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SUMMARY

The objectives were to present three approaches for calculating antimicrobial (AM) use in pigs
that take into account the rearing period and rearing site, and to study the association between
these measurements and phenotypical resistance and abundance of resistance genes in faeces
samples from 10 finisher batches. The AM use was calculated relative to the rearing period of the
batches as (i) ‘Finisher Unit Exposure’ at unit level, (ii) ‘Lifetime Exposure’ at batch level and
(iii) ‘Herd Exposure’ at herd level. A significant effect on the occurrence of tetracycline resistance
measured by cultivation was identified for Lifetime Exposure for the AM class: tetracycline.
Furthermore, for Lifetime Exposure for the AM classes: macrolide, broad-spectrum penicillin,
sulfonamide and tetracycline use as well as Herd Unit Exposure for the AM classes:
aminoglycoside, lincosamide and tetracycline use, a significant effect was observed on the
occurrence of genes coding for the AM resistance classes: aminoglycoside, lincosamide,
macrolide, β-lactam, sulfonamide and tetracycline. No effect was observed for Finisher Unit
Exposure. Overall, the study shows that Lifetime Exposure is an efficient measurement of AM
use in finisher batches, and has a significant effect on the occurrence of resistance, measured
either by cultivation or metagenomics.

Key words: Antimicrobial drugs, antimicrobial resistance in agricultural settings, cultivation,
metagenomic, pigs.

INTRODUCTION

The World Health Organization has declared that
antimicrobial resistance (AMR) is one of the most
worrying health threats to humans in the 21st century
[1], as it adversely affects treatment options in human
medicine [2]. Current AMR surveillance is based
mainly on passive reporting of clinical diagnoses
and phenotypical laboratory results for specific

pathogens [3]. However, an approach that provides an
insight into the phenotypical resistance may not be
representative for the overall occurrence of resistance
in the bacterial population it is derived from [3].

Swann et al. were the first to raise awareness of a
potential link between veterinary use of antimicrobials
(AMs) and bacterial AMR in humans [4]. This relation-
ship has since been confirmed by several studies [5–8].
Different methods have been used to measure AMR
in the livestock reservoir, including culture-based and
molecular methods [3, 9]. Metagenomics sequencing
and read mapping have recently been revealed as
powerful methods for quantifying AMR in the
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normal flora of pigs [3]. Quantification of the presence
of resistance genes is of relevance when attempting
to quantify the contribution from pigs to human
pathogens [7, 8, 10].

The association between veterinary use of AM and
AMR in bacterial isolates from pigs has been
demonstrated repeatedly [11–16] with variations in
its occurrence being related to variations in AM use
[12, 14–16]. Therefore, less frequent use of AMs in
pig farms is a vital factor in reducing the occurrence
of AMR in finishers [8, 17–19]. Thus, in order to
develop effective tools for interventions and targets
for AM reduction, a standardised method is required
that closely reflects the dynamics of AMR. As with
AMR, which may be measured in several different
ways, AM usage may be quantified using different
approaches [12, 14–16, 20].

AM use for finishers has traditionally been
calculated based on data obtained either from farm
records [16, 21–23] or from databases on prescribed
medicines: at unit [14, 16], farm [12, 14, 16] or farm-
owner level [20, 24]. An AM calculation restricted to
a specific unit may lack essential information when
compared with the exposure during the entire rearing
period from a piglet’s birth to the final fattening stage.
This is often the case for the finisher unit, where AM
use is particularly low [25]. In Denmark, farm-level
(integrated) data will not be available for a vast pro-
portion of farms delivering finishers for slaughter
[26], as traditional integrated pig production has
largely been replaced by multisite pig production
where rearing (the farrowing unit→ the weaning
unit→ the finisher unit) takes place on farms at differ-
ent geographic sites that are owned either by the same
farmer or by different farmers [26]. Therefore, the esti-
mation of usage at farm level does not reflect the full
exposure during the rearing period. The farm-owner
level calculations may include AM use of no relevance
if one or more farms are not part of the rearing
system.

