycin-resistant recombinants in the mouse gut was monitored by counting the

CFU/g of faeces on selective medium supplemented with tobramycin. Total bacterial popula-

tion carrying the two plasmids was monitored by counting the CFU/g of faeces on selective

medium supplemented with kanamycin (p6851) and ampicillin (pZE1intI1 and pZE1intI1�).

Symbols represent the average of the CFU/g of faeces per day and error bars indicate the SD.

(PDF)

S3 Fig. Fitness cost of native p6851 versus recombined p6851. Strain MG1656λatt::gfp carry-

ing the recombined p6851 plasmid was competed against strain MG1656 carrying the native

non-recombined p6851 in pairwise competition assays. The median selection coefficient of the

MG1656/native p6851 is represented by a black line (s = 0.002) and was not statistically
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different from zero (p = 0.62 using one Sample Wilcoxon signed rank test,) indicating that the

two strains had similar fitness. Data represent results of 12 independent competition assays.

(PDF)

S4 Fig. Effect of ciprofloxacin on bacterial survival, plasmid stability and emergence of

tobramycin-resistant recombinants in the mouse gut. On day 0, three germ-free mice were

inoculated with 108 CFU of MG/intI1 (carrying p6851 and pZE1intI1 allowing the expression

of intI1 SOS-regulated). Ciprofloxacin was added to the drinking water of mice on day 11 post

inoculation just after fecal sampling on that day. (A) Bacterial colonization in the mouse gut

was monitored by counting the CFU/g of faeces on non-selective medium (MG1656). Plasmid

stability was evaluated by counting the CFU/g of faeces on selective media supplemented with

kanamycin (p6851) or ampicillin (pZE1intI1). (B) Emergence of tobramycin-resistant recom-

binants in the mouse gut was monitored by counting the CFU/g of faeces on selective medium

supplemented with tobramycin. Total bacterial population carrying the two plasmids was

monitored by counting the CFU/g of faeces on selective medium supplemented with kanamy-

cin and ampicillin. Symbols represent the average of the CFU/g of faeces per day and error

bars indicate the SD. Differences were determined using the Student’s paired t test. �p< 0.05.

(PDF)

S1 Table. Ciprofloxacin concentration in mice faeces and its effect on bacterial survival in

the gut.

(DOCX)

S2 Table. Primers and probes used in this study.

(DOCX)

S1 Materials and Methods. Measurement of ciprofloxacin concentration in mice faeces.

(DOCX)

S1 Data. Raw data of bacterial counts, transcripts levels estimation, frequency of recombi-

nants estimation and fitness cost.

(XLSX)
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Uwajeneza, Sandra Da Re.

Methodology: Murielle Baltazar, Nadège Bourgeois-Nicolaos, William Couet, Florence Dou-

cet-Populaire, Marie-Cécile Ploy, Sandra Da Re.

PLOS GENETICS Activity of integron integrase in a mouse model

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010177 April 28, 2022 15 / 19

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010177.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010177.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010177.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010177.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010177.s008
https://doi.org/10.1371/journal.pgen.1010177


Project administration: Florence Doucet-Populaire, Marie-Cécile Ploy, Sandra Da Re.

Resources: Florence Doucet-Populaire, Marie-Cécile Ploy, Sandra Da Re.

Supervision: William Couet, Florence Doucet-Populaire, Marie-Cécile Ploy, Sandra Da Re.

Validation: Murielle Baltazar, Nadège Bourgeois-Nicolaos, William Couet, Florence Doucet-

Populaire, Sandra Da Re.

Visualization: Murielle Baltazar, Nadège Bourgeois-Nicolaos, Sandra Da Re.

Writing – original draft: Murielle Baltazar, Nadège Bourgeois-Nicolaos, Sandra Da Re.

Writing – review & editing: Murielle Baltazar, Nadège Bourgeois-Nicolaos, William Couet,

Florence Doucet-Populaire, Marie-Cécile Ploy, Sandra Da Re.

References
1. Davies J, Davies D. Origins and evolution of antibiotic resistance. Microbiol Mol Biol Rev 2010; 74:417–

33. https://doi.org/10.1128/MMBR.00016-10 PMID: 20805405

2. Michael CA, Dominey-Howes D, Labbate M. The antimicrobial resistance crisis: causes, conse-

quences, and management. Front Public Health 2014; 2:145. https://doi.org/10.3389/fpubh.2014.

