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A B S T R A C T   

Due to possible cross-contamination of animal feedstuff with antibiotics, food-producing animals may be exposed 
to undesirable low concentrations of antimicrobials. These sub-therapeutic levels of antibiotics can lead to the 
selection of resistant bacteria in the animal gut. The goal of this study was to assess, through analysis of the 
faeces of treated and control pigs, the risk of resistant E. coli being selected after daily exposure for three weeks to 
feed contaminated with oxytetracycline at 1% of the therapeutic dose. Liquid Chromatography coupled to 
tandem Mass Spectrometry was used to determine the oxytetracycline concentrations in faecal samples. In the 
treated group, concentrations were in the range of 4481.9 – 8671.2 µg/kg. In the control group, these concen-
trations were either below the method’s limit of quantification or up to 60.5 µg/kg. After a transient increase in 
resistance in both groups, microbiological analysis showed that the treated group had a significantly higher 
oxytetracycline resistance rate by the end of the study than the control group (p < 0.001). Furthermore, the 
treated animals were found to select co-resistances to nalidixic acid and ampicillin. Finally, at tolerated antibiotic 
contamination levels of feed, the treated group had a higher proportion of multidrug-resistant isolates at the end 
of the study than the control one (p < 0.05). The present study demonstrates that, at the tolerated contamination 
rates, both antimicrobial resistance and multidrug-resistant bacteria can be selected and evidenced in the gut 
microbiota.   

1. Introduction 

Antimicrobial resistance is currently a major issue that concerns both 
animal and human health. Even though the use of antibiotics as growth 
promoters in food-producing animals has been banned in the European 
Union since 2006 (European Commission, 2003), and despite the pub-
lication of guidelines for their proper use in veterinary medicine (World 
Health Organization, 2017), the potential presence of antimicrobials in 
animal feedstuff due to cross-contamination is a real concern. Indeed, 
because production lines are used both for medicated and 
non-medicated animal feedstuff, there may be a carry-over, leading to 
the unintended presence of trace antimicrobials in feed. This contami-
nation, which appears unavoidable, can occur not only during feed 
fabrication, but also during transportation or storage either at the feed 

mill or on the farm (Borràs et al. 2011; Stolker et al. 2013; Filippitzi et al. 
2016). This problem has already been reported in several studies that 
have demonstrated the undesirable presence of low concentrations of 
antibiotics in animal feedstuff (Lynas et al. 1998; Robert et al. 2016; 
Gaugain et al. 2020; Przeniosło-Siwczyńska et al. 2020). 

In France, cross-contamination of feed with antibiotics is regulated 
by the Good Manufacturing Practices published by the Ministry of 
Agriculture and Fisheries. This document establishes a maximum 
contamination rate of 5% for the first batch following production of 
medicated feed, and 1% for the next one (French Ministry of Agriculture 
and Fisheries. 2007). 

Between 2017 and 2018, monitoring plans were carried out in 
France during which 100 pig, poultry and rabbit feed samples were 
collected each year from different farms and analysed for 11 

* Corresponding author. 
E-mail address: agnes.perrin-guyomard@anses.fr (A. Perrin-Guyomard).  

Contents lists available at ScienceDirect 

Veterinary Microbiology 

journal homepage: www.elsevier.com/locate/vetmic 

https://doi.org/10.1016/j.vetmic.2023.109924 
Received 29 June 2023; Received in revised form 18 October 2023; Accepted 20 November 2023   

mailto:agnes.perrin-guyomard@anses.fr
www.sciencedirect.com/science/journal/03781135
https://www.elsevier.com/locate/vetmic
https://doi.org/10.1016/j.vetmic.2023.109924
https://doi.org/10.1016/j.vetmic.2023.109924
https://doi.org/10.1016/j.vetmic.2023.109924
http://creativecommons.org/licenses/by/4.0/


Veterinary Microbiology 287 (2023) 109924

2

antimicrobials. The most frequently found antibiotics were oxytetracy-
cline, sulfadiazine and sulphadimethoxine (Gaugain et al. 2020). 