The periods set for the data extraction in the same stu-
dies were mostly 1 year prior to sampling [12, 14, 20].
However, changes in AMR amounts occur at much
shorter time spans [13, 16, 27], and yearly calculations
of AM use may therefore be insufficiently refined for
the purpose of revealing associations at finisher batch
level. Furthermore, regarding finisher production, each
group of animals (batch) is moved from farrowing to
weaning and then to the finisher unit primarily on an
all-in/all-out basis. Thus, the variation in AM use
between batches due to the occurrence of diseases will

not be observed when the calculation of AM use covers
a whole year.

By means of the Central Husbandry Register
(CHR), the Danish Pig Movement Database (PMD)
and the Danish Veterinary Medicines Statistic
Program (VetStat), it is possible to calculate an
approximation of the AM use per batch based on
the rearing period and the rearing site/sites, thus cap-
turing variation in AM use between batches. AMR
results for finishers can therefore be obtained at time
of slaughter, without consideration for rearing site
(s). The objectives of the study were to: (i) develop
three different approaches for calculating AM use at
finisher batch level, taking into account the rearing
period and rearing site, and (ii) compare the associ-
ation with measured AMR in composite faeces sam-
ples from 10 batches of finishers.

METHODS

Data sources

Data on the farms and number of pigs were obtained
from the national CHR, where all farms with produc-
tion animals are recorded [28, 29]. The CHR stores
information linked to a farm code (ID), which refers
to a specific geographical location and includes, e.g.
animal species, the number of animals per age group
(sows, weaners, finishers), thus the number per unit
on any given day. The pigs owned by a producer
(the herd) can be kept at many geographical localities
(farms). For the sake of simplicity, all animals owned
by an individual producer are referred to as a herd
throughout the study even though some herds are
kept at many farms [24].

Data on movements of pigs between farms were
obtained from the PMD, an integral part of the
CHR. The PMD records the number of pigs, date,
ID of origin farm and ID of destination farm for
each movement [28, 29].

Data on AM use were obtained from VetStat,
which contains data on all medicine prescribed by
veterinarians for animals. Records are based on veter-
inarian prescriptions and contain information on
active substances, amounts, target species, age groups,
diagnosis groups and farm IDs [29]. The age groups in
VetStat correspond to the age groups in the CHR, and
the units, sows, weaners and finishers on a farm. In
order to produce comparable data across records,
active compounds were converted into a unit measur-
ing how many kilograms of pig could be treated per
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day – Animal Defined Daily Doses per kilogram
(ADDkg) [30].

Study design

The study design used was first described by Munk
et al. [3]. In brief, based on the average sizes for sow
and finisher farms in 2009 [31, 32], herds with more
than 500 sows and a production of at least 5000
finishers annually were selected using the CHR and
PMD. In total, 376 herds met these criteria. From
VetStat, the total amounts of AM and tetracycline
used in these herds from June to November 2013
were calculated as ADDkg and adjusted according
to the number of animals in the herds. To cover a
wide span of AM use, the 376 herds were ranked,
and the owners of the top and bottom 10% AM and
tetracycline use quantiles were invited to participate
consecutively until five herds within each quantile
had accepted. Each of these 10 herds was located
between one and seven farms. In total, 23 herds
from the top quantile and 15 herds from the bottom
quantile were invited.

In the finisher units of the 10 herds, composite
pen-floor samples were collected consisting of single
samples from 30 randomly chosen pens within the sec-
tion(s) with finishers weighing between 80 and 100 kg
(in Denmark, pigs are delivered for slaughter weighing
100–105 kg) [3,9]. For each herd, the group of pigs
from which samples were collected represents a
finisher batch. For each of the finisher batches, the
30 single faeces samples were pooled together, result-
ing in one pooled sample per batch. Sampling took
place from March to June 2014.

Measurements of AM use

For each batch of finisher, three quantitative usage
measurements of the AM classes: aminoglycoside, lin-
cosamide, macrolide, broad-spectrum penicillin, sul-
fonamide and tetracycline were calculated. They
were based on the day of sampling, as the start from
which backward assessment of time periods in the
rearing site(s) were established. The measurements
varied in terms of exposure, as explained below.

