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Objectives: Previous studies in food-producing animals have shown associations between antimicrobial use
(AMU) and resistance (AMR) in specifically isolated bacterial species. Multi-country data are scarce and only de-
scribe between-country differences. Here we investigate associations between the pig faecal mobile resistome
and characteristics at the farm-level across Europe.

Methods: A cross-sectional study was conducted among 176 conventional pig farms from nine European coun-
tries. Twenty-five faecal samples from fattening pigs were pooled per farm and acquired resistomes were deter-
mined using shotgun metagenomics and the Resfinder reference database, i.e. the full collection of horizontally
acquired AMR genes (ARGs). Normalized fragments resistance genes per kilobase reference per million bacterial
fragments (FPKM) were calculated. Specific farm-level data (AMU, biosecurity) were collected. Random-effects
meta-analyses were performed by country, relating farm-level data to relative ARG abundances (FPKM).

Results: Total AMU during fattening was positively associated with total ARG (total FPKM). Positive associations
were particularly observed between widely used macrolides and tetracyclines, and ARGs corresponding to the
respective antimicrobial classes. Significant AMU-ARG associations were not found for B-lactams and only few
colistin ARGs were found, despite high use of these antimicrobial classes in younger pigs. Increased internal bio-
security was directly related to higher abundances of ARGs mainly encoding macrolide resistance. These effects
of biosecurity were independent of AMU in mutually adjusted models.

Conclusions: Using resistome data in association studies is unprecedented and adds accuracy and new insights
to previously observed AMU-AMR associations. Major components of the pig resistome are positively and inde-
pendently associated with on-farm AMU and biosecurity conditions.

Introduction

In many European countries, antimicrobial resistance (AMR) rates
in human and zoonotic bacteria are high and/or on the rise.?
Unfortunately, antimicrobial drug discovery is not keeping pace
with the rise in AMR.? In 2014, this lack of appropriate treatment
options was estimated to result in ~700000 attributable human

deaths per annum worldwide.* While the need for research on
new drugs is self-evident, aetiological research investigating deter-
minants of AMR is equally warranted.

[tis generally accepted that veterinary antimicrobial use (AMU)
promotes AMR in animals, and AMR can be transmitted from ani-
mals to humans via the food chain or through direct animal
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contact.” To date, the majority of association studies in food-
producing animals have focused on the relationship between AMR
and AMU or other farm practices within one particular resistant
bacterial species and/or pathogen, e.g. studies on MRSA (pigs,
veal)®™ or Escherichia coli (pigs, poultry, veal, dairy cows).'9*° Few
studies report on multi-country data, but mostly report on associa-
tions between AMU and AMR at the ecological level.>*® Since region-
al differences in AMR are observed between European countries,’
insight into the role of on-farm practices that contribute to the
observed differences is paramount to reduce AMR in farm animals.

In 2006 the term ‘resistome’ was proposed to designate the full
collection of resistance genes in microorganisms and microbial popu-
lations.'”*® In recent years, the decreasing costs of high-throughput
metagenomic approaches® have enabled researchers to study the
resistome in a multitude of different reservoirs, e.g. humans, animals,
soil, toilet waste, sewage and permafrost.’®2#?*"?¢ Acquired resist-
ance genes from the resistome can be transmitted between bacterial
species through horizontal gene transfer. Rather than focusing
on specific (pathogenic) resistant bacteria, studying this ‘mobile
resistome’ can provide a more complete understanding of the
epidemiology of AMR in the complex human-animal interface.?®
Currently, metagenomic resistome data are scarcely used in
aetiological studies. In 2016, Xiao et al.?® investigated the influ-
ence of overall AMU in pigs on the composition of the pig resis-
tome. Despite the limited number of investigated farms (N=3),
higher abundances of AMR genes (ARGs) were seen in pigs con-
tinuously fed low doses of antimicrobials.

More recently, our research group demonstrated positive asso-
ciations between country-level AMU in pigs and the pig resistome
(relative ARG abundances).?® Within the present study we further
build upon the latter study by including detailed farm-level data; in
particular, we used a shotgun metagenomic approach to investi-
gate associations between the pig resistome and farm-level risk
factors (e.g. AMU classes, biosecurity, farm production figures). To
the best of our knowledge, the inclusion of detailed farm-level
data in epidemiological resistome models (a model including both
farm-level AMU and the resistome) is unprecedented.