The exposure of animals to contaminated feed may lead to the 
presence of antimicrobial residues in food of animal origin, even 
possibly to levels above the maximum residue levels (MRLs) for some 
antibiotics. Furthermore, the consumption of low antibiotic concentra-
tions by animals can play an important role in the selection of resistant 
bacteria in the gut microbiota. 

It is well known that therapeutic concentrations of antibiotics can 
select for resistant bacteria. However, literature on how sub-therapeutic 
levels of antimicrobials can also select for resistant mutants is still scarce 
(EFSA. 2021). 

Some studies have demonstrated in vitro that levels of antibiotics 
under the minimum inhibitory concentration (MIC) can select Escher-
ichia coli, Salmonella enterica or Pseudomonas aeruginosa (Gullberg et al. 
2011; Jørgensen et al. 2013; Gullberg et al. 2014; Peeters et al. 2018; 
Moore et al. 2021), or can lead in vivo to specific selection in the 
gastrointestinal bacterial populations of pigs (Holman and Chénier 
2013; Lin et al. 2017). 

Recently, the European Food Safety Authority (EFSA) developed 
different approaches to predict the antimicrobial levels in non- 
medicated feed that would not result in the emergence and/or selec-
tion of resistance. However, these approaches are based on the very 
limited data available on the specific link between a low concentration 
of antimicrobial in feed and the selection and development of resistance 
to antibiotics relevant for human and animal health in the gut micro-
biota of animals (EFSA. 2021). Therefore, the goal of this study was to 
produce new in vivo data in order to evaluate the risk of selection of 
antimicrobial resistance in pig intestinal microbiota after exposure to 
feed contaminated with low concentrations of oxytetracycline. 

2. Materials and methods 

2.1. Animal study design and sample collection 

An animal study, approved by the French Committee on Animal 
Research and Ethics, was carried out with 12 pigs. Specific-pathogen- 
free (SPF) pigs were provided by ANSES’s Ploufragan laboratory 
(France). The pigs were randomly divided into two groups of six animals 
each: a control group and a treated one. To avoid any design bias, both 
groups were housed in the same room, and all the animals belonging to 
the same group were kept together in the same box. For 18 days, the 
treated group received feed contaminated with an oxytetracycline 
(OTC) premix (OTC 40-CR from Huvepharma, Segré-en-Anjou Bleu, 
France) at a concentration corresponding to 1% of the recommended 
therapeutic dose (i.e. 0.25 g premix/kg feed/day). This dose is tolerated 
by the Good Manufacturing Practices for animal feed production 
(French Ministry of Agriculture and Fisheries. 2007). Hence, the 
administered dose was 10 mg of OTC/kg of feed per day (i.e. 0.5 mg/kg 
body weight/day). Feed intake was monitored and corresponded to 50 g 
per kg of body weight per day and the daily dose was divided into two 
administrations. Finally, in order to adjust the administered dose of 
premix and the amount of feed required, the animals were weighed 
every week and the mean of these values was used to adapt the quan-
tities accordingly. 

Faeces from each animal were sampled after spontaneous defecation 
four days before the treatment (T0), and four times during the 3-week 
OTC treatment (on days 3, 7, 10 and 17 after the first day of OTC 
administration, i.e. T1, T2, T3 and T4). The fresh faecal samples were 
processed as follows: 5 ± 0.5 g was weighed and diluted to 1:10 by 
adding 45 ml of 0.9% saline solution (Labocea, Fougères, France) con-
taining 10% of glycerol (Dutscher, Bernolsheim, France). These samples 
were homogenised with a Stomacher® and the filtered suspensions were 
stored at − 80 ◦C before microbiological analysis. The remaining faecal 
samples were stored at − 80 ◦C before the extraction and OTC assay. 