Danish national averages for pig production prod-
uctivity for 2014 were applied for the rearing periods
per unit (in days) [33–35], resulting in 25, 50 and 85
days in the farrowing (piglet), weaning (weaner) and
finisher units (finisher), respectively. Starting with
the finisher batches and the day of sampling, the

PMD was used to trace the movements of the batches
from sampling site back to birth site. Figure 1 shows
the pathways of the 10 finisher batches.

Each farmer in the study had a health advisory con-
tract with an individual veterinarian in accordance
with Danish legislation. These contracts permit veter-
inarians to prescribe AMs for treatment of plausible
diseases diagnosed at a farm visit for the subsequent
35 or 63 days (finishers only) at which point the next
visit must take place. Therefore, taking into account
the rearing period of 160 days, and the maximum per-
iod a prescription may cover (63 days), data from
VetStat on prescribed AMs 9 months prior to sam-
pling were extracted for the 22 farms comprising the
finisher batches’ pathways from birth to sampling
site (Fig. 1).

AM exposure was calculated for the classes: amino-
glycoside, lincosamide, macrolide, broad-spectrum
penicillin, tetracycline and sulfonamide, as these are
most commonly used in Danish pig production [25].
By adopting the method used by Vigre et al. [24],
the daily amounts of the six AM classes used were cal-
culated for sows, weaners and finishers in each of the
22 farms based on two assumptions. First, as veteri-
narians are permitted to prescribe for potential dis-
eases for 35 or 65 days, the interval between two
prescriptions was used to calculate the daily use for
each prescription of AM, assuming that an average
amount of the prescribed AM was used on each day
of the interval. The calculations were subsequently
added together per day per AM class. Second, if an
interval was shorter than 7 days, the following pre-
scription date was used to set the number of days
for the interval.

Thus, the daily use of an AM was calculated as an
average daily use per farm (F) per age group/unit (U)
and adjusted in accordance with the number of pigs at
risk per day per unit on each farm, as:

ADDkg day AM F U

= ADDkg AMprescribed F U

daysprescription interval H × pigsday F U
,

where ADDkg AMprescribed F U = the prescribed
amount per unit per farm measured as ADDkg,
daysprescription interval = the interval in days between
the day of the initial prescription and the day of the
subsequent prescription and pigsday_F_U= the number
of sows, weaners or finishers on any given day. The
number of sows substituted the number of piglets, as
the latter is not registered in the CHR.
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The number ofADDkg day AM F U was then sum-
marised per day for each AM class (AMc):

ADDkg day AMc F U =
∑n

AM=1

ADDkg day AM F U .

Based on the finisher batches’ rearing periods in
days: days 1–85 in the finisher unit, days 86–135 in
the weaning unit and days 136–160 in the sow unit,
where day 1 corresponds to the day of sampling
(Fig. 1), the number of ADDkg day AMc H U was
summarised for each rearing period (R) per unit,
and adjusted to suit the proportion (P) of animals
being moved from a farm (Fig. 1):

ADDkg AMc R U =
∑n

date=1

ADDkg day AMc F U × P.

For each AM class, three measurements of expo-
sure were calculated, given the rearing pathways, the
rearing periods (Fig. 1) and the unit(s) in each farm
(Fig. 2).

Finisher UnitExposure AMc

= ADDkg AMc Finisher Finisher

Lifetime Exposure AMc= ADDkg AMc Piglet Sow

+ADDkgAMc Weaner Weaner

+ADDkg AMc Finisher Finisher

Herd Exposure AMc = ADDkg AMc Piglet All

+ADDkg AMc Weaner All

+ADDkg AMc Finisher All.

For information on the units per farm included in the
exposure measurements in the rearing period of the 10
finisher batches, see Figure S1 in the Supplementary
data. For information on the obtained exposure vari-
ables, see Table S1 in the Supplementary data.

AMR measurements

In this study, the cultivation and metagenomic results
of the pooled samples from 10 pig herds described by
Munk et al. [3] were used as the AMR results.