00145 PMID: 25279369

3. Baquero F, Martinez JL, Canton R. Antibiotics and antibiotic resistance in water environments. Curr

Opin Biotechnol 2008; 19:260–5. https://doi.org/10.1016/j.copbio.2008.05.006 PMID: 18534838

4. Nesme J, Simonet P. The soil resistome: a critical review on antibiotic resistance origins, ecology and

dissemination potential in telluric bacteria. Env Microbiol 2015; 17:913–30. https://doi.org/10.1111/

1462-2920.12631 PMID: 25286745

5. Perry JA, Westman EL, Wright GD. The antibiotic resistome: what’s new? Curr Opin Microbiol 2014;

21:45–50. https://doi.org/10.1016/j.mib.2014.09.002 PMID: 25280222

6. van Schaik W. The human gut resistome. Philos Trans R Soc Lond B Biol Sci 2015; 370:20140087.

https://doi.org/10.1098/rstb.2014.0087 PMID: 25918444

7. Hu Y, Yang X, Qin J, Lu N, Cheng G, Wu N, et al. Metagenome-wide analysis of antibiotic resistance

genes in a large cohort of human gut microbiota. Nat Commun 2013; 4:2151. https://doi.org/10.1038/

ncomms3151 PMID: 23877117

8. Sommer MO, Dantas G, Church GM. Functional characterization of the antibiotic resistance reservoir in

the human microflora. Science 2009; 325:1128–31. https://doi.org/10.1126/science.1176950 PMID:

19713526

9. Penders J, Stobberingh EE, Savelkoul PH, Wolffs PF. The human microbiome as a reservoir of antimi-

crobial resistance. Front Microbiol 2013; 4:87. https://doi.org/10.3389/fmicb.2013.00087 PMID:

23616784

10. Salyers A, Shoemaker NB. Reservoirs of antibiotic resistance genes. Anim Biotechnol 2006; 17:137–

46. https://doi.org/10.1080/10495390600957076 PMID: 17127525

11. Bourgeois-Nicolaos N, Moubareck C, Mangeney N, Butel M-J, Doucet-Populaire F. Comparative study

of vanA gene transfer from Enterococcus faecium to Enterococcus faecalis and to Enterococcus fae-

cium in the intestine of mice. FEMS Microbiol Lett 2006; 254:27–33. https://doi.org/10.1111/j.1574-

6968.2005.00004.x PMID: 16451175

12. Doucet-Populaire F, Trieu-Cuot P, Andremont A, Courvalin P. Conjugal transfer of plasmid DNA from

Enterococcus faecalis to Escherichia coli in digestive tracts of gnotobiotic mice. Antimicrob Agents Che-

mother 1992; 36:502–4. https://doi.org/10.1128/AAC.36.2.502 PMID: 1605622

13. Lester CH, Frimodt-Moller N, Sorensen TL, Monnet DL, Hammerum AM. In vivo transfer of the vanA

resistance gene from an Enterococcus faecium isolate of animal origin to an E. faecium isolate of

human origin in the intestines of human volunteers. Antimicrob Agents Chemother 2006; 50:596–9.

https://doi.org/10.1128/AAC.50.2.596-599.2006 PMID: 16436715

14. Moubareck C, Lecso M, Pinloche E, Butel MJ, Doucet-Populaire F. Inhibitory Impact of Bifidobacteria

on the Transfer of β-Lactam Resistance among Enterobacteriaceae in the Gnotobiotic Mouse Digestive

Tract. Appl Environ Microbiol 2007; 73:855–60. https://doi.org/10.1128/AEM.02001-06 PMID:

17122392

PLOS GENETICS Activity of integron integrase in a mouse model

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010177 April 28, 2022 16 / 19

https://doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
https://doi.org/10.3389/fpubh.2014.00145
https://doi.org/10.3389/fpubh.2014.00145
http://www.ncbi.nlm.nih.gov/pubmed/25279369
https://doi.org/10.1016/j.copbio.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18534838
https://doi.org/10.1111/1462-2920.12631
https://doi.org/10.1111/1462-2920.12631
http://www.ncbi.nlm.nih.gov/pubmed/25286745
https://doi.org/10.1016/j.mib.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25280222
https://doi.org/10.1098/rstb.2014.0087
http://www.ncbi.nlm.nih.gov/pubmed/25918444
https://doi.org/10.1038/ncomms3151
https://doi.org/10.1038/ncomms3151
http://www.ncbi.nlm.nih.gov/pubmed/23877117
https://doi.org/10.1126/science.1176950
http://www.ncbi.nlm.nih.gov/pubmed/19713526
https://doi.org/10.3389/fmicb.2013.00087
http://www.ncbi.nlm.nih.gov/pubmed/23616784
https://doi.org/10.1080/10495390600957076
http://www.ncbi.nlm.nih.gov/pubmed/17127525
https://doi.org/10.1111/j.1574-6968.2005.00004.x
https://doi.org/10.1111/j.1574-6968.2005.00004.x
http://www.ncbi.nlm.nih.gov/pubmed/16451175
https://doi.org/10.1128/AAC.36.2.502
http://www.ncbi.nlm.nih.gov/pubmed/1605622
https://doi.org/10.1128/AAC.50.2.596-599.2006
http://www.ncbi.nlm.nih.gov/pubmed/16436715
https://doi.org/10.1128/AEM.02001-06
http://www.ncbi.nlm.nih.gov/pubmed/17122392
https://doi.org/10.1371/journal.pgen.1010177


15. Karami N, Martner A, Enne VI, Swerkersson S, Adlerberth I, Wold AE. Transfer of an ampicillin resis-

tance gene between two Escherichia coli strains in the bowel microbiota of an infant treated with antibi-

otics. J Antimicrob Chemother 2007; 60:1142–5. https://doi.org/10.1093/jac/dkm327 PMID: 17768176

16. Partridge SR, Tsafnat G, Coiera E, Iredell JR. Gene cassettes and cassette arrays in mobile resistance

integrons. FEMS Microbiol Rev 2009; 33:757–84. https://doi.org/10.1111/j.1574-6976.2009.00175.x

PMID: 19416365

17. Stokes HW, Hall RM. A novel family of potentially mobile DNA elements encoding site-specific gene-

integration functions: integrons. Mol Microbiol 1989; 3:1669–83. https://doi.org/10.1111/j.1365-2958.

1989.tb00153.x PMID: 2560119

18. Boucher Y, Labbate M, Koenig JE, Stokes HW. Integrons: mobilizable platforms that promote genetic

diversity in bacteria. Trends Microbiol 2007; 15:301–9. https://doi.org/10.1016/j.tim.2007.05.004 PMID:

17566739

19. Cury J, Jove T, Touchon M, Neron B, Rocha EP. Identification and analysis of integrons and cassette

arrays in bacterial genomes. Nucleic Acids Res 2016; 44:4539–50. https://doi.org/10.1093/nar/gkw319

PMID: 27130947

20. Mazel D. Integrons: agents of bacterial evolution. Nat Rev Microbiol 2006; 4:608–20. https://doi.org/10.

1038/nrmicro1462 PMID: 16845431

21. Collis CM, Grammaticopoulos G, Briton J, Stokes H w., Hall RM. Site-specific insertion of gene cas-

settes into integrons. Mol Microbiol 1993; 9:41–52. https://doi.org/10.1111/j.1365-2958.1993.tb01667.x

PMID: 8412670

22. Collis CM, Hall RM. Site-specific deletion and rearrangement of integron insert genes catalyzed by the

integron DNA integrase. J Bacteriol 1992; 174:1574–85. https://doi.org/10.1128/jb.174.5.1574-1585.

1992 PMID: 1311297

23. Escudero JA, Loot C, Nivina A, Mazel D. The Integron: Adaptation On Demand. Microbiol Spectr 2015;

3:MDNA3-0019–2014. https://doi.org/10.1128/microbiolspec.MDNA3-0019-2014 PMID: 26104695

24. Guerin E, Cambray G, Sanchez-Alberola N, Campoy S, Erill I, Da Re S, et al. The SOS response con-

trols integron recombination. Science 2009; 324:1034. https://doi.org/10.1126/science.1172914 PMID:

19460999
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