Materials and methods
Study design

Between 4 June 2014 and 9 December 2015, we conducted a cross-
sectional study among a convenience sample of 181 pig farms in 9
European countries (Belgium, Bulgaria, Denmark, France, Germany, Italy,
the Netherlands, Poland and Spain). At each farm, 25 pig faecal samples
were collected and pooled as described in the supporting materials (see
Supplementary Methods, available at JAC Online). Figure 1 presents the dis-
tribution of sampled farms across Europe. Only conventional, non-mixed,
farrow-to-finish farms (sporadic exceptions as mentioned before)*® were
selected and sampled across seasons. Farm recruiting occurred directly
from a randomized database or through veterinarians and slaughter-
houses. The selected herds had to have only one owner and no contact
through trade. Additional selection criteria were required at the farm (loca-
tion of the fatteners, minimum number of sows and fatteners present on
the farm) and herd-level (all-in all-out batch production), yet not always
met, as previously described in detail. >

Data collection

For an elaborate description of the pig sampling procedure, handling of
samples and storage, sample pooling, DNA extraction, sequencing,

metagenomic data clean-up and bioinformatics, the reader is referred to
Munk et al.*° The DNA sequences (reads) from the 181 metagenomic sam-
ples are deposited in the European Nucleotide Archive under project acces-
sion number PRJEB22062.

Brief summaries regarding sampling, pooling, laboratory work, metage-
nomics and questionnaire data are provided below and in the
Supplementary data of the current paper. Owing to lack of complete data,
six farms [farm identifiers (IDs): 1001, 1009, 9001-9003 and 9006] were
excluded from the analysis resulting in 176 farms. Analyses using biosecur-
ity data were performed in all countries except one, due to lack of contrast
and being out of range of expected values (country I).

Questionnaire data

Standardized farm questionnaires (including AMU, farm technical and bio-
security questions) were completed by the farmers together with the visit-
ing researcher. To avoid social desirability bias, certain biosecurity questions
were verified during farm inspections. Questionnaire data were entered
and checked for quality in EpiData 3.1. Further data quality checks were per-
formed using ActivePerl 5.24.13" and SAS 9.4.3? SAS was subsequently used
for database management. To check data entry quality, 10% of all ques-
tionnaires were entered twice and compared. AMU data were re-evaluated
in-depth after conversion to Microsoft Excel, while other farm data
were analysed descriptively in ‘R’ v.3.3.1.%% Inconsistencies were thoroughly
re-evaluated by the researchers responsible for the data. Finally, a
database was created that consists of all AMR data and meta-data
(farm characteristics and AMU). All farms were anonymized to ensure
that results could not be traced back to individual farms. Countries were
anonymized as required by the farming organization in one participating
country.

Calculation of antimicrobial treatment incidences

The calculation of antimicrobial treatment incidences (TIs) is summarized
in the Supplementary data. AMU group TIs based on the Defined Daily
Doses Animal (DDDvet) were computed at farm-level. A group treatment
was defined as any treatment applied simultaneously to all animals pre-
sent in, at least, the smallest housing unit, and includes any parental or
other curative group treatment next to metaphylactic or prophylactic group
treatments. TI expresses the percentage of pigs receiving a dose of antimi-
crobials each day, or equivalently, during the percentage of time a pig is
treated with antimicrobials in a certain production phase or its entire life.
TIs were determined for three age categories (TI sucklers, weaners, fatten-
ers) and a standardized 200 day lifespan®* across age categories (TI 200,
which corrects for possible differences in slaughter ages between herds
and countries), per farm and by AMU class.

Since multiple farms did not use any antimicrobials, we also performed
a separate analysis while dichotomizing certain AMU variables. Country
AMU variables, for which farms in at least seven countries expressed non-
use, were dichotomized at the median value. If non-use for a specific AMU
variable was observed in all farms, except for one country, we excluded this
country from this variable.

Furthermore, TIs based on antimicrobial purchases were calculated,
which includes AMU purchase data from a standardized time period before
the farm visit.> Unlike AMU purchase data, AMU group treatments directly
relate to the sampled batch. Therefore, we only used AMU purchase data
within a sensitivity analysis.