Cultivation

In brief, for each pooled sample, faeces was suspended
in isotonic saline prior to serial dilution. Aliquots of

Fig. 1. The rearing pathway of each of the 10 finisher
batches from birth site to finisher site compared with the
day of sampling. The 10 horizontal bars depict the
movements of the batches. A colour shift in a bar denotes
that a farm has a different geographical location to the
farm where sampling took place and P denotes the
proportion of pigs being moved. Bars without P are equal
to one. Numbers 1–5 denote the initially high users and
6–10 depict the initially low users. The three vertical
coloured bars represent the assumed days of exposure to
AM in the: sow-piglet (farrowing) unit, weaner unit and
finisher unit.

Fig. 2. The exposure measurements of AM usage. The
orange square applies to Finisher Unit Exposure and
therefore comprises the AM usage in the finisher-rearing
period in the finisher unit. Lifetime Exposure applies to the
orange, green and blue squares, and therefore comprises
the AM usage in the piglet-rearing period in the sow unit,
the weaning-rearing period in the weaning unit and the
finisher-rearing period in the finisher unit. The red square
applies to Herd Exposure, and therefore comprises AM
usage throughout the entire rearing period in all units.
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dilutions were plated onto selective and non-selective
LB and MacConkey plates to quantify aerobic bac-
teria and Escherichia coli, respectively. Selective plates
contained 8 mg/l tetracycline (T3383 tetracycline
hydrochloride, former: Sigma-Aldrich, current:
Thermo Fisher Scientific, Roskilde, Denmark) in LB
and 16 mg/l ampicillin (A9393 Ampicillin, former:
Sigma-Aldrich, current: Thermo Fisher Scientific,
Roskilde, Denmark) or tetracycline in MacConkey.
All assays were performed in triplicate. For each trip-
licate set, a weighted average of resistance proportion
was calculated based on cfu counts per dilution [3].
For information on the obtained outcome variables,
see Table S1 in the Supplementary data.

Metagenomics

In brief, AMR genes for the classes: aminoglycoside,
lincosamide, macrolide, β-lactam, sulfonamide and
tetracycline were obtained using whole community
sequencing (WCS), and measured as reads per kilo-
base reference per million (RPKM). For information
on the genes within each AMR class, see Table S2
in the Supplementary data.

In order to compare the 10 faeces samples, the raw
read counts were normalised to the size of the dataset
for each AM class with the following formula:

Reads per kilobase reference per millionAMc

= n
N(l − (i − 2m))

( )
106R× 1000 bp,

where n= number of mapped reads, N= total number
of reads, l = gene length, i= insert size, m=minimum
mapping length, R= reads and bp = base pair.

The normalisation takes into account the fact
that the pooling and sequencing of several indexed
samples produces varying DNA library sizes, resulting
in comparable RPKM values and independence
of sequencing depth. For information on the obtained
outcome variables, see Table S1 in the Supplementary
data.

Data analyses

The quantitative effect of broad-spectrum penicillin
and tetracycline use, measured as Finisher Unit
Exposure, Lifetime Exposure and Herd Exposure, on
ampicillin and tetracycline resistance obtained by cul-
tivation was calculated using simple linear regression,
and as a measure of model fit, the coefficient of
determination (R2) was applied. The quantitative

effect of exposure for the AM classes: aminoglycoside,
lincosamide, macrolide, broad-spectrum penicillin,
sulfonamide and tetracycline, measured as Finisher
Unit Exposure, Lifetime Exposure and Herd
Exposure, on similar AMR gene abundance was cal-
culated using simple linear regression, and as a meas-
ure of model fit, the coefficient of determination (R2)
was applied. The assessment of homoscedasticity
was performed by visual inspection of the plots,
including measured values and regression lines.

WPS Workbench, Version: 3.1.1.0.0, and Microsoft
Excel 2010 were applied in data processing, and data
analyses were performed using R, version 3.

RESULTS

The three different quantitative measurements of total
AM use presented in Figure 3 show use within the
applied rearing periods. The Lifetime Exposure is
lower than Herd Exposure, as the former consists of
a part of the latter. The difference is caused by the
level at which data were obtained; the Lifetime
Exposure was obtained at rearing batch level, while
the Herd Exposure was obtained at rearing herd
level. A similar pattern applies to the Finisher Unit
Exposure compared with the Lifetime Exposure,
since the latter was obtained at batch level, whereas
the former was obtained at unit level. Figure 4
shows the distribution of the intervals in days between
prescriptions. Most of the intervals are between 24
and 45 days, with fewer between 7 and 21 days. The
short prescription intervals were observed mainly in
the initially high-user farms. Of these intervals, two-
thirds were due to a subsequent prescription of the
same AM, with the remaining third caused by a differ-
ent prescribed AM.