2.2. Microbiological analysis 

2.2.1. Enumeration of total and resistant E. coli populations and assessment 
of the resistance rate 

The fresh faecal samples were serially diluted in saline solution to 
obtain 10− 2 and 10− 4 dilutions. Fifty µl of both dilutions in addition to 
the original (undiluted) samples was inoculated in duplicate with the 
Eddy Jet spiral automatic plater (IUL S.A., Barcelona, Spain) onto 
MacConkey agar (Labocea, Fougères, France) plates that contained 
either no antibiotic or OTC at 8 µg/ml. This OTC concentration corre-
sponds to the epidemiological cut-off value (ECOFF) established by the 
European Committee on Antimicrobial Susceptibility Testing (EUCAST) 
that allows a distinction to be made between a wild-type (WT) and non- 
wild type (NWT) (‘microbiological’ resistant) microorganism (http:// 
www.eucast.org, last accessed 09/11/2022). Samples were then incu-
bated at 44 ◦C for 18–24 h. After incubation, presumptive E. coli colonies 
were counted with the SphereFlash® automatic colony counter (IUL S. 
A., Barcelona, Spain) to estimate the total population and the NWT 
population. The OTC resistance rate, being the NWT/Total ratio be-
tween the mean of NWT E.coli colonies from plates containing OTC and 
the mean of total E.coli colonies from plates with no antibiotic was 
calculated for each pig. The mean of all NWT/Total ratios was then 
calculated in order to assess the OTC resistance rate in each group at 
each time point. 

2.2.2. MIC determination and antimicrobial susceptibility testing 
Six colonies of presumptive E. coli were randomly selected and sub- 

cultured from each antibiotic-free MacConkey agar plate on Brilliance™ 
agar plates (Thermo Fisher Scientific, Illkirch-Graffenstaden, France) for 
purification. Isolates were stored at − 80 ◦C until further analysis. The 
minimum inhibitory concentration of amikacin (AMK), ampicillin 
(AMP), azithromycin (AZM), cefotaxime (CTX), ceftazidime (CAZ), 
chloramphenicol (CHL), ciprofloxacin (CIP), colistin (COL), gentamicin 
(GEN), meropenem (MEM), nalidixic acid (NAL), sulfamethoxazole 
(SMX), tetracycline (TET), tigecycline (TIG) and trimethoprim (TMP) 
was assessed for each isolate by broth micro-dilution, using EUVSEC3 
Sensititre™ EU Surveillance Plates (ThermoFisher Scientific, Illkirch- 
Graffenstaden, France). Antimicrobial susceptibility was assessed 
using the ECOFF value and the colonies were classified as WT/NWT. 
Multidrug-resistant (MDR) isolates, i.e. isolates resistant to at least three 
of the antimicrobial classes described above, were enumerated. Resis-
tance to both CTX and CAZ and to both CIP and NAL are, respectively, 
addressed together. 

2.2.3. Determination of the phylogenetic groups 
A heat shock method was used to extract DNA from the six isolates 

from each animal at each sampling time. The phylogenetic group was 
then assigned by PCR according to Clermont et al. (2013) ( Fig. 1). 

2.3. Faecal extraction and LC-MS/MS analysis 

In order to quantify the concentrations of OTC in faecal samples, a 
solid phase extraction (SPE) followed by LC-MS/MS analysis was per-
formed as previously described (Santos-Santórum Suárez et al. 2022). 
The method’s lower limit of quantification (LLOQ) was 20 µg/kg. 

2.4. Statistical tests 

A two-way analysis of variance (ANOVA) was used to determine 
whether the treatment and the time had a significant impact on the OTC 
resistance rate among the E. coli population. The interaction between 
treatment and time was also assessed. Logistic regression models were 
then developed based on the antimicrobial susceptibility of the isolates 
(MICs) and their classification into WT or NWT. The goal of these models 
was to evaluate the potential effect of treatment and time on the selec-
tion of co-resistances, as well as to analyse MDR profiles. Like for the 
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ANOVA, the interaction was tested. Fisher’s exact test was also per-
formed in order to compare the proportion of resistant isolates between 
both groups at T0 and T4. 

A repeated measures ANOVA (RM-ANOVA) was performed so as to 
compare OTC concentrations in faeces between the treated animals and 
over time. 

All the tests were performed with GraphPad Prism software (version 
9.4.0) and R software (version 4.1.2). A p-value of 0.05 was taken as the 
limit of significance. 