Biosecurity indexes calculation

The algorithm behind Biocheck.ugent®, a risk-based scoring tool to evaluate
the quality of biosecurity within a pig herd, was used to calculate a biosecur-
ity score for each farm based on 108 biosecurity questions.>*® Each ques-
tion was part of a biosecurity subcategory of external (measures to prevent
disease introduction on farms) or internal (measures to prevent disease
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Figure 1. Pig farm sampling across nine European countries. Yellow dots represent either single farms or a multitude of sampled pig farms for which
GPS coordinates were available. Farm GPS coordinates used to prepare this map were anonymized and could therefore deviate up to 7km from
the true location. Sampling in France and Italy is respectively concentrated within Brittany and in northern Italy, as most pig farming is concentrated
there [source: Eurostat: http://ec.europa.eu/eurostat/statistics-explained/index.php/File: Number_of_sows_by_region_(2013).png]. This figure
appears in colour in the online version of JAC and in black and white in the print version of JAC.

spread within farms) biosecurity. Within these two subcategories, weights
were assigned to each subcategory (Table S1), and to each particular an-
swer to a subquestion within each subcategory.®® Total biosecurity was
defined as the mean of external and internal biosecurity. One question

from the original Biocheck.ugent® could not be included (‘How frequently is
the fluid of footbaths changed’) and the algorithm was therefore slightly
modified. Overall, three main and 12 subscores were calculated per farm
(Table S1).
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Figure 2. Boxplots: an overview of the three main biosecurity scores (total, external and internal) computed per farm (176 farms) presented by coun-
try. Scores can vary between 0% (low) and 100% (high). Box represents the IQR and centre line depicts the median. Dots represent outliers (values
smaller than Q1-1.5XIQR or larger than Q3+1.5xIQR). Asterisk shows the mean by country. Letters A-I represent the nine countries. This figure
appears in colour in the online version of JAC and in black and white in the print version of JAC.

Statistical analysis

‘R’ software (version 3.3.2)*® was used for statistical analysis and creating
figures. Farm technical variables were selected and checked for correlation.
In case of high correlation (Spearman’s p>0.7), we chose the most appro-
priate variable based on the risk factor literature. To increase power and to
evaluate known cross-resistances, all AMR variables were clustered by AMU
class, and all AMU class variables were used as input for the models, to-
gether with several combinations of these AMR and AMU class variables
(Table S1). Since AMR was previously linked to local temperature, we also
included sampling season as a potential determinant.®’

As described in the supporting materials, relative ARG abundances [frag-
ments per kilobase reference per million bacterial fragments (FPKM)] were
generated and aggregated (cluster levels: 90% identity level and AMR
class). Based on previous analyses®° a large country effect was expected
and therefore a random-effects meta-analysis (DerSimonian-Laird estima-
tor, linear regression, by country) was chosen to relate, univariately, each
ARG cluster to AMU, biosecurity and technical farm data (‘R* packages
rmeta, metafor). ARG abundances and AMU data were strongly skewed to
the right requiring logso transformation. Owing to excess zeros, a pseudo-
count of 1 was added before the log, o transformation.

Choosing meta-analysis as a statistical technique inevitably results in
country exclusion when no AMU/AMR is observed. To avoid spurious associ-
ations and overestimation of results, summary estimates were only pre-
served when estimates from at least four countries were incorporated.

The meta-analysis returned two P values: one regarding the overall
effect size [Benjamini-Hochberg false discovery rate (FDR) adjusted, g<0.1

threshold], and the other was between-country heterogeneity (p,>0.05,
absence of heterogeneity). Within a random-effects meta-analysis weights
are assigned by country which takes the between and within-country vari-
ation into account. To prevent certain countries from influencing these
weights excessively, ARG clusters were standardized (mean=0, SD=1) by
country. Models were first adjusted for potential confounders from the
main list of univariate significant associations (P<0.05, g>0.1). To exclude
confounding by AMU and biosecurity, we separately re-analysed the data
adding both internal biosecurity and AMU to a model with its main associ-
ated AMR type. Internal biosecurity was chosen over other biosecurity varia-
bles (total biosecurity, internal biosecurity subcategories) based on high
correlations (Spearman’s p>0.7) between biosecurity variables. For the
most important associations defined in the univariate meta-analysis, the
lower aggregation ARG clusters (90% identity level) were regressed on AMU
and biosecurity.

