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A B S T R A C T

Objectives: With the continued spread of antimicrobial resistance (AMR) in animals, it is important to
assess its occurrence throughout a microbiome quantitatively in order to evaluate significantly affecting
factors, e.g. antimicrobial usage. Metagenomics methods make it possible to measure the abundance of
AMR genes in complex samples such as pooled faeces samples from batches of slaughter pigs. This study
was performed to determine the random error in pooled samples from batches of pigs at slaughter and
the measurement error from the metagenomics processes.
Methods: In four farms, two pooled samples were obtained from a batch of slaughter pigs by two
individual samplers, and each pooled sample was thereafter processed twice. Hierarchically clustered
heatmaps were applied to evaluate dissimilarities between samples. The coefficient of variation was used
to calculate the percentage difference between samples from the same farm.
Results: Results of the analysis revealed that it was not possible to quantitatively separate the variation
arising from sampling and metagenomics processes. They both contributed to the overall measurement
error in batches of slaughter pigs.
Conclusion: Sampling of single pigs in 30 randomly selected pig pens within the farms provides a
composition representative for frequently occurring AMR genes present within the farms, while rare
genes were not dispersed in a similar manner. Aggregating the resistance abundance at gene family or
antimicrobial class level will reduce the apparent variation originating from errors in sampling and
metagenomics processing.

© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

1. Introduction

A sound assessment of the relationship between antimicrobial
use and antimicrobial resistance (AMR) requires accurate and
precise estimates describing the actual antimicrobial use and the
real occurrence of AMR, which in turn will enhance the power to
detect significant effects of antimicrobials on AMR and increase the
validity of the estimated size of these effects [1].

Resistance can be measured by phenotypic methods, e.g.
cultivation and minimum inhibitory concentration (MIC) determi-
nation [2]. These methods detect the AMR occurrence to specific
antimicrobials using indicator bacteria, e.g. Escherichia coli and
Enterococcus spp., which are part of the normal gut flora and carry

AMR genes easily [3]. The methods provide valuable information of
resistance occurrence but do not quantify its amount or dispersion
within an entire microbiome [4,5]. Samples from the pig gut hold
more than 400 different bacterial species, with E. coli and
Enterococcus spp. not comprising the majority of bacteria in the
gut community [6,7]. Therefore, estimating resistance using
indicator bacteria might provide misleading estimates.

Metagenomics methods quantify the abundance of resistance
genes in complex samples from animals, e.g. a pooled faeces
sample representing a pig population resistome [4], thereby
making it possible to assess the quantitative effect of altered
antimicrobial use on that resistome, including assessment of
potential co- and cross-resistance [8].

Combined investigation of the performance of the sampling
scheme to obtain a population representative pooled sample and
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bundance of AMR genes in pig populations, it is equally key to
ssess the performance of the sampling scheme.
The objective of this study was to assess the robustness of the

ntire sampling procedure. Consequently, to investigate (i) the
rror from the sampling scheme originating from natural variation
n resistance between pigs included in a pooled sample and (ii) the
etagenomics process error originating from random variation in

he laboratory methods and the subsequent assignment of
equencing fragments to AMR genes.

. Materials and methods

.1. Study design

This cross-sectional study was conducted in four Danish
onventional pig farms in which faecal samples were collected
rom one batch of slaughter pigs. In each farm, two samplers
btained 30 samples individually and the samples from each
ampler were pooled into a single sample (Fig. 1). The two pooled
amples from each farm were thereafter processed for metage-
omic sequencing individually twice (Fig. 1).