3. Results 

3.1. Microbiological analysis 

3.1.1. Total E. coli faecal population 
Before the beginning of the treatment (T0), the mean total E. coli 

faecal population was of 6.7 log10 CFU/g in the treated group and 7.02 
log10 CFU/g in the control one. They were not significatively different 
(p > 0.05). Nine days after arrival (between T0 and T1), all the pigs, but 
especially those belonging to the control group, had diarrhoea symp-
toms for four days. The presence of Rotavirus was verified but the test 
was negative for all the animals. At T1, the E. coli population in the 
control group significantly increased to 8.93 log10 CFU/g (p < 0.05 
when compared with T0), while it remained stable in the treated group 
(7.56 log10 CFU/g, p > 0.05 when compared with T0), leading to 
significantly different concentrations between control and treated ani-
mals (p < 0.05). From T2 onwards (after the diarrhoea episode), the 
faecal E. coli population returned to its initial level in the control animals 
and remained stable in both groups until the end of the experiment, with 
no significant differences between the two groups (p > 0.05). . 

3.1.2. Oxytetracycline resistance rate in the E. coli faecal population 
Before the beginning of the treatment, both treated and control 

groups had a low OTC resistance rate in the faecal E. coli population (a 
mean ratio of 0.078 ± 0.03 in the treated group, and of 0.248 ± 0.32 in 
the control group, see Fig. 3) but with great variability between pigs. As 
for the total E. coli population, this resistance rate briefly increased in 
the control group, reaching 0.818 at T1 without significance when 
compared with T0 (p > 0.05). A huge drop was then observed between 
T1 and T2 to reach a low resistance rate (0.078) which then stayed 
generally stable until the end of the experimental study. On the other 
hand, in the treated group, resistance rates constantly increased over the 
whole period, reaching a significant difference at T4 compared with T0 
(p < 0.01). At the end of the study, the difference in the OTC resistance 
rate in the two groups was also highly significant (p < 0.001), the rate 
being 0.893 in the treated group and 0.093 in the control group. The 

interaction between time and treatment was also significant 
(p < 0.001). 

3.1.3. Antimicrobial susceptibility testing and co-resistance assessment 
A total of 360 colonies were assessed for MIC testing (36 in each 

group at each time point). As shown in Fig. 4, a maximum of 11% of the 
colonies had an MIC to TET above the ECOFF in the control group taking 
the whole study into account, except for the transient event at T1, where 
100% of the colonies were resistant to tetracycline. In the treated group, 
the number of E. coli isolates with an MIC to TET above the ECOFF value 
(8 mg/L) increased to reach 83% of resistance at T4 (with the vast 
majority of isolates having a high MIC > 32 µg/ml), highlighting the 
treatment’s significant impact in selecting resistance to TET taking the 
whole study period into account (p < 0.001). The interaction between 
the group status and time was also significant (p < 0.001). 

In the case of NAL, although OTC treatment seemed to play a role in 
the selection of NAL resistance taking the whole study into account, no 
significant difference was observed at T4 between both groups 
(p > 0.05). In the control group, some of the isolated strains are less 
susceptible but not resistant at T1. 

In the control group, the number of E. coli resistant to AMP and TMP 
increased at T1 and decreased sharply at T2 and then regularly. The two 
distributions are not significantly different (p > 0.05) over the time 

Fig. 1. Schematic representation of the complete microbiological analysis. This figure was partly generated using Servier Medical Art, provided by Servier, licensed 
under a Creative Commons Attribution 3.0 unported licence. 

Fig. 2. Total faecal E. coli population count. T0 = day 4 before the beginning of 
the treatment; T1 = day 3 of treatment; T2 = day 7 of treatment; T3 = day 10 
of treatment; T4 = day 17 of treatment. * : p < 0.05 between T0 and T1 in the 
control group. #: p < 0.05 between the treated and the control group at T1. 
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exposure (p > 0.05). Nevertheless, a significant difference between both 
groups was observed at T4 for AMP (p < 0.05) while for TMP, this dif-
ference was very close to the limit of significance (p = 0.055). These 
differences were not present at the beginning of the study (p > 0.05). 

