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ABSTRACT This study describes the results of a randomized clinical trial investigat-
ing the effect of oxytetracycline treatment dose and mode of administration on the
selection of antibiotic-resistant coliform bacteria in fecal samples from nursery pigs.
Nursery pigs (pigs of 4 to 7 weeks of age) in five pig herds were treated with
oxytetracycline for Lawsonia intracellularis-induced diarrhea. Each group was ran-
domly allocated to one of five treatment groups: oral flock treatment with a (i) high
(20 mg/kg of body weight), (ii) medium (10 mg/kg), or (iii) low (5 mg/kg) dose, (iv)
oral pen-wise (small-group) treatment (10 mg/kg), and (v) individual intramuscular
injection treatment (10 mg/kg). All groups were treated once a day for 5 days. In all
groups, treatment caused a rise in the numbers and proportions of tetracycline-
resistant coliform bacteria right after treatment, followed by a significant drop by the
time that the pigs left the nursery unit. The counts and proportions of tetracycline-
resistant coliforms did not vary significantly between treatment groups, except im-
mediately after treatment, when the highest treatment dose resulted in the highest
number of resistant coliforms. A control group treated with tiamulin did not show
significant changes in the numbers or proportions of tetracycline-resistant coliforms.
Selection for tetracycline-resistant coliforms was significantly correlated to selection
for ampicillin- and sulfonamide-resistant strains but not to selection for cefotaxime-
resistant strains. In conclusion, the difference in the dose of oxytetracycline and the
way in which the drug was applied did not cause significantly different levels of se-
lection of tetracycline-resistant coliform bacteria under the conditions tested.

IMPORTANCE Antimicrobial resistance is a global threat to human health. Treatment
of livestock with antimicrobials has a direct impact on this problem, and there is a
need to improve the ways that we use antimicrobials in livestock production. We
hypothesized that antibiotic resistance development following treatment of diarrhea
in nursery pigs could be reduced either by lowering the dose of oxytetracycline or
by replacing the commonly used practice of flock treatment with individual or small-
group treatments, since this would reduce the number of pigs treated. However, the
study showed no significant difference between treatment groups with respect to
the number or proportion of tetracycline-resistant coliforms selected. The most im-
portant conclusion is that under practical field conditions, there will be no added
value, in terms of lowering resistance development, by exchanging flock treatment
for individual or small-group treatment of nursery pigs. The reason for the lack of an

Received 5 March 2017 Accepted 3 April
2017

Accepted manuscript posted online 7 April
2017

Citation Græsbøll K, Damborg P, Mellerup A,
Herrero-Fresno A, Larsen I, Holm A, Nielsen JP,
Christiansen LE, Angen Ø, Ahmed S, Folkesson
A, Olsen JE. 2017. Effect of tetracycline dose
and treatment mode on selection of resistant
coliform bacteria in nursery pigs. Appl Environ
Microbiol 83:e00538-17. https://doi.org/10
.1128/AEM.00538-17.

Editor Andrew J. McBain, University of
Manchester

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to John Elmerdahl
Olsen, jeo@sund.ku.dk.

* Present address: Øystein Angen, Statens
Serum Institut, Copenhagen, Denmark.

K.G., P.D., and A.M. contributed equally to the
article.

PUBLIC AND ENVIRONMENTAL
HEALTH MICROBIOLOGY

crossm

June 2017 Volume 83 Issue 12 e00538-17 aem.asm.org 1Applied and Environmental Microbiology

http://orcid.org/0000-0002-2175-830X
http://orcid.org/0000-0001-6225-6587
https://doi.org/10.1128/AEM.00538-17
https://doi.org/10.1128/AEM.00538-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:jeo@sund.ku.dk
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00538-17&domain=pdf&date_stamp=2017-4-7
http://aem.asm.org


effect of single-animal treatment is probably that such animals share the environ-
ment with treated animals and take up resistant bacteria from the environment.

KEYWORDS dose, flock treatment, nursery pigs, tetracyclines

Antibiotic-resistant bacteria are a recognized threat to public health. They cause
increased mortality from infectious diseases (1) and a higher cost of treatment due

to the prolonged recovery time and the need for the use of more expensive antibiotics,
and they increase the need for and the cost of biosecurity in hospitals (2). The same is
true in veterinary medicine, where resistant bacteria increase the cost of treatment and
may lead to animal welfare problems due to unsuccessful treatments (3, 4). For these
reasons, it is important to reduce the factors that result in the selection of antibiotic-
resistant bacteria as much as possible.