.2. Sample procedure

.2.1. Sampling scheme
Four farms (F1–F4) containing slaughter pigs >80 kg and a

early production above 5000 slaughter pigs were visited during
015 and 2016 (Fig. 1). At each farm, two samplers (T1 and T2)
arried out a sampling scheme individually (Fig. 1). A sampling
cheme consisted of collection of 30 individual faecal samples from
0 randomly selected pig pens (round). An online randomisation
ool was applied to select 30 pens [9]. Samplers T1 and T2 were the

a 5 g portion of each of the 30 samples and gathering them into one
pool. Preceding DNA processing of the pooled samples, these were
split by obtaining 0.5 g from each pooled sample twice (A and B)
(Fig. 1).

2.2.2. Metagenomics processes
DNA extraction was performed with a modified QIAamp Fast

DNA Stool Mini Kit protocol (QIAGEN, Valencia, CA, USA) [10].
Subsequent sequencing of all DNA extracted from the pooled
faeces sample has been described by Munk et al. [4]. Resistance
was quantified using the KMA tool to map the paired-end
fragments against the ResFinder database (December 2019) [11].
The abundance of AMR genes was normalised as fragments per
kilobase reference per million fragments (FPKM) using the
following formula:

AMR genep abundance ¼ n
N � lð Þ

� �
� 106F � 1000bp  ð1Þ

where n = number of mapped fragments, N = total number of
fragments, F = fragments, bp = base pair and p = gene [12].

Because the ResFinder database contains multiple similar
resistance gene sequences, identical parts of homologous gene
variants causes unspecific mapping of the fragments, therefore the
AMR gene abundances were also aggregated at the gene family and
the antimicrobial class level (Supplementary Table S1) [4].

2.3. Data analysis

The variation between the pooled faecal samples originating
from the sampling scheme and the metagenomic processing was
assessed in scatterplots. To evaluate minor variations in abundance
of AMR genes, the FPKMs were also plotted with a log10

Fig. 1. In four farms, the conduct of obtaining four pooled samples from a batch of slaughter pigs.
ame two persons throughout the study (Fig. 1).
Faeces were collected during defecation, which assured that

either the environment nor the time affected the bacterial
ontent or composition. Samples were kept cold at �5 �C until
rrival at the laboratory on the same day. At the laboratory, each
ound of samples was pooled into a single sample by weighing out
39
transformation, with 0.01 added to all FPKM values to address
zeros in the data set.

The similarities and dissimilarities in abundance of AMR genes
of the pooled samples were assessed using heatmaps based on
hierarchical clustering analysis at gene variant, gene family and
antimicrobial class level. The Euclidean distance and Ward’s
9
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minimum-variance method were applied to calculate the length
between observations and for the clustering, respectively.

The sampling scheme reproducibility of sampler T1 versus T2
within farms and the metagenomic process reproducibility of
sample A versus B within farms was estimated as the coefficient of
variation (CV) using the following formula:

CV ¼ 100 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX d � mð Þ2

2n

  !vuut   ð2Þ

where n = number of AMR genes, d = difference between two
estimates of AMR abundance, and m = mean of two estimates of
AMR gene abundance [13]. It was assumed that there was no
systematic difference between samples A and B, and sampler T1
and T2 originating from the same farm. When comparing sampler
T1 to sampler T2, their metagenomic process A samples and
metagenomic process B samples were assessed. The CVs were
calculated taking into account all genes and then only genes
occurring in both samples, the latter to exclude rare and very rare
genes from the analysis. Finally, CVs were estimated for the AMR
gene abundances aggregated to gene family and antimicrobial class
level.

Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA) and
R v.3.3.3 with the R packages tidyverse for data management [14]
and pheatmap for heatmaps [15] were applied.

3. Results

3.1. Study sample

Two farms were sampled in 2015 and two farms in 2016
(Table 1). The number of pens with pigs >80 kg in the four farms
ranged from 41 to 142 (Table 1). On average, each pen contained
between 12 and 16 pigs. The yearly production of slaughter pigs of
the farms sampled in 2016 was approximately twice the size of the
farms sampled in 2015 (Table 1).

3.2. Data analysis

In total, 181 different AMR genes were found across the samples
(Supplementary Table S1).