Conversely, the number of E. coli isolates resistant to chloramphen-
icol was significantly higher (p < 0.001) in the control group than in the 
treated group when considering the whole study period. However, there 
was no significant different at the end of the study between the two 
groups (p > 0.05). 

No significant differences between the control and treated groups 
were observed for CIP and SMX taking the whole period of study into 
account (p > 0.05, data not shown). 

Only one strain isolated from a treated animal was resistant to CTX 
(at T1) and only one from a control animal had an MIC to GEN above the 
ECOFF (at T4). No isolated E. coli resistant to AMK, AZM, CAZ, COL, 
MEM and TIG were observed during the treatment period in either of the 
two groups (data not shown). 

All MDR results are shown in Fig. 5. 
In the control group, only three of the isolated colonies were MDR 

before the beginning of the study (T0), all of them having a resistance 
profile corresponding to three antimicrobial families. On day 3, when 
the animals had diarrhoea, all the colonies were resistant to six different 
antibiotics with the same MDR profile, i.e. AMP-CHL-(fluoro)quinolone- 
SMX-TET-TMP resistances. On day 7, the number of MDR isolates 
decreased to seven and continued to decrease to five on day 10 and two 
at the end of the study. Between day 7 and day 17, all MDR isolates were 
resistant to three antimicrobial families. 

In the treated group, five of the E. coli isolates were MDR, before 
administration of OTC (T0), of which three were resistant to three an-
timicrobials and two were resistant to four families of antibiotics. On 
day 3 after the beginning of OTC administration (T1), the number of 
MDR colonies increased to 14, and more than half of them (11 isolates) 
were resistant to more than three different antimicrobials, the majority 
of which (8 of the 36 isolated E. coli colonies) had a resistance profile to 
six antibiotics. The number of MDR strains isolated on day 7 (T2) 
increased slightly (15), but isolated strains were mostly resistant to only 
three antibiotics. On day 10 (T3), the number of MDR E. coli continued 
to increase (20), with 14 strains resistant to three antibiotics, five 
resistant to four antibiotics and one resistant to five antibiotics. Finally, 
at the end of the study (day 17, T4), six of the colonies were resistant to 
three antimicrobial families and five were resistant to four classes of 

antibiotics. The most frequently observed MDR profiles were AMP- 
(fluoro)quinolone-TET at T0, AMP-CHL-(fluoro)quinolone-SMX-TET- 
TMP at T1, AMP-(fluoro)quinolone-TET at T2 and T3 and AMP-SMX- 
TET-TMP at T4. 

OTC administration had no significant impact in the selection of 
MDR profiles (p > 0.05) taking the whole study period into account. 
However, there was a significant difference in the proportion of MDR E. 
coli between both groups by the end of the study (p < 0.05, T4), in 
contrast to the beginning (T0) (p > 0.05). 

3.1.4. Phylogenetic group determination 
All the phylotyping results are shown in Fig. 6. At the beginning of 

the study (T0), E. coli isolates belonging to phylogroups A and B1 were 
dominant in the control group (19 and 11, respectively) and in the 
treated group (18 and 14, respectively). Phylogroups B2 and E were also 
identified in lower proportions among E. coli isolated from pigs in the 
control group (5 and 1, respectively) as were phylogroups B2, C and D 
from pigs in the treated group (1, 2 and 1, respectively). 

In the control animals, all the isolates belonged to group A at T1. This 
number then decreased between T2 and T4 to reach 18 colonies, the rest 
of the isolates belonging to phylogroup E (eight) phylogroup B1 (five) 
and phylogroup B2 (four). One isolate (out of 360) could not be assigned 
to any of the existing phylogroups. 

In the treated animal group, the amount of phylogroup A isolates 
decreased from 17 to eight from T1 to T3, while phylogroup B1 isolates 
increased from 15 to 22. At the end of the study, phylogroup A returned 
to a level similar to that at the start of the experiment (20 isolates) in the 
treated group, followed by phylogroup B1 (eight isolates) and phy-
logroup C (eight isolates). 

