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Abstract

Reducing antibiotic use is one of the biggest challenges in pig farming, as antibiotics have

been used for years to control typical problems such as newborn or post-weaning diarrhea.

The pressure a one health approach has created on animal production regarding antimicro-

bial resistance is an opportunity to find other strategies against enterobacterial pathogens in

suckling and weaned piglets. A farm-specific approach could have a good success due to

the individual farm structures in Germany and other countries. In this study, non-metric mul-

tidimensional scaling, hierarchical clustering, and latent class analysis were used to deter-

mine the impact of antibiotic use on antibiotic resistance patterns and pathogen prevalence

in 20 German pig farms. This may help to develop individualized health strategies. 802 fresh

fecal samples were collected from sows and piglets from 20 piglet production and rearing

farms at different production times (sows antepartum and postpartum, suckling piglets,

weaned piglets). In addition, the use of antibiotics was recorded. DNA extracts were sub-

jected to quantitative real-time qPCR with primers specific for antibiotic resistance genes

(int1, sul1-3, dfrA1, mcr-1, blaCTX-M), and virulence factors of relevant bacteria (C. difficile,

C. perfringens, Salmonella, Escherichia/Shigella/Hafnia, E. coli). Linear and logistic regres-

sion models were used to analyze the relationship between different antibiotics and the

major genes contributing to the clustering of observations for the different animal groups.

Clustering revealed different farm clusters for sows, suckling piglets, and weaned piglets,

with the most remarkable diversity in antibiotic use among weaned piglets. Amoxicillin, linco-

mycin, and enrofloxacin were identified as the most probable cause of increased odds of the

presence of relevant antibiotic resistance genes (mcr1, dfrA1, blaCTX-M). Still, direct effects

of a specific antibiotic on its associated resistance gene were rare. Enrofloxacin and florfeni-

col favored the occurrence of C. difficile in sows. The E. coli fimbriae genes were less

affected by antibiotic use in sows and piglets, but the F4 fimbriae gene could be associated

with the integrase 1 gene in piglets. The results confirm that multidrug-resistant enterobacte-

ria are widespread in German pig farms and give awareness of the impact of current antibi-

otic use while searching for alternative health strategies.
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Introduction

In modern pig production, two problems are facing each other: antibiotic resistance and path-

ogenic agents, which hinder a desired reduction of antibiotic consumption. Especially new-

born and weaning animals are susceptible to diarrheal diseases, which can often only be

controlled with antibiotics. Therefore, most antibiotics are used at a young age, especially dur-

ing the weaning transition, and are usually administered for metaphylaxis [1].

Post-weaning diarrhea (PWD) is mainly governed by enterotoxigenic Escherichia coli
(ETEC), with fimbriae F4 and F18 being the major pathogenicity factors found in pigs [2].

Environmental factors can be crucial cofactors in this critical phase by affecting gut develop-

ment, digestive physiology, microbiota, and immune function [3]. Nevertheless, there has yet

to be a strategy to prevent this disease completely.

Colistin is widely used for antibiotic control