Antibiotic resistance in the animal sector can reach humans through the food
chain, through the environment, and by direct and indirect contact with animals
and animal products (5, 6). While antibiotic-resistant pathogenic bacteria are the
immediate threat, antibiotic resistance in the commensal bacteria of food animals
is considered a reservoir of antibiotic resistance genes that may aggravate the
problem (7). For example, surveillance results show rates of tetracycline resistance
of 36% in commensal Escherichia coli strains from pigs in Denmark (8). Thus, the
minimization of resistance in the commensal flora of food animals may be impor-
tant in order to reduce the risk to human health from the use of antibiotics in the
livestock industry.

Enteric disease is very common in industrial pig production, especially during the
nursery period (9). As a consequence, the highest single indication for treatment with
antibiotics in the Danish livestock industry is diarrhea in pigs during the nursery period,
and 42% of total antibiotic use for pigs in Denmark is for this indication, with tetracyclines
being the drug class used the most often (8). In order to reduce the total amount of
antibiotics used in the pig industry, it is important to find more intelligent ways to treat
enteric diseases during the nursery period.

Treatment of diarrhea in nursery pigs is often carried out using oral flock treatment
(also referred to here as a batch treatment), where a full section of pigs is treated with
antibiotic in the feed or water when disease is seen in a prefixed proportion of the
population. The justification for this approach is that apparently healthy animals in
close proximity to diseased individuals are likely to be subclinically infected and will
progress to develop clinical disease (10, 11). This batch treatment regimen exposes the
commensal intestinal flora of all pigs to a selective pressure, which is presumed to
increase the total amount of resistant bacteria on farms significantly compared to the
amount obtained by treatment of individual pigs (12, 13). However, to the authors’
knowledge, this has not been investigated under field conditions.

Apart from the treatment regimen (flock treatment versus individual treatment),
the selection of antibiotic-resistant bacteria is influenced by factors such as the
treatment dose (14, 15), the number of animals housed together (16), and other
management factors (17–21). Among these factors, mathematical modeling sug-
gests that dose may play a particularly important role in the selection of resistant
coliform bacteria following tetracycline treatment (22). Such modeling predicts that
the consumption of high doses of antibiotics is positively correlated with a subse-
quent high proportion of resistant fecal coliforms and with a longer time for the
proportion of resistant bacteria to nonresistant bacteria to return to the pretreat-
ment equilibrium.

The aim of the present study was to determine the effect of five different oxytet-
racycline (OTC) treatment regimens with various doses and various modes of treatment
on the occurrence of antibiotic-resistant coliform bacteria in nursery pigs in a random-
ized clinical field trial.
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RESULTS
Effect of treatment dose and treatment regimens with OTC on selection of

tetracycline-resistant coliform bacteria. In total, 224 pigs received a high dose (HD)
as a flock treatment, 241 pigs received a normal dose (ND) as a flock treatment, and 224
pigs received a low dose (LD) as a flock treatment. A total of 241 pigs belonged to the
pen-wise (PW) treatment group, and 221 pigs belonged to the individual intramuscular
(i.m.) treatment group. In total, samples from 1,167 animals were analyzed (Table 1).

The method used to count the bacteria consisted of culture on MacConkey agar
with added tetracycline. In order to validate that this method distinguished between
tetracycline-resistant and tetracycline-sensitive coliform bacteria, 49 coliform strains
were plated on agar with and without antimicrobials. The number of CFU of cultures of
sensitive strains was 7.0 � 0.5 log10 units lower on plates containing tetracycline than
on plates not containing antibiotic, and only one strain showed colonies. The corre-
sponding value for resistant strains was a difference of 0.3 � 0.5 log10 units, and all
strains showed colonies (see Fig. S1 in the supplemental material).

Effect of OTC dose on selection of tetracycline-resistant coliform bacteria. As
can be seen from Fig. 1, the variation in the log10 number of CFU per gram of
tetracycline-resistant coliforms between pigs was large in all groups at all time points.
The average number of coliform bacteria and tetracycline-resistant coliform bacteria
did not differ significantly between groups before the initiation of treatment (time
point 1 [T1]) (Fig. 1 and S2). On average, pigs carried 6.0 � 0.8 log10 CFU/g total coliform
bacteria and 5.5 � 0.9 log10 CFU/g tetracycline-resistant coliform bacteria at T1.
Treatment irrespective of dose caused a significant rise in the number of tetracycline-
resistant coliforms 2 days after the end of treatment (time point 2 [T2]), followed by a
significant drop toward the time when pigs left the nursery unit (time point 3 [T3])
(paired one-sided t test, P � 0.0005). The rise from T1 to T2 was the highest in the HD
group. In all three dose groups, the average log10 number of CFU per gram of
tetracycline-resistant coliform bacteria at slaughter was significantly below the value at
T1 (paired one-sided t test, P � 0.05). The proportions of tetracycline-resistant coliforms
also increased significantly in all groups following treatment (paired one-sided t test,
P � 0.005) but dropped to below the starting point at 1 to 7 days before slaughter (time
point 4 [T4]) (Fig. 2). The difference between the proportions at T1 and T4, however, was
not significant.