Overall, the meta-analyses provide estimates of the association be-
tween the determinants and the relative ARG clusters (FPKM). These esti-
mates should be considered as associations without direct straightforward
and practical implementation. First, FPKM values are interpreted as the
number of fragments of a certain clustered resistance gene within the full
bacterial population present within a faecal sample, and do not allow direct
absolute gene count comparison between samples. Since we added a
pseudocount prior to logo transformation (AMU and ARGs) ‘calculating
back’ to easily interpretable estimates becomes challenging. Lastly, since
we scaled the ARG abundances, the change in the determinants shall be
interpreted as a change in standardized units of the ARGs.
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Country Weight B [CI]
Country A r-l—« 16.27% -0.04 [-0.76, 0.68]
Country B HEH 16.22% 1.37[0.65, 2.09]
Country C —o— 10.72%  0.60 [-0.66, 1.85]
Country D i 15.48%  0.58 [-0.21, 1.36]
Country E —— 9.15% 2.18[0.72,3.63]
Country F —_ 2.82%  4.51[1.30,7.73]
Country G I 10.39% -0.16 [-1.46, 1.14]
Country H ] 14.76%  0.30[-0.55, 1.16]
Country I —1— 4.20%  0.90 [-1.64, 3.44]
Summary estimate <> 100.00% 0.76[0.18, 1.34]
I T T T 1
-2 0 2 4 6 8

Total FPKM=f(Total AMU during fattening phase)

Figure 3. Univariate meta-analysis by country: Total AMU during fattening phase versus total relative ARG abundance (total FPKM), P<0.01.
Heterogeneity test (py) is significant only when including country F (very low AMU). Without country F: summary estimate f=0.64, P=0.014 and
pn>0.05. B [CI], estimate of the linear regression and [upper and lower CI]. p, P value heterogeneity test. Weight, the assigned weight per country.

Results

Farms

Questionnaires and resistome data were available from 176 farms.
At least one farm per season was visited within each country, ex-
cept for countries F and H (no winter), and country I (no spring and
winter). Table 1 provides summary statistics of the sampled farms
and batches. Certain variables indicate large within- and between-
country differences, e.g. the number of fatteners sampled, fatten-
ers set-up per year and producing sows.

Pig resistome and AMU group treatment data

Earlier reported resistome®° and AMU data.>® for the 176 farms
included in this study are summarized in the Supplementary data
(Figures S1-S5).

Biosecurity scores

Figure 2 displays the main calculated biosecurity scores from the
176 farms, showing large within- and between-country variation.
The higher the score, the higher the respective type of farm biose-
curity. Overall, farm external biosecurity (median=73.9) was
higher than internal biosecurity (median=65.0). Furthermore,
within these two biosecurity categories, the medians differed sig-
nificantly between countries (Kruskal-Wallis, P<0.001).

Random-effects meta-analysis

In total, we regressed 16 main ARG classes (clustering of ARGs
based on AMR class) on 14 farm meta-variables (including season),
15 main AMU classes and 15 biosecurity scores in a random-effects
meta-analysis by country (excluding AMU/AMR combinations;
Table S1). The univariate meta-analysis showed a positive

association between total AMU during the fattening phase and
total ARG (AMR class clustering) in pigs (8=0.76, P<0.01; Figure 3),
but not for AMU during other life phases. In total, 122 significant
associations between ARG classes and determinants (P<0.05) were
identified including potential confounders. After excluding con-
founders and correcting for multiple testing, 18 associations
remained (g<0.1, p,>0.05; Table 2).

Among the main determinants for AMR, we found positive cor-
responding AMU-ARG associations for macrolides and tetracy-
clines. Interestingly, no similar associations existed between the
most commonly used antimicrobials colistin and aminopenicillins
and their corresponding ARG classes. When aminopenicillin use
was high in sucklers or weaners, and low in fatteners, no associ-
ation was found with the corresponding ARG class (B-lactam re-
sistance was relatively low). Similarly, colistin use was high in
sucklers, lower in fatteners (only 9% of the farms use colistin in fat-
teners, compared with 18% that use macrolides) and low colistin
resistance was observed.