As shown in Fig. 7, all the MDR isolates belonged to phylogroups A, 
B1 or C. In isolates belonging to phylogroup A, the most common MDR 
profile was AMP-CHL-(fluoro)quinolone-SMX-TET-TMP resistances for 
both control and treated groups. For phylogroup B1, the most abundant 
MDR profile was AMP-(fluoro)quinolone-TET for the treated animals, 
while for the control ones the dominant profiles were AMP-CHL-TET and 
AMP-SMX-TMP, even though AMP-(fluoro)quinolone-TET resistances 
were also present. Finally, for phylogroup C the only observed MDR 
profile was AMP-SMX-TET-TMP, identified exclusively in the treated 
group. 

Fig. 3. Evolution of the average antimicrobial resistance rate to OTC in the E. coli faecal population over time in the treated and control groups. T0 = day 4 before 
the beginning of the treatment; T1 = day 3 of treatment; T2 = day 7 of treatment; T3 = day 10 of treatment; T4 = day 17 of treatment. * ** : p < 0.001 between T0 
and T1 in the treated group. ###: p < 0.001 between the treated and the control group at T4. 
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Fig. 4. Distribution of the minimum inhibitory concentrations (MICs) of tetracycline (A), nalidixic acid (B), ampicillin (C), trimethoprim (D) and chloramphenicol 
(E) in the treated and control groups over time. * =p < 0.05 * ** = p < 0.001 * ** *=p < 0.0001. 
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3.2. Oxytetracycline extraction and quantification by LC-MS/MS 

The concentrations of OTC in the faeces of animals at each sampling 
timepoint are shown in Table 1. Before the beginning of the treatment 
(T0), trace amounts of OTC were observed in the faecal samples of the 
treated group. Then, at T1 the faecal concentration of OTC increased and 
remained between 4481.9 and 8671.2 µg/kg until the end of the study. 
No significant difference was observed between the animals belonging 
to the treated group over time (p > 0.05). In the control group, the 
concentrations of OTC were below the LLOQ (20 µg/kg) before the 
beginning of the treatment (T0). Between T1 and T3, trace amounts of 
OTC were detected in the faecal samples from some of the control ani-
mals (less than 60 µg/kg), which then decreased and remained below 
the LLOQ again at T4. 

4. Discussion 

Cross-contamination by antibiotics could occur between medicated 
animal feedstuff to non-target feed. Maximum levels of cross- 
contamination are regulated by the Good Manufacturing Practices. 
The goal of this study was to evaluate the impact of these levels in the 
selection of antibiotic resistance in pigs exposed to a contaminated feed. 

The microbiological analysis performed on the faecal samples 
showed that, taking the whole study into account, there was no differ-
ence in the size of the total E. coli population between both treated and 
control groups over time, except for a transient episode of diarrhoea 
experienced by the animals in the control group and some of the treated 
ones. The illness, which could have been caused by the change in the 
animals’ environment or by their postweaning status (age), led to a 
perturbation in their microbiota, increasing both total and resistant 
E. coli populations in the control group. This kind of dysbiosis with an 
increase in Enterobacteriaceae associated with postweaning diarrhoea 
has already been reported previously (Dou et al. 2017). Furthermore, 
diarrhoea symptoms induced by pathogenic E. coli have already been 
reported in weaned pigs (Fairbrother et al. 2005; Tran et al. 2018). As 
this event affected both groups and all the animals were housed in the 
same room and thus living in the same conditions, a statistical com-
parison of the results is possible. 

The uninterrupted exposure of pigs to feed contaminated with OTC, 
hence to low antimicrobial concentrations in feed, resulted in a highly 
significant increase in the resistance rate to OTC (and thus to TET) of 
E. coli in the gut microbiota of treated animals. To our knowledge, no in 
vivo studies have previously demonstrated the selection of resistant 
E. coli after exposure to a tetracycline at subtherapeutic levels. Our 

Fig. 5. Multidrug resistance profile of the E. coli isolates. * =p < 0.05.  