We analyzed the overall effect of the treatment dose on the change in the propor-
tion of tetracycline-resistant coliforms between T1 and T3 using a mixed linear model.
In this analysis, farm was included as a fixed effect and batch was included as a random
effect. We found no significant effect of treatment dose. The only significant effect in
the model was the random effect of batch.

Effect of treatment mode on selection of tetracycline-resistant coliform bacte-
ria. The use of the PW or i.m. treatment strategy with the aim to treat fewer pigs than
the number treated during flock treatment did not significantly affect the number of

TABLE 1 Overview of number of pigs in each treatment group included in the study and distributed on five participating farmsa

Farm

No. of pigs receiving the following treatment:

Oral batch treatment Oral PW treatment Individual i.m. injection treatment

HD ND LD Treated pigs Untreated pigs Treated pigs Untreated pigs

T1 to T3 T4 T1 to T3 T4 T1 to T3 T4 T1 to T3 T4 T1 to T3 T4 T1 to T3 T4 T1 to T3 T4

A 45 19 46 17 45 20 40 20 21 6 24 10 21 6
B 60 33 30 23 45 29 37 23 8 5 26 11 19 17
C 44 18 59 30 44 12 43 20 1 1 22 11 18 11
D 45 5 45 13 45 0 46 6 0 0 24 1 21 1
E 46 0 61 1 45 0 38 0 7 0 28 0 18 0

Total 240 75 241 84 224 61 204 69 37 12 124 33 97 35
aT1 to T4 refer to the time points when samples were obtained. T1 was immediately before treatment, T2 was 2 days after the end of treatment, T3 corresponded to
the time when the pigs left the nursery unit, and T4 was 1 to 7 days before slaughter.
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tetracycline-resistant coliform bacteria selected or the proportion of resistant coliforms
at different time points. As for oral batch treatment, the number and proportion of
resistant bacteria at 1 to 7 days before slaughter (T4) were lower than those before
treatment (Fig. 1 and 2). The only significant effect in the logistic model here, too, was
the batch effect.

FIG 1 Box plot illustrating the log10 number of CFU per gram of tetracycline-resistant coliforms in fecal
samples from pigs at different time points relative to treatment with different doses of OTC or given OTC
by different modes of treatment. Normal, low, and high refer to groups of pigs subjected to 5 days of oral
OTC batch treatment using 10-mg/kg (ND), 5-mg/kg (LD), and 20-mg/kg (HD) doses, respectively.
Injection (i.m.) and Pen (PW) refer to groups treated with 10 mg/kg OTC for 5 days individually by
injection and pen-wise treatment, respectively. T1 to T4 refer to the time points when fecal samples were
obtained, as follows: T1, immediately before treatment; T2, 2 days after the end of treatment; T3, the time
when the pigs left the nursery unit; T4, 1 to 7 days before slaughter. The boxes indicate the interquartile
ranges. The open circles indicate data points more than 1.5 times the interquartile range from the
median.

FIG 2 Box plot illustrating the square root (sqrt) of proportions of tetracycline-resistant coliforms in fecal
samples from pigs at different time points relative to treatment with different doses of OTC or with
different treatment modes. Normal, low, and high refer to groups of pigs subjected to 5 days of oral OTC
batch treatment using 10-mg/kg (ND), 5-mg/kg (LD), and 20-mg/kg (HD) doses, respectively. Injection
(i.m.) and Pen (PW) refer to groups treated with 10 mg/kg OTC for 5 days individually by injection and
pen-wise treatment, respectively. T1 to T4 refer to the time points when fecal samples were obtained, as
follows: T1, immediately before treatment; T2, 2 days after the end of treatment; T3, the time when the
pigs left the nursery unit; T4, 1 to 7 days before slaughter. The boxes indicate the interquartile ranges.
The open circles indicate data points more than 1.5 times the interquartile range from the median.

Græsbøll et al. Applied and Environmental Microbiology

June 2017 Volume 83 Issue 12 e00538-17 aem.asm.org 4

http://aem.asm.org


In both the PW and the i.m. treatment groups, some pigs did not receive treatment
(n � 26 and n � 79, respectively) (Table 1). The mean log10 number of CFU per gram
of tetracycline-resistant coliforms in these groups at T3 (5.0 log10 CFU/g and 5.2 log10

CFU/g, respectively) was lower than the mean log10 number of CFU per gram of
tetracycline-resistant coliforms in the treated pigs (5.4 log10 CFU/g and 5.3 log10 CFU/g,
respectively). The difference was significant in the PW treatment group but not the i.m.
treatment group (two-sided t test, P � 0.01 and P � 0.39, respectively) (Fig. S2). At T4,
there were no significant differences between treated and untreated pigs in the PW
treatment group (P � 0.06).