Association between AM use and phenotypical
measured resistance

Figure 5 shows the regression models with 95% confi-
dence intervals of the quantitative effect of Lifetime
Exposure for broad-spectrum penicillin and tetracyc-
line use on the average proportion of ampicillin and
tetracycline-resistant E. coli (MacConkey), respect-
ively, and of Lifetime Exposure for tetracycline use
on the average proportion of tetracycline-resistant aer-
obic bacteria (LB). The β-values, P-values and R2

values for the regression analyses are shown in the
same figure. The regression analyses showed only a
significant effect of Lifetime Exposure for tetracycline
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use on the average proportion of tetracycline-resistant
aerobic bacteria (Fig. 5).

No significant effect was observed for Finisher Unit
Exposure or Herd Exposure (result not shown).

Association between AM use and metagenomic
measured resistance

No significant effect was observed of Finisher Unit
Exposure for any of the AM classes on their respective
AMR gene classes (result not shown).

Figure 6 shows the regression models with 95%
confidence intervals for the quantitative effect of
Lifetime Exposure for the AM classes: aminoglycoside,
lincosamide, macrolide, broad-spectrum penicillin, sul-
fonamide and tetracycline on the AMR gene classes:
aminoglycoside, lincosamide, macrolide, β-lactam,
sulfonamide and tetracycline. The β-values, P-values
and R2 values for the regression analyses are shown in
the same figure. The regression analyses revealed a
significant effect of Lifetime Exposure for the AM
classes: macrolide, broad-spectrum penicillin, sulfona-
mide and tetracycline on AMR genes for macrolide,

β-lactam, sulfonamide and tetracycline, respectively
(Fig. 6).

Figure 7 shows the regression models with 95%
confidence intervals of the quantitative effect for Herd
Exposure for the AM classes: aminoglycoside,
lincosamide, macrolide, broad-spectrum penicillin,
sulfonamide and tetracycline on the AMRgene classes:
aminoglycoside, lincosamide, macrolide, β-lactam,
sulfonamide and tetracycline. The β-values, P-values
and R2 values for the regression analyses are shown in
the same figure. The regression analyses revealed a
significant effect of Herd Exposure for the AM classes:
aminoglycoside, lincosamide and tetracycline on the
AMR genes for aminoglycoside, lincosamide and
tetracycline, respectively (Fig. 7).

The regression models were re-analysed, excluding
the most extreme data point of each set, to assess
the robustness of the significant results. The significant
effect of Lifetime Exposure for the AM classes: macro-
lide, sulfonamide and tetracycline on the occurrence
of macrolide, sulfonamide and tetracycline resistance
genes, respectively, remained under the 5% signifi-
cance level. This was not the case for the significant

Fig. 3. Finisher Unit Exposure, Lifetime Exposure and Herd Exposure. The total AM use and the distribution between
sow piglets, weaners and finishers within the 10 finisher batches. Numbers 1–5 denote the initially high users and 6–10
depict the initially low users.
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effect of broad-spectrum penicillin usage on the occur-
rence of β-lactam resistance genes (result not shown).
Only the effect of Herd Exposure for tetracycline on
tetracycline-resistant genes remained under the 5%
significance level (result not shown). The coefficient
of determination (R2) analyses of the models with
significant results revealed that the variation of
AMR that could be explained by the Lifetime
Exposure measurements varied from 0·42 (tetracyc-
line) to 0·72 (sulfonamide) for the variables (Figs 5
and 6), and from 0·47 (aminoglycoside) to 0·67 (linco-
samide) for the Herd Exposure measurements (Fig. 7).

DISCUSSION

Independent variables

The exposure measurements were derived from differ-
ent data sources, thereby integrating any errors of the
sources in the daily ADDkg.