Fig. 6. Distribution of E. coli isolates in the phylogroups.  
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results agree with what Holman and Chénier (Holman and Chénier 
2013) reported in their study: after exposure of pigs to subtherapeutic 
levels of tylosin, a significant increase in tylosin-resistant anaerobes was 
observed compared with the control group. Similarly, Lin et al. (Lin et al. 
2017) conducted an in vivo study in which they compared the effect of 
two antimicrobials (ceftiofur and enrofloxacin) at therapeutic and 
sub-therapeutic levels on E. coli gastrointestinal sub-populations in pigs. 
They observed that the groups treated with sub-therapeutic concentra-
tions of antibiotics showed significantly higher rates of resistant E. coli 
than the therapeutic or control groups. 

The LC-MS/MS analysis of faecal samples revealed relatively high 
concentrations (around 6000–7000 µg/kg) of OTC in the treated group 
compared with the control group. This agrees with what is described in 
the literature about OTC having low oral bioavailability and absorption 
(Mevius et al., 1986; Nielsen and Gyrd-Hansen, 1996). Using an ECOFF 
of 8000 µg/L, we could imagine that the gut’s bacterial population could 
be exposed to OTC concentrations below this epidemiological limit, 
especially if there is binding to the intestinal content, which occurs for 
tetracycline in humans (Ahn et al. 2018), and that this could increase the 
risk of selection of resistance. Moreover, in vitro competition ap-
proaches between isogenic susceptible and resistant bacteria have 
demonstrated that exposure to a range of antibiotic level between the 
Minimum Selective Concentration (MSC) and the MIC of the sensitive 
strain represents a sub-MIC selective window in which resistant bacteria 
have an advantage. Sensitive bacteria are still able to grow and thus a 
wider spectrum of resistant mutants can emerge. This means that 
sub-MIC doses of antibiotics can select for more stable mutants than high 

doses, i.e. these mutations are less likely to be reversed after exposure to 
the antibiotic. These mutations are likely to have a low fitness cost and 
would therefore be more stable, even in the absence of the antibiotic 
(Gullberg et al. 2011; Andersson and Hughes, 2014; Sandegren, 2014). 
Furthermore, these antibiotic residues could spread through the envi-
ronment, representing a risk for public health. In the control group, 
traces of OTC were detected between days 3 and 10, probably due to 
contamination in the boxes where the animals were located. However, 
these concentrations are negligible when compared with those found in 
the treated group (more than 150 times lower) and they did not lead to 
an increase in the resistance rate. 

In our conditions, due to the presence of very low levels of residues in 
the control group, we could also conclude that a low concentration 
around 20 µg/kg in faeces does not lead to resistance selection. 

Selection of resistance to the antimicrobial that was used is expected, 
but co-selection of resistance to other antibiotics can also occur when 
other AMR genes are located on the same genetic element than genes 
involved in OTC resistance. Interestingly, an increase in the resistance 
rate to antimicrobial drugs from other families, such as nalidixic acid 
and ampicillin, was also observed in the treated group, with a tendency 
also observed for trimethoprim. New studies should investigate this 
further. Similar results were observed by do V. Barroso et al. (do V. 
Barroso et al. 2022) in whose study co-resistance to doxycycline, 
cephalexin and kanamycin was selected after pigs’ exposure to sub-
therapeutic levels of a combination of colistin and tylosin in feed. 

In the present study, selection of co-resistances to other antimicro-
bial families led to selection of MDR E. coli in the treated group after 
three weeks of exposure to low concentrations of OTC when comparing 
to the control group. The results show that the exposure of animals to 
sub-MIC concentrations of an antibiotic via contaminated feed may not 
only select E. coli resistant to the administered antibiotic, but also to 
other families of antimicrobials such as sulphamides, penicillins, (flu-
oro)quinolones and diamynopyrimidines. These resistant bacteria may 
then be disseminated to humans or into the environment. 

Phylogenetic analysis showed that the most frequently identified 
groups were A and B1. Furthermore, all the resistant or MDR strains 
belonged to groups A, B1 or C, which suggests that these resistant E. coli 
isolates in the animal gut were commensal (Clermont et al. 2013). 
Moreover, in addition to having the same MDR profile, all the strains 
from the control group at T1 belonged to phylogroup A. This may mean 
that the diarrhoea symptoms led to dominance of a potential E. coli clone 

Fig. 7. Correlation between phylogenetic groups and the profile of multidrug-resistant isolates.  