Control treatment with tiamulin. For animal welfare reasons, the clinical trial did

not contain a nontreated control group. Instead, a control experiment in which pigs
suffering from Lawsonia intracellularis-induced diarrhea were treated with an unrelated
antibiotic, tiamulin, was conducted. As shown in Fig. 3, treatment with this drug did not
result in a significant increase in the number of tetracycline-resistant coliforms. Simi-
larly, the proportion of tetracycline-resistant coliform bacteria did not change as a result
of treatment. This showed that the effects seen after OTC treatment were specifically
related to the use of this drug and did not represent normal development in the
coliform flora of nursery pigs.

Coselection for other antibiotics. In all treatment groups, there were no significant

differences in the number of ampicillin-, sulfonamide-, and cefotaxime-resistant coli-
forms before the initiation of treatment (data not shown). The counts showed a close,
highly significant correlation between the changes in the proportion of tetracycline-
resistant coliforms between T1 and T2 and the changes in the proportion of ampicillin-
and sulfonamide-resistant coliforms between the same time points (Pearson’s product
moment correlation coefficient, P � 0.0001), indicating that resistance to these
antibiotics was selected together. On the contrary, no significant correlation be-
tween tetracycline- and cefotaxime-resistant coliforms was observed (data not shown).
Nevertheless, 282 out of the 1,167 pigs analyzed were found to carry cefotaxime-
resistant coliforms at T1 (average for positive pigs, 3.2 log10 CFU/g; range, 2.7 [detection
limit] to 7.0 log10 CFU/g), and at least one pig on all farms was positive for cefotaxime-
resistant coliforms.

FIG 3 Numbers (in log10 number of CFU per gram) of tetracycline-resistant coliforms (A) and proportion
of tetracycline-resistant coliforms (B) in fecal samples from pigs treated orally with tiamulin as a batch
treatment for 3 days. T1 to T3 refer to the time points when fecal samples were obtained, as follows: T1,
immediately before treatment; T2, 2 days after the end of treatment; T3, when the pigs left the nursery
unit. The boxes indicate the interquartile ranges. The open circles indicate data points more than 1.5
times the interquartile range from the median. sqrt, square root.
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DISCUSSION

The purpose of this study was to estimate the effect of the OTC treatment dose and
the treatment regimens on the selection of tetracycline-resistant coliforms in nursery
pigs under field conditions. We used an easy agar dilution counting method, based on
the inclusion of breakpoint concentrations of OTC in MacConkey agar plates. This
method has previously been validated for use with MacConkey agar and added tetracycline
(23), with 8 �g/ml being the concentration of tetracycline added. We performed our
own validation of the method with 16 �g/ml tetracycline added to the plates and
found that this, too, gave a 100% ability to distinguish between tetracycline-sensitive
and -resistant coliforms.

In accordance with the findings of a previous study (14), we observed a significantly
higher number of tetracycline-resistant E. coli bacteria right after treatment in the
group receiving the highest dose, but in contrast to the findings described in the
previous publication, the concentration and proportion returned to the starting levels
within 3 to 4 weeks. The proportions of resistant coliforms at T4, corresponding to the
time shortly before slaughter and, thus, the time when the pigs entered the food chain,
was significantly below the level before treatment. Thus, pigs receiving a high dose of
tetracycline may shortly show a higher level of resistant bacteria, but according to our
results, they do not possess a higher risk of transfer of resistant bacteria to consumers.

Reports on the proportion of tetracycline-resistant bacteria among E. coli isolates
randomly collected from pigs in Denmark have been published since the 1970s (24).
Comparison of the findings of these old studies and the results of the current surveil-
lance program in Denmark (25) shows that the mean proportion of tetracycline-
resistant commensal E. coli bacteria has varied over the years; however, it never seems
to climb above approximately 40%. A possible reason for the minimal selective effect
of dose in our study may have been the very high starting concentrations of resistant
bacteria. While this is representative of the proportions of tetracycline-resistant com-
mensal E. coli bacteria in pigs in Denmark (25), it is much higher than the 1 to 10%
chlortetracycline-resistant E. coli strains detected by Delsol et al. (14) prior to their
experiment. Our results may thus not be representative of those for farms with an initial
lower concentration of tetracycline-resistant bacteria. Compared to the number of pigs
included in the previously published studies, a high number of pigs was included in the
present study, and the conclusions must be considered strong. Still, the trials were con-
ducted in only five different herds for which management practices were quite similar. We
cannot rule out the possibility that with very different management practices the results
would have been different.