The length of the rearing period influences the expos-
ure measurements; however, this study did not deter-
mine whether the rearing periods should be longer or
overlapped in order to assess the effect on the occur-
rence of AMR genes. Nevertheless, shorter rearing per-
iods reduce the AM amounts, resulting in less variation
in the exposure measurements between finisher batches.
Longer rearing periods have the opposite effect.

The intervals were calculated based on two assump-
tions. First, as the intervals were not drug-specific, a pre-
scription of tetracycline followed by a prescription of
macrolide counted as an interval because it was assumed
that any drug shifts were due to a different disease or a
change, as the veterinarian could not observe a sufficient
effect caused by the first drug. This is supported by veter-
inarians’ permission to prescribe AMs. Consequently, a
new situation is likely to have occurred on the farm if
AMs were prescribed with intervals shorter than 35
days. Short intervals result in high daily ADDkg, caus-
ing a substantial increase in themeasuredAMuse, as the

prescribed amount of AM is divided by fewer days.
Second, all prescription intervals of <7 days were
assumed to be due to technical issues at the pharmacies,
e.g. shortages of a drug or a shift in batches at the
pharmacy, or caused by the veterinarian issuing two
identical prescriptions (the sub-diagnosis differs) that
were handed in on different dates.

Fig. 4. The distribution of prescription interval days –

days between two prescriptions.

Fig. 5. Univariable linear regression plots (solid line) and
95% confidence interval (dotted lines) of the average
resistance proportion of ampicillin and tetracycline
resistance from cultivation of Escherichia coli on
MacConkey agar with and without ampicillin and
tetracycline, as a function of Lifetime Exposure for the
AM classes; broad-spectrum penicillin and tetracycline,
respectively, and the average resistance proportion of
tetracycline resistance from cultivation of aerobic bacteria
on LB agar with and without tetracycline, as a function of
Lifetime Exposure for the AMc; tetracycline. The grey
points denote the initially high users and the black points
depict the initially low users. The effect (β), the P-value
(P) and the R2 value are shown in the top left corner of
each model.
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Dependent variables

Cultivation using aerobic bacteria and E. coli, respec-
tively, are traditional phenotypical methods for asses-
sing the occurrence of AMR in populations of animals
[9]. However, the approaches only provide insight into
a fraction of the intestinal microbiota, and thus poten-
tially underestimate the actual reservoir of AMR in a
population [3, 7, 9].

WCS measures the presence of known resistance
genes throughout the microbial community, and
therefore does not determine the genetic location of
the AMR genes and thereby whether they are likely to
transfer from the animal to the human reservoir [3].
A distinction between the two is important since
ubiquitous AMR genes may not pose a risk to humans
[19]. By contrast, any AMR genes in excessive
abundance in habitats with high AM use, such as pig

farms, are more likely to be relevant for AMR develop-
ment [7, 19]. Furthermore, as the ResFinder database
contains only AMR genes found in culturable bacteria,
a considerable number of ubiquitous functional AMR
genes may have been missed [3]. Therefore, although
not all AMR genes necessarily constitute a risk to
humans, different amounts in faeces frompigs represent
an available gene pool from which zoonotic bacteria
may obtain resistance genes [19].

Result discussion

The 10 finisher batches varied in rearing pathways
(Fig. 1) and the herds in which they were produced
differed concerning the number of farms per herd.
Thus, on that basis, no pattern or common feature
could be observed. Given that the study included

Fig. 6. Univariable linear regression plots (solid line) with 95% confidence interval (dotted lines) of WCS – RPKM of the
AMR genes for: aminoglycoside, lincosamide, macrolide, β-lactam, sulfonamide and tetracycline as a function of Lifetime
Exposure for the AM classes: aminoglycoside, lincosamide, macrolide, broad-spectrum penicillin, sulfonamide and
tetracycline, respectively. The grey points denote the initially high users and the black points depict the initially low users.
The effect (β), the P-value (P) and the R2 value are shown in the top left corner of each model.
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only 10 finisher batches, no attempt was made to con-
duct an analytical adjustment of a potential confound-
ing effect from herd or farm management.