We also found positive associations between non-corresponding
AMU-ARG classes such as B-lactam use (penicillins, aminopenicillins
and cephalosporins) and amphenicol resistance. Next to AMU, we
identified higher internal biosecurity as a determinant for (mainly)
macrolide resistance. These latter associations remained after ad-
justment for AMU (Table 2).

Many farms did not use critically important antimicrobials such
as (fluoro)quinolones or aminoglycosides, and dichotomous
AMU was deemed more appropriate in these cases. This partly
dichotomized analysis confirmed the results from the main analysis
(except the association between penicillin/aminopenicillin  use
and amphenicol resistance), although after correcting for the FDR,
these associations were no longer statistically significant.
Furthermore, in comparison with the main analysis, amphenicol
use (TI 200) was positively associated with amphenicol resistance
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(g<0.085, P<0.001). Another sensitivity analysis using AMU pur-
chase data instead of AMU group treatments only confirmed the
positive associations involving macrolide resistance (results not
shown).

Figure 4 displays an overview of the top 10 ARG clusters
(90% identity level) within the main ARG classes identified in
the meta-analysis. Large between-country differences (20%-
40%) were observed when examining the contribution of the
most abundant gene cluster within each antimicrobial class,
e.g. for macrolide, mefA 3 AF227521; tetracycline, tetQ; and
amphenicol, cat2. The univariate meta-analysis was repeated by
including the ARG clusters, for which the most important associa-
tions (g<0.1, p,>0.05) are presented in Table 3.

Discussion

The present study evaluates associations between farm character-
istics and faecal (largely) mobile resistomes of conventionally held
fattening pigs across nine European countries. The amount of
macrolides and tetracyclines used was associated with the
abundance of macrolide and tetracycline resistance genes.
Furthermore, internal biosecurity was independently associated
with (mainly) increased macrolide resistance.

Our results show robust evidence of direct ARG selection by
these two widely used antimicrobial classes (macrolides, tetracy-
clines). These effects were observed when evaluating both levels
of ARG clustering (ARG class and 90% identity level). Macrolide and
tetracycline use in pigs have previously been linked to, respectively,
macrolide and tetracycline resistance in specific bacterial spe-
cies.'®*¥1 We also showed evidence for cross-ARG selection
(combination of macrolide, lincosamide and lincomycin/spectino-
mycin use versus macrolide resistance) and co-selection of ARGs
(a combination of penicillin, aminopenicillin and cephalosporin use
versus amphenicol resistance). The observed cross-resistance to
macrolide and lincosamide use is expected based on the mechan-
ism behind macrolide resistance.***> However, to the best of our
knowledge, the association between B-lactam use and ampheni-
col ARGs has not been described before in pigs. Nevertheless, co-
selection in pigs has been suggested in metagenomic studies. It
was, for example, previously observed that in-feed ASP250 (chlor-
tetracycline, sulfamethazine and penicillin) treatment in experi-
mentally held pigs, increased ARG abundance beyond the
administered ASP250, including amphenicol resistance.**

Sensitivity analyses using antimicrobial purchase and dicho-
tomized AMU data did not fundamentally change our main find-
ings involving macrolide AMU-AMR associations. None the less,
dichotomization of AMU only confirmed our results prior to FDR
correction. We consider this a negligible discrepancy since FDR cor-
rection could be considered conservative*” and dichotomizing con-
tinuous variables likely results in loss of information and statistical
power.“®

In our study, the observed AMU-ARG associations might be
characterized in different ways. Most antimicrobial group treat-
ments were administered during early production stages (suckling
and weaning), but we mainly found AMU-ARG associations corre-
sponding to treatments administered during the fattening period
(with the least AMU recorded).”® Interestingly, when some anti-
microbial classes were highly and specifically used during early life

(e.g. aminopenicillins and colistin), no AMU-ARG relationships and
only few colistin ARGs were found. Considering the assessment of
the resistome in the final fattening phase, these findings suggest
short-term selective pressure posed by early age AMU. Declining or
lower AMR in the (final) fattening phase compared with AMR dur-
ing earlier ages has been described before in longitudinal studies
regarding ESBLs*” and MRSA*® in pigs. Although read-mapping
was chosen over assembly- based strategies for greater sensitivity,
this lack of association might also be assigned to low(er) ARG clus-
ter levels (e.g. mcr or blactyx-vm) detected within our metagenomic
survey [e.g. in comparison to phenotypic assays (blacrx.m)*® and
since we only mapped against ResFinder°]. Another way to char-
acterize these findings is by hypothesizing that the lack of AMU-
ARG associations related to high colistin and B-lactam use poten-
tially reflects natural history. It could be imagined that sustained
past high use of certain antimicrobials, together with potentially
differential bacterial fitness costs related to resistance,”*>? devel-
oped and established the currently circulating pool of resistance
genes.

Biocheck.ugent® scores for internal and total biosecurity were
shown to be positively associated with macrolide resistance. The sep-
arate country estimates are consistently positive in most countries.
Since the estimates hardly changed when adding both internal biose-
curity and AMU to the model for macrolide resistance, we conclude
that internal biosecurity is an independent determinant of macrolide
resistance. Within internal biosecurity, the subcategories ‘cleaning
and disinfection’ (eight countries with positive slope) and ‘measure-
ments between compartments and use of equipment’ (M&E) (seven
countries with positive slope) are shown to be positively associated
with macrolide and vancomycin resistance (only M&E). In recent
decades, evidence has built pointing to cross-resistance to antimicro-
bials and biocides (e.g. quaternary ammonium compounds) medi-
ated by the hyperexpression or acquisition of bacterial efflux
pumps.>* Moreover, co-resistance has been suggested by linkage/co-
occurrence of ARGs and biocide and metal resistance genes in bac-
teria and on plasmids.”*>*~>° Since both internal biosecurity ‘cleaning
and disinfection’ (largely) and M&E (restrictively) are based on ques-
tions related to farm disinfection, a positive association between in-
ternal biosecurity and resistance might potentially be explained by
high use of specific types of disinfectants.

Munk et al.>° showed a strong correlation between the pig resis-
tome and genus-level bacteriome by means of a Procrustes ana-
lysis. This analysis suggested that much of the between-country
variation was explained by bacteriome differences. To the best of
our knowledge, the present study is a first attempt at finding associ-
ations between the pig faecal resistome and farm-level data. To
avoid spurious associations and to support the data complexity
(~20 farms in nine countries), we took the strong between-country
variation in resistomes and risk factors into account using a
random-effects meta-analysis. Future larger studies might focus on
implementing zero-inflated binomial or Hurdle models>® to support
further the excess zeros when analysing more thoroughly the ARGs
at lower aggregation levels.

Adjustments for confounding were made during analysis, but
other bias potentially remains. Our study design made an exten-
sive effort to randomize farm selection, but did not always suc-
ceed. The farmers’ willingness to participate might correlate with
an interest in AMU/AMR reduction and consequently low AMU/AMR
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Table 3. Results random-effects meta-analysis: lower aggregation resistance gene clusters (90% identity, g<0.1, p,>0.05)

90% identity level Countries
AMU and biosecurity AMR class clustering clustering B [LCL uUCT] q included*
Lincosamide & macrolide macrolide erm(T)_4 AJ488494 1.274 [0.823,1.726] <0.001 8
use (fatteners)*®
erm(B)_clust 1.225 [0.769, 1.680] <0.001 8
erm(G)_clust 0.991 [0.305, 1.678] 0.047 8
erm(F)_clust 0.702 [0.188,1.217] 0.068 8
Macrolide use (fatteners) macrolide erm(B) clust 1.392 [0.918,1.867] <0.001 7
erm(T) 4 AJ488494 1.323 [0.834,1.812] <0.001 7
mef(A) 3 AF227521 0.980 [0.453,1.507] 0.011 7
erm(A)_3_EU348758 0.757 [0.250, 1.265] 0.038 7
erm(Q) 0.745 [0.175,1.316] 0.088 7
Lincosamide & macrolide macrolide erm(T) clust 0.864 [0.365,1.362] 0.017 8
use (200days)*
erm(F) clust 0.724 [0.300, 1.148] 0.018 8
mef(A) 3 AF227521 0.684 [0.262,1.106] 0.023 8
mef(A)_10_AF376746 0.626 [0.206, 1.047] 0.038 8
msr(D) 0.687 [0.210, 1.165] 0.047 8
erm(B)_clust 0.700 [0.162,1.238] 0.089 8
Internal biosecurity macrolide erm(F)_clust 0.027 [0.014, 0.040] 0.002 8
erm(B)_clust 0.023 [0.010,0.036] 0.013 8
erm(G)_clust 0.022 [0.009, 0.035] 0.020 8
mef(A)_3_AF227521 0.019 [0.007,0.032] 0.036 8
erm(T)_4_AJ488494 0.018 [0.005, 0.031] 0.070 8
mph(B) 0.017 [0.004, 0.030] 0.087 8
Tetracycline use (200 days)® tetracycline tet(M) 0.947 [0.437,1.457] 0.011 9
tet(W) 0.735 [0.318,1.152] 0.014 9
tet(40) 0.605 [0.190, 1.020] 0.046 9
tetB(P) 0.615 [0.190, 1.040] 0.047 9
tet(L)_clustl 0.673 [0.146, 1.199] 0.094 9
B-Lactam use (fatteners)” phenicol (amphenicol) cat 2 1.184 [0.268, 2.099] 0.089 7
B-Lactam use (fatteners)™ phenicol (amphenicol) cat 2 1.174 [0.268, 2.080] 0.089 7

All figures are rounded. [LCI, UCI], lower and upper CIs. *Countries included in each association: countries were excluded if no AMU was recorded on
all farms from the respective country. All biosecurity analyses included eight countries. Variable explanations: Lincosamide & macrolide use
(fatteners)®, macrolide-+lincosamide-+lincomycin/spectinomycin  AMU in fatteners. Lincosamide & macrolide use (200days)®, macroli-
de+lincosamide-+lincomycin/spectinomycin AMU corrected for a lifespan of 200days. B-lactam use (fatteners)”, p-lactam AMU (penicil-
lin+aminopenicillin+cephalosporin) in fatteners. B-Lactam use (fatteners)™ p-lactam AMU (penicillin+aminopenicillin) in fatteners. Tetracycline use

(200 days)™, tetracycline use corrected for a lifespan of 200 days.

levels. No AMU/AMR also leads to a decreased sample size and po-
tentially spurious associations, as the influence of non-use/no AMR
cannot be estimated in a country-wise linear regression meta-
analysis. We consequently excluded associations including less
than four countries. Furthermore, while good farm AMU adminis-
tration records were required, social desirability and recall bias
could nevertheless have resulted in AMU and biosecurity misre-
porting or AMU underreporting and hence misclassification of ex-
posure. Likewise, although the majority of treatments in pig
production consist of group treatments,>”*® the exclusion of indi-
vidual treatments (due to an even higher risk of recall bias), might
have led to misclassification of exposure. Despite strict protocols,
bias could have resulted from countries employing their own field
and lab workers.

Using resistome data provides a great level of detail and
multiple outcome variables. This makes classical risk factor ana-
lysis less straightforward in comparison with studies involving
specific AMR bacteria. First, ARG data are expressed as relative
abundances (FPKM) and consequently less intuitive to interpret.
Second, these ARGs could be localized in clinically irrelevant or
dysfunctional/dead bacterial species, and no phenotypic resist-
ance patterns (the combined expression of multiple ARGs) are
studied. Third, less prevalent but still important resistance types
(e.g. B-lactam resistance: blacrx-m) are more difficult to detect
when using metagenomic sequencing data despite the high
sequencing depth in our study. Finally, our study was limited by
the ARGs present within the ResFinder database (largely
acquired ARGs).
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Macrolide Overall % A% B% C% D% E% F% G% H% 1%
mef(A) 3 AF227521 32.13 31.90 29.07 3411 2470 | 33.52 14825 WSI6IN 2224  33.67
Inu(C) 2788 | 3848 2577 3672 26.02 2930 3130 1504 27.73 23.11
erm(F)_clust 18.74 2036 978 394 | 2873 2327 812 1312 2228 13.29
erm(B)_clust 10.96 593 1798 554 1014 849 548 1061 1642 14.83
erm(G)_clust 3.58 098 434 1083 238 272 269 397 417 367
Inu(A) 1.77 022 180 022 387 021 004 013 281 442
mef(A) 10 AF376746 1.11 083 1.89 148 111 107 125 133 082 086
msr(D) 1.01 023 231 589 038 031 168 091 026 086
Inu(B) 0.88 051 362 069 057 022 037 060 092 139
erm(Q) 0.52 024 175 030 051 034 037 038 054 062
Tetracycline Overall % A% B% C% D% E% F% G% H% 1%
tet(Q) 3857  [4205 27.54 (4425 3934 3528 [46.63 ISL54N 27.48 [ 4193
tet(W) 30.78 3351 3442 3322 2901 31.88 2881 2476 33.16 26.63
tet(40) 11.55 751 871 446 1538 1569 950 594 1879 10.97
tet(0) 7.36 722 907 905 635 813 754 574 691 683
tet(44) 5.14 523 851 605 396 423 478 424 496 498
tet(X)_clust 1.89 210 085 103 298 262 075 181 232 123
tet(L) clustl 1.79 080 573 025 060 033 036 144 369 217
tetA(P) 0.73 045 215 071 052 046 057 055 058  0.70
tet(32) 0.73 074 150 055 038 075 059 044 089 062
tet(M) 0.59 016 047 013 090 035 013 124 060 124
Amphenicol Overall % A% B% C% D% E% F% G% H% 1%
cat 2 60.05 [4BI9BN 2559 27.41 [NG3MON 3032 14228 16.14

catP 14.36 893 743 716 1677 267 717 719 437 177
cat(pC194) 10.49 1048 1233  1.72 1040 [4SBOM 15.74 245 602  10.22
fexA 450 1.69 040 000 406 020 210 790 1097 661
floR_clust 3.32 1.85 | 1929 502 121 092 363 EMEOM 489 9.70
catQ 3.08 375 308 778 290 000 437 333 269 465
cmx 1.23 462 1210 279 027 629 299 296 1852 2.09
cats 0.69 632 553 12330 043 317 13.75 244 167 023
cml_clust 0.48 202 345 000 005 030 000 075 525 230
cat_clust 0.48 000 519 089 007 092 000 056 086  3.20
Vancomycin Overall % A% B% C% D% E% F% G% H% 1%
VanT-G 16.77 19.64 1544 1930 942  17.75 1845 1881 1571 1492
VanXY-G 16.15 16.47 1268 1895 877 1899 1577 1738 1715 2017
VanW-G 13.32 13.55 1136 1431 9.08 1501 13.73 13.73 1362 17.13
VanG 11.50 1055 896 1271  7.77 1135 1449 1335 1217 12.34
VanX-B 5.70 741 621 520 1082 258 539 486 453 413
VanH-B 4.96 420 670 342 924 486 496 423 441 151
VanA-

B 1 AF192329 4.80 522 556 491 872 359 449 380 370 196
VanR-G 4.78 445 426 336 3.88 712 464 554 669 207
Vans-B 433 371 651 454 705 260 327 442 309 276
Vany-B 4.04 396 627 302 763 250 382 302 357 152
Oxazolidinone &

Macrolides &

Amphenicols Overall % A% B % C% D % E % F% G % H % 1%
cfr_clust 100.00 0.00 0.00 0.00

Figure 4. Prevalence of the lower aggregation resistance gene cluster (90% identity) within a certain AMR gene class cluster identified in the meta-
analysis. Only the top 10 (highest abundance) lower aggregation clusters within the AMR gene class cluster are presented. Country percentages: con-
tribution (%) of a lower aggregation cluster within the AMR class cluster detected in a particular country. Blue scale indicates high (dark blue) to lower
(light blue) contributions. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

In conclusion, our study is (as far as we are aware) unigue in
combining a large resistome dataset with risk factors. We estab-
lished associations between ARGs and farming practices, which
provides more insight into the biological pathways of resistance.
Our approach enabled the evaluation of a large set of antimicrobial
classes in parallel while checking for cross- and co-resistances
(~2000 associations within nine countries). We therefore believe
that our study provides an important first step in inferring the main
drivers for AMRIn pigs at the metagenomic level.
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