Previous studies on the effect of dose on the selection of resistance have generally
been concerned with differences between the therapeutic and subtherapeutic concen-
trations of antibiotics (see the results of a meta-analysis in reference 26). In contrast, we
considered therapeutic doses. By putting the results together and including the results
of studies with poultry as well, there seems to be a minimal effect of treatment dose
on the selection of resistant indicator bacteria (26, 27). This indicates that within quite
broad ranges, veterinarians might change the dose to achieve a better treatment efficacy,
without significantly changing the level of selection of resistant bacteria. It should be noted
that while a dose of 5 mg/kg of body weight, corresponding to the low dose used in the
current study, is sufficient to reduce the amount of L. intracellularis bacteria to below the
threshold for pathological changes in the intestine of pigs, it takes 10 mg/kg to eliminate
the bacterium to nondetectable levels (28).

On a population level, there is a direct association between the intensity of use of
antibiotics and the proportion of bacteria resistant to such antibiotics. This has been
demonstrated for clinical as well as indicator bacteria and for both humans (29, 30) and
farm animals (31), though the relation is not always straightforward (32). As a conse-
quence, there is a tendency to argue against flock treatment of farm animals. A large
proportion of the reduction in the amount of antimicrobials used to treat farm animals
in the Netherlands has been reported to be due to the restricted use of flock treatment
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(33), and legal restrictions specifying certain preconditions on the use of flock medi-
cation have been gradually introduced in Denmark. Although the phasing out of oral
flock treatment leads to less antibiotic usage, it has never been thoroughly investigated
whether this also leads to less resistance under field conditions, where untreated animals
are housed in close proximity to treated animals, and we tried to answer this question
in the current study.

Surprisingly, we did not observe any significant differences in the selection of
tetracycline-resistant coliform bacteria when we compared oral flock treatment to oral
pen-wise (small-group) and single-animal i.m. treatments. This is difficult to explain,
given that the overall levels of use of OTC were 15% and 44% lower in the PW and i.m.
treatment groups, respectively, than in the oral flock treatment group. A detailed
analysis of our results showed that untreated pigs in the PW treatment group but not
untreated pigs in the i.m. treatment group had significantly lower counts of tetracycline-
resistant coliforms than the treated pigs in the same groups. The most likely explanation
for the lack of a difference in the individual treatment group is that they shared the
environment (the pen) with treated pigs and thus were exposed to a high number of
tetracycline-resistant coliforms that were excreted from treated pigs. Contrary to this,
untreated pigs in the PW group always shared the pen with untreated pigs.

The lack of an overall difference between the PW and ND treatment groups, we
believe, is simply a matter of numbers. The vast majority of pigs in the PW treatment
group were treated, because the pen fulfilled the criterion for treatment of diarrhea.
In that respect, our study confirms previous observations that once diarrhea is
observed in a fraction of the nursery pigs, there is a high risk that the remaining
pigs are subclinically infected (10). Taken together, our results nevertheless indicated
that a form of treatment where treated pigs are separated from untreated pigs might
be a better strategy for reducing antimicrobial resistance than individual treatment
when treated and untreated pigs share the same pen. PW and i.m. treatments with OTC
have been shown to be ineffective compared to flock treatment for the treatment of L.
intracellularis diarrhea (11). When this observation is combined with our results, con-
tinued use of oral flock treatment seems justified, at least when the conditions are
similar to those investigated in the current study. In the study of treatment efficacy (11),
the authors argued that oral flock treatment may be needed as long as there are no
good, rapid, and precise diagnostic methods for the detection of individual pigs with
an intestinal disturbance, since pigs with an intestinal disturbance may go unnoticed
with current diagnostic procedures. This puts an emphasis on improved diagnostics
corresponding well to the WHO action plan against antimicrobial resistance, which
emphasizes the need for the development of improved diagnostic tests in the fight
against antibiotic resistance (34). The results of the current study might also indicate
that measurement of antibiotic consumption is not always a good surrogate for measure-
ment of antimicrobial resistance, even though this is currently one of the cornerstones in
national surveillance programs on antibiotic resistance.

For animal welfare reasons, we could not leave pigs untreated when outbreaks of
diarrhea were present. To be able to control for natural development in the coliform
flora, we chose instead to treat a batch with tiamulin, a drug belonging to the groups
of pleuromutilins and used exclusively in veterinary medicine. As this drug does not
select for tetracycline-resistant coliforms, this group could be used to create a baseline
for the natural fluctuation in the numbers and proportions of tetracycline-resistant
coliforms in nursery pigs. The results showed that the fluctuations that we observed in
tetracycline-treated pigs in the clinical trials were associated with the OCT treatment
and were different from the fluctuations in pigs treated with tiamulin.