Table 1 
Mean concentration and standard deviation of oxytetracycline in faeces (in µg/ 
kg) in the treated and control groups. LLOQ=lower limit of quantification.  

Day Treated group Control group 
Mean (µg/kg) ± standard 
deviation 

Mean (µg/kg) ± standard 
deviation 

T0 27.78 ± 11.25a <LLOQ 
T1 6491.95 ± 1430.6 24.12 ± 9.97a 

T2 7257.74 ± 1524.3 46.19 ± 12.11 
T3 6673.83 ± 317.6 23.36 ± 6.64a 

T4 6064.80 ± 1381.5 <LLOQ  

a Uncertainty of the results unknown because some of the samples are below 
the LLOQ 

C. Santos-Santórum Suárez et al.                                                                                                                                                                                                            



Veterinary Microbiology 287 (2023) 109924

8

in the gut microbiota or, on the contrary, this potential clone could have 
induced the disease (Denamur et al. 2021). Further sequencing studies 
should be performed to check whether these strains are clones or not. 

5. Conclusion 

The present study showed that the exposure of food-producing ani-
mals to feed cross-contaminated with OTC lead to the selection of OTC- 
resistant E. coli in the gut microbiota. Moreover, co-resistance may also 
be selected, leading to multidrug- resistance profiles. In addition, anti-
biotic residues can be disseminated in the environment through animal 
faeces. In conclusion, the results of this study showed that cross- 
contamination of animal feedstuff with antibiotics can aggravate the 
antimicrobial resistance problem, which is currently a major public 
health issue. 
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C. Santos-Santórum Suárez et al.                                                                                                                                                                                                            

http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref1
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref1
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref1
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref2
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref2
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref3
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref3
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref3
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref4
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref4
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref4
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref5
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref5
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref6
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref6
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref6
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref6
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref7
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref7
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref7
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref7
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref8
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref8
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref8
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref9
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref9
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref9
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref10
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref10
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref10
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref11
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref11
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref11
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref12
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref12
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref12
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref12
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref13
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref13
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref13
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref14
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref14
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref14
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref15
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref15
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref15
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref16
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref16
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref16
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref16
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref17
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref17
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref17
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref18
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref18
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref18
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref19
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref19
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref19
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref20
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref20
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref20
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref20
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref21
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref21
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref21
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref22
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref22
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref22
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref22
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref23
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref23
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref23
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref23
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref24
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref24
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref24
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref24
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref25
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref25
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref26
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref26
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref26
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref26
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref26
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref26
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref27
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref27
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref27
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref27
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref28
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref28
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref28
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref29
http://refhub.elsevier.com/S0378-1135(23)00278-X/sbref29

	Selection of antibiotic resistance in pigs after exposure to feed cross-contaminated with oxytetracycline
	1 Introduction
	2 Materials and methods
	2.1 Animal study design and sample collection
	2.2 Microbiological analysis
	2.2.1 Enumeration of total and resistant E. coli populations and assessment of the resistance rate
	2.2.2 MIC determination and antimicrobial susceptibility testing
	2.2.3 Determination of the phylogenetic groups

	2.3 Faecal extraction and LC-MS/MS analysis
	2.4 Statistical tests

	3 Results
	3.1 Microbiological analysis
	3.1.1 Total E. coli faecal population
	3.1.2 Oxytetracycline resistance rate in the E. coli faecal population
	3.1.3 Antimicrobial susceptibility testing and co-resistance assessment
	3.1.4 Phylogenetic group determination

	3.2 Oxytetracycline extraction and quantification by LC-MS/MS

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References