The scatterplots illustrating the variation between estimated
FPKM of each gene of the metagenomic process A sample to the
corresponding B sample at sampler and farm level showed little
variation between the results of the two (Supplementary Fig. S2).
However, the scatterplots with the log10 transformation FPKM
provided a good illustration of the variation of the scarcely found
genes occurring in the metagenomic process A or B only
(Supplementary Fig. S3). In particular, farm F1 had numerous
genes only found in one of the two processes (Supplementary

family and antimicrobial class) the data were analysed at (Fig. 2).
Furthermore, independent of the level, farms F2 and F4 were more
similar to each other compared with farms F1 and F3 (Fig. 2).

At gene variant level, the dissimilarity between slaughter pigs
from the same batch (T1 and T2) was shown to be larger than the
dissimilarity from the metagenomic process A and B of the farms
F1 and F2. In contrast, the dissimilarity from the process A and B
was shown to be larger than the dissimilarity between slaughter
pigs from the same batch (T1 and T2) of the farms F3 and F4
(Fig. 2a). At the same level, the scarcely found AMR genes were not
necessarily farm-specific, e.g. an AMR gene found in two samples
only was seldom farm-specific (result not shown).

At gene family level, the dissimilarity between samples from
the same farm decreased for all the farms compared with the gene
variant level (Fig. 2a,b). One distinct difference could be observed;
only one of the two samplers metagenomic processed A and B
sample clustered (Fig. 2a,b). Subsequently, within farms the
dissimilarity from the metagenomic process A and B was both
smaller and larger compared with the dissimilarity between pigs
from the same batch (T1 and T2) (Fig. 2a,b).

The dissimilarity at antimicrobial class level decreased for all
the farms compared with the gene variant level, although it
remained the same compared with the gene family level (Fig. 2).
Overall, none of the within-farm clustering remained the same at
all three levels (Fig. 2).

The CV of the abundance of AMR genes estimated at gene
variant level between metagenomic process A and B within farm
and sampler ranged from 65% to 89% with all AMR genes included
and from 17% to 36% with the AMR genes occurring in both samples
(Supplementary Table S4). At the gene family and antimicrobial
class level, the CV of the abundance of AMR genes decreased
overall, thus with all AMR genes included it ranged from 58% to 85%
and 5% to 77%, respectively, and with AMR genes occurring in both
samples it ranged from 11% to 23% and 5% to 22%, respectively
(Supplementary Table S4).

Within farms, the estimated CV of the abundance of AMR genes
at gene variant level between sampler T1 and sampler T2 ranged
from 69% to 88% with all AMR genes included and from 19% to 33%
with the AMR genes occurring in both samples (Supplementary
Table S5). At gene family level, the estimated CV between samplers
ranged from 60% to 78% and 9% to 20% with all AMR genes and with
genes occurring in both samples, respectively (Supplementary
Table S5). In contrast, at antimicrobial class level, the CV decreased
to the range 38% to 77% taking all the AMR genes into account, but
the CV increased to the range 14% to 33% taking only AMR genes
occurring in both samples into account (Supplementary Table S5).

The metagenomic sequences have been deposited in the
European Nucleotide Archive (ENA) (Supplementary Table S6)
(EMBL-EBI, 2016).

Table 1
Sampling time and population and production characteristics of the selected farms.

Farm Time of sampling No. of pens with pigs >80 kg Slaughter pig productiona

F1 29-06-2015 41 5185
F2 06-07-2015 46 5366
F3 18-07-2016 60 9216
F4 26-07-2016 142 9485

a Number of delivered slaughter pigs during the year of sampling.
Fig. S3). The log10 transformation also illustrated larger variations
between genes of sampler T1 compared with sampler T2 in farm F4
and reversely in farm F3 (Supplementary Fig. S3).