Langlois et al. (35) showed that pigs in herds with a history of routine use of antibiotics
developed higher numbers of tetracycline-resistant coliforms following chlortetracycline
treatment than pigs from another herd without such a history. During and before the
current clinical trial, farmers were allowed to treat pigs for other diseases, when needed.
Treatments between birth and T1 may very well influence selection between T1 and T2

by having preselected for tetracycline-resistant coliforms. However, we systematically
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collected data on the consumption of antibiotics and analyzed for the effect of
treatment with other antibiotics before and after our treatment on the selection of
tetracycline-resistant coliforms. The results showed no significant effect of the three
most common additional treatments, and we ruled out the possibility that additional
treatments were a confounding factor. After time point T3, pigs were distributed to
different fattening units, and only a fraction of the pigs were resampled at T4. No
records on antibiotic use covering the time periods from birth to T1 and between T3

and T4 were available to us. We cannot rule out the possibility that treatment between
T3 and T4 may be the reason for the lack of differences between the groups at T4.
However, in general, the number of treatments during the fattening period is far below
the number during the nursery period in Danish pig production (8), making this less
critical for the current study.

The fact that flock and pen-wise (small-group) treatments were carried out through
the administration of the medication in the drinking water introduced an uncertainty
with regard to the dose obtained by individual pigs. We ensured that the dose given
to the flock and the pen was consumed (in total), but we could not ensure that all pigs
received equal treatments. This means that the dose in the groups receiving flock and
pen-wise treatments was an average for the pigs and there was variation between
pigs. Similarly, treatments were initiated (T1) when the clinical inclusion criterion
was fulfilled, while T3 (the end of the nursery period) was a fixed date for each pig.
This introduced variation in the duration of the period between T1 and T3, and this,
too, may be a factor in the lack of significant differences between treatments. On
the other hand, this is the situation in real life, and our results represent the
naturally occurring variation in dosing and treatment time under field conditions.

Besides being tetracycline resistant, commensal E. coli bacteria from food animals in
Denmark are commonly resistant to ampicillin and sulfonamides (8), indicating cose-
lection, and a study from the United States indicated that tetracycline treatment of
calves could lead to coselection for resistance genes encoding 3rd- and 4th-generation
cephalosporin resistance (36). It has been reported that commensal tetracycline-
resistant E. coli bacteria are often resistant to ampicillin and, further, that they may
carry class 1 integrons encoding sulfonamide resistance genes (37). To test whether
tetracycline treatment resulted in a specific increase in the amounts of coliforms with
other resistance markers, all samples were also cultured on MacConkey agar containing
ampicillin, sulfonamide, or cefotaxime. Cefotaxime was included to investigate the
possible selection of extended-spectrum beta-lactamase (ESBL)-producing bacteria,
which constitute a growing health concern (38).

In the current study, selection of tetracycline-resistant coliforms from T1 to T2 was
significantly associated with selection for ampicillin- and sulfonamide-resistant coli-
forms. Since we have not characterized the bacteria counted in the current study, we
cannot prove that this coselection is caused by colocalization of the resistance genes,
but the observation is hard to explain by any other mechanism. One of the most
prominent antibiotic resistance-related threats to human health is the growing prev-
alence of ESBL-producing Gram-negative bacteria (39). In the current study, we found
that ESBL-producing coliforms could be identified on all farms, and on average,
approximately 20% of the pigs were shown to be carriers. However, there is
currently no indication that pigs are an important reservoir for ESBL infection in
humans in Denmark (8), and on the basis of our results, the use of tetracycline as
a factor for the (co)selection of such bacteria can be ruled out. The Danish pig
industry does not use cephalosporin drugs, and due to this, the prevalence of
ESBL-producing coliforms has decreased rapidly in recent years (31).

Several studies modeling the development of tetracycline resistance in pigs follow-
ing treatment under different scenarios have recently been published (22, 40–42).
Such models have been fed with data on the growth responses of E. coli to different
concentrations of tetracycline. In relation to our study, the multistrain, multipig model
by Græsbøll et al. (22) is the most relevant. This model predicts that a high dose will
result in a higher proportion of tetracycline-resistant bacteria than a low dose. In that
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sense, the results of our field study are in agreement with the results of the model.
However, the modeling also predicts that the proportion will return to the pretreat-
ment level in a dose-dependent manner. This prediction was not confirmed by our field
study. At T3 there was no significant difference between treatment groups.

The measurement of resistance in coliform bacteria is a widely used method in
studies of the development of antibiotic resistance in bacterial populations, both in
society in general and in intervention studies (43), but it is a narrow approach.
Therefore, follow-up studies where one looks at the changes in the microbiome in
general are indicated, since coliform bacteria are not the only risk factor for the
transfer of resistance genes to human-pathogenic bacteria through the food chain.
Such studies should preferably be carried out using culture-independent techniques.

In conclusion, the current study showed that the dose of oxytetracycline used
during flock treatment and the mode of application do not have a significant influence
on the selection of coliform bacteria in the intestines of nursery pigs under the
conditions tested. This means that doses can be set by emphasizing efficacy and the
price of treatment and that, from an antibiotic resistance point of view, there appear to
be no benefits from the use of treatment of single animals, unless the treated animals
are separated from nontreated pen mates.

MATERIALS AND METHODS
Clinical field trial. The setup for the randomized clinical field trial has previously been described in

two studies measuring the efficacy of various OTC treatment doses and treatment regimens (adminis-
tration routes) for Lawsonia intracellularis diarrhea (11, 28), and the reader is referred to those two studies
for a comprehensive description and for calculation of the sample size. In brief, five herds with a history
of L. intracellularis-induced diarrhea were preselected. Each herd had between 2,300 and 3,600 pen
places and an all-in all-out method of batch production in sectioned compartments. The flooring
consisted of 1/3 solid floor and 2/3 slatted floor. In each herd, 15 batches were included in the study after
the pigs were weaned. When clinical signs of diarrhea appeared, the pigs were treated as described
below and followed until at least the end of the 7-week nursery period. Where possible, pigs were also
resampled in the week prior to slaughter. A batch was defined as a group of nursery pigs weaned at the
same time and housed in a number of pens within one stable. In each batch, 15 animals, randomly
distributed over pens, were selected as trial pigs. The allocated treatment regimen, however, was applied
to all pigs in the section as previously described (28). All trial pigs were ear tagged with a unique
identifier.

When a new batch was weaned, it was monitored once a week for an outbreak of diarrhea. When an
outbreak, defined as at least 25% of pigs showing clinical signs of enteritis (watery feces, scouring of the
back, and/or a poor body score), was detected, pigs were subjected to one of five treatment regimens:
oral flock treatment with a standard dose of 10 mg/kg OTC (Terramycin vet, 20%; Orion Pharma) in water
for 5 days (normal dose [ND]), oral flock treatment with 20 mg/kg OTC in water for 5 days (high dose
[HD]), oral flock treatment with 5 mg/kg OTC in water for 5 days (low dose [LD]), oral pen-wise
(small-group) treatment with a standard dose of 10 mg/kg OTC for 5 days in water (PW), or individual
intramuscular (i.m.) treatment of pigs with diarrhea with a standard dose of 10 mg/kg OTC for 5 days.
Pen-wise treatment was initiated when more than 25% of the pigs in a pen had clinical signs of enteritis,
while intramuscular treatment was initiated in animals showing clinical signs of enteritis. Flock treatment
was administered to the pigs through the common water supply, whereas pen-wise treatment was
administered to the pigs through the water in troughs, but the pigs also had access to medicine-free
water through the common water supply. Each treatment was repeated three times in each herd, and
the order of the treatments was chosen at random. The number of pigs from each farm included in the
different groups can be seen in Table 1. Outbreaks of diarrhea and, thus, initiation of treatment occurred
from 2 to 6 weeks after weaning.

In order to be able to estimate the selection of tetracycline-resistant coliform bacteria in pigs not
exposed to tetracycline treatment, 25 pigs in one additional batch from the herd on farm A suffering
from an outbreak of diarrhea were treated by oral flock treatment with a standard dose (8 mg/kg) of
tiamulin (Denagard vet; Novartis, Copenhagen, Denmark) for 3 days.

All pigs in the trial received 2,500 ppm zinc oxide supplement in the feed for the first 14 days after
weaning. Farmers were asked to keep a record of all antibiotic treatments carried out in the herd before
and during the field trial. This allowed the investigators to control for confounding due to additional
antibiotic treatments. A total of 889 pigs received antibiotic treatment before T1, and 402 pigs received
treatment during the trial period between T2 and T3 (see Table S1 in the supplemental material). The
treatments were farm specific: at one farm, pigs very rarely received additional treatments either before
or after the study treatment protocol. On three of the farms, the farmer regularly treated the pigs with
colistin shortly after they entered the nursery unit, i.e., shortly before the trial period. On two of these
three farms, treatments other than this were rare, while the remaining farmer additionally treated some
pigs with doxycycline between T2 and T3. Finally, on one farm, pigs were often treated with amoxicillin
before T1 but received no other treatments between T2 and T3. Antibiotic treatments between T3 and T4
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were not consistently recorded and were thus not taken into account in the analyses. When analyzing
for the effect of treatments with antibiotics before and after our treatments, there were no significant
effects of the three additional treatments administered to the largest number of pigs (colistin treatment
before T1, amoxicillin treatment before T1, and doxycycline treatment after T2) on the absolute number
of tetracycline-resistant coliform bacteria, the proportion of tetracycline-resistant coliforms, or the
change in the proportion of tetracycline-resistant coliforms, and we concluded that these treatments
were not confounders in our study.

Sampling. Fecal samples were collected from all trial pigs between October 2011 and April 2013
either at defecation or per rectum. Samples were collected from all pigs at three time points: time
point 1 (T1) was the first day of treatment, immediately before antibiotic administration, time point
2 (T2) was 2 days after the end of the 5-day treatment, and time point 3 (T3) was the time when pigs
were moved from the nursery stables to finisher stables either in the same herd or in other herds.
When possible (n � 296), a fourth sample was collected from the rectum 1 to 7 days before slaughter
(time point 4 [T4]). Samples were stored in 40-ml containers and shipped to the laboratory in cooled
boxes.