It is notable that the results of the regression models
for four out of six combinations of Lifetime Exposure
vs AMR obtained by WCS (Fig. 6) gave significant
results, as did three out of six combinations of Herd
Exposure vs AMR obtained by WCS (Fig. 7). In
order to crudely evaluate the reliability of the results,
the individual observations in each of the significant
plots that appeared to have the strongest influence
on the result were removed and the model was
re-analysed. The Lifetime Exposure measurement
still provided significant results for all but broad-
spectrum penicillin, while only Herd Exposure
remained significant for tetracycline, indicating that
the former method of measuring AM use is more sen-
sitive. Furthermore, the measurement of Herd

Exposure is highly influenced by differences in the
units present in each farm, rather than differences in
AM use. By comparing the pathways of the finisher
batches, large differences can be observed in the num-
ber of units per farm, which would greatly affect the
measurement (Fig. 1 and Supplementary Fig. S1).
The fact that overall the R2 models of Lifetime
Exposure explain more of the variation in AMR com-
pared with Herd Exposure indicates that Lifetime
Exposure has the strongest effect on AMR in finisher
batches. No effect of Finisher Unit Exposure on AMR
could be demonstrated; however, use of AM in this
unit is limited in terms of both AM classes and
amounts [25].

In this study, a significant quantitative association
could be demonstrated for Lifetime Exposure of tetra-
cycline on AMR across methods of obtaining resist-
ance (Figs 5 and 6), which is in alignment with

Fig. 7. Univariable linear regression plots (solid plot) with 95% confidence interval (dotted lines) of WCS – RPKM of the
AMR genes for: aminoglycoside, lincosamide, macrolide, β-lactam, sulfonamide and tetracycline as a function of Herd
Exposure for the AM classes: aminoglycoside, lincosamide, macrolide, broad-spectrum penicillin, sulfonamide and
tetracycline, respectively. The grey points denote the initially high users and the black points depict the initially low users.
The effect (β), the P-value (P) and the R2 value are shown in the top left corner of each model.
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Munk et al., who demonstrated a correlation in AMR
between cultivation and metagenomics [3].

The measurements were calculated as total amounts
throughout the rearing period for the six specified AM
classes, rather than ameasurement for each rearing per-
iod. Consequently, the measurements do not distin-
guish between different AM use patterns within the
three rearing periods. Batches with the same total AM
class usage might relate to use in different units; thus,
the rearing period, and the occurrence of AMR for
these finisher batches, may not be identical due to
rapid change in the occurrence of AMR [13, 36].

In this study, three different approaches for calcu-
lating use of AM at finisher batch level were devel-
oped. Using an optimal and standardised calculation
method is important for setting drug use targets and
for direct possible interventions with an expected
effect on AMR. Lifetime Exposure has the advantage
of being independent of production type/rearing site.
Furthermore, it follows finisher batches through rear-
ing site(s) in the actual rearing periods, hereby captur-
ing variations in AM use between batches. In contrast
to this, the analyses did not consider other factors e.g.
duration of treatment or dispensing type, which are
known to have an impact on the development and
spread of AMR [16]. Overall, this study showed that
the entire rearing period should be taken into account
when studying the association between AMR and AM
use, and revealed that the method developed for calcu-
lating Lifetime Exposure is an efficient measurement
of the effect of AM use on AMR found in finisher
batches.

By using metagenomics, we measured the relative
abundance of specific genes in the faeces. Even if
more DNA fragments were sequenced per sample,
there is a likelihood that genes with a very low relatively
abundance would not be detected. In the estimation of
the association betweenAMandAMR, the abundance
of resistance genes was aggregated to phenotypical
level. The estimated associations should only be inter-
preted at this level and not to gene level. Due to the lim-
ited size of this study, an estimation of the quantitative
association between the AM usage and abundance of
the specific genes was not carried out.

Overall, the study has generated quantitative
knowledge of how the usage of AM through the entire
rearing period affects the occurrence of AMR in ani-
mals at the end of the production. This knowledge
will be valuable when assessing effects of alternative
AM usage on the occurrence of AMR in the pig pro-
duction. The validity of these assessments will

improve the robustness and precision of the decisions
about interventions targeted against reducing the
occurrence of AMR in pigs.
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