The heatmaps show that the dissimilarity between farms was
larger than the dissimilarity within farms, i.e. samples from the
same farm clustered, independent of the level (gene variant, gene
400
4. Discussion

Although larger farms were selected to avoid an overestimation
of robustness, the four farms differed substantially in size. In farm
F1 and F2, both samplers sampled several of the same pens,
whereas only a small number of pig pens were sampled by both
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amplers in farms F3 and F4. In theory, given a fixed number of
amples contributing to a pooled sample, the sampling error will
ncrease by an increased number of pens and pigs in the sections,
rovided there is significant variation in AMR between pens and
igs. The results of cluster analysis and estimation of CV regarding
ifferences between samplers indicates a homogenous abundance
f common AMR genes in batches of pigs. In consequence, the
esults obtained from the sampling schedule seem to provide
eliable results independent of farm size, which is in agreement
ith previous studies [16,17].
In Danish pig farms, pigs are moved between sections and pens

uring the rearing period owing to uneven growth. This could
xplain the similarities observed between samplers, thus the
laughter pig batch has acquired similar diversity and abundance
f AMR genes. On the other hand, the dispersion and persistence of

pooled sample than the samples obtained by the two samplers
within a farm. However, the heatmaps clustering at gene variant,
gene family and antimicrobial class level showed that both the
sampling schedule and the metagenomic process contributed
equally to the uncertainty in the measured abundance of AMR
genes in the farms.

The deeper a sample is sequenced, the higher likelihood to
detect rare and very rare AMR genes. The abundance of gene
families will also be more accurately estimated, making it easier to
determine the effect of interventions, e.g. antimicrobial use
alterations. Therefore, sequencing depth should be chosen based
on the overall aim of a study [19,20]. Rare AMR genes are important
to evaluate the diversity within a resistome. To get a better
representation of AMR genes would require a substantial increase
in the number of fragments by increasing the sequencing depth to

ig. 2. Heatmaps with dendrograms of the hierarchical Ward D2 clustering on Euclidean distances of min–max scaled FPKM of the 16 pooled faeces samples and the
bundance of resistance found in two or more samples at (a) gene variant level, (b) gene family level and (c) antimicrobial class level. FPKM, fragments per kilobase reference
er million fragments.
he abundance of AMR genes within a farm could have become
tably integrated into the faecal microbiome because of previous
ntimicrobial use [18].
The samples clustered at farm level in all analyses. It was

xpected that the abundance of AMR genes would be similar
etween the metagenomic processed samples from the same
40
detect the rarer AMR genes [20]. Furthermore, in order to detect
rare genes that are not spread throughout the entire batch, a more
comprehensive sampling schedule has to be applied, where a very
large number of pigs is represented in the pooled sample.

By aggregating the abundance of AMR genes to gene family or
antimicrobial class level, the CV declined at both the metagenomic
1
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processing and sampler level. With the exclusion of rarely
occurring AMR genes in the calculation of CV at all three levels,
the CV declined substantially in particular at the gene family level.
Therefore, assessing the relationship between antimicrobial use
and AMR, obtaining accurate and precise measurements of the
occurrence of AMR could beneficially be performed at gene family
level with the predominant abundant AMR genes to enhance the
power to detect significant effects [8].

5. Conclusion

With the progress in metagenomics testing to describe AMR, it
becomes paramount to evaluate the reproducibility of the test
itself and the reproducibility in relation to the test material, in our
case pooled faeces samples. This study was not able to
quantitatively separate the variation arising from sampling and
the metagenomic process, but the results show that both
contributed to the overall measurement error of AMR in batches
of slaughter pigs using metagenomics on pooled faecal samples.
Sampling of single pigs in 30 randomly selected pens within the
farms provides a composition representative of the frequently
occurring AMR genes present within the farms, while rare genes
were not dispersed in a similar manner. Finally, aggregating the
abundance of AMR genes at gene family or antimicrobial class level
will reduce the apparent variation originating from errors in
sampling and metagenomics processing.
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