Bacterial quantification. Suspensions of 10�1 (wt/vol) from approximately 1 g of fecal sample were
made in phosphate-buffered saline (PBS), and 1 ml of this suspension was used for the preparation of
10-fold serial dilutions from 10�2 to 10�4. Twenty microliters of each dilution was plated on four
MacConkey agar plates (Oxoid Ltd., Thermo Scientific, Roskilde, Denmark) containing different antibiotics
(16 mg/liter tetracycline, 16 mg/liter ampicillin, 256 mg/liter sulfamethizole, or 2 mg/liter cefotaxime) and
on a MacConkey agar plate without added antibiotics, using the principle of the drop plate method (44)
with a 4-by-4 grid. Antibiotics were purchased from Sigma (Sigma-Aldrich, Copenhagen, Denmark).
Antibiotic concentrations were based on EUCAST epidemiological cutoffs for E. coli, as recommended
previously (45).

The plates were incubated overnight at 37°C, followed by enumeration of dark red colonies with a
size of �0.5 mm. To confirm that the colonies counted were coliforms, 100 colonies were randomly
picked and subjected to species identification using matrix-assisted laser desorption ionization–time of
flight mass spectrometry (MALDI-TOF MS; Vitek MS RUO; bioMérieux, France). All colonies were shown
to belong to the species E. coli (data not shown). For each plate, a count, expressed as the number of
CFU per gram, was determined using a weighed arithmetic mean based on the two highest dilutions
showing the separation between colonies, and finally, the number of CFU per gram was log10 trans-
formed. The detection limit for the method used was 500 CFU per gram of feces, corresponding to a log10

value of 2.70.
In order to validate that this method distinguished between tetracycline-resistant and -susceptible

isolates, a representative collection of commensal E. coli isolates from Danish pigs previously used to
model the growth response of E. coli to antimicrobials (46) was tested. The collection consisted of 32
isolates with MICs of between 0.24 �g/ml and 2.0 �g/ml (sensitive isolates) and 16 isolates with MICs of
between 16 and 512 �g/ml (resistant isolates). They were grown in LB broth (Oxoid Ltd., Thermo
Scientific, Roskilde, Denmark) at 37°C overnight. Tenfold dilutions were made in PBS, and dilutions were
plated on MacConkey agar without tetracycline and MacConkey agar containing 16 �g/ml tetracycline.
The number of CFU was counted after 20 h of incubation at 37°C, and the difference between the
estimates of the number of CFU on the two plates was determined for each strain.

Statistics. The clinical trial was set up as a five-treatment trial, and statistical analysis of the
differences between groups with respect to selection for resistant coliform bacteria was therefore carried
out with all groups in one analysis. The effects of the different treatment protocols on the number of
antimicrobial-resistant bacteria were analyzed either by using log10-transformed counts of resistant
bacteria or by testing for significant changes in the square root of the proportion or change of proportion
of resistant bacteria, i.e., (RTx/CTx) or (RTx/CTx)/(RTy/CTy), where R is the count (in number of CFU per gram)
on the antibiotic plate at time Tx or Ty and C is the total coliforms (in number of CFU) at time Tx or Ty.
Due to the uncertainty over the CFU counts, proportions could be greater than 1; however, proportions
greater than 2 were considered outliers and excluded. The square root transformation was selected to
improve the normality of the residuals of the tests. Pigs with dropout data (data missing at any of the
time points from T1 to T3) were removed from the study, while the dropout of data for T4 had to be
accepted because only a small fraction of pigs was available for sampling at T4.

Analyses were performed by the use of linear mixed-effects models to determine significant
differences in resistant coliform bacteria and the fraction of resistant bacteria from T1 to T3 using lmer
from the package lme4 in R, version 3.2.2 (47). When testing for the effect of treatment, farm identifier
and the interaction between farms and treatment were included as fixed effects, while the batch of pigs
was included as a random effect. To identify the significant effects, back-wise elimination was performed
using the step function and the Akaike information criterion (AIC). Confidence intervals (CI) were found
by bootstrapping using bootMer from the lmer test package. A test for differences between multiple
groups at single time points was done using the Kruskal-Wallis rank sum test (kruskal.test), while the test
for differences in the numbers or proportions of resistant bacteria between different time points within
a group was done using Student’s t test (t.test), and correlations were tested using Pearson’s product
moment correlation coefficient (cor.test), all of which were done in R (47).

Ethical statement. The clinical trial was approved by the Danish Medicines Agency (license no.
2011090862/2012053751), and the participating herd owners signed a written owner informed consent
explaining the scope of the field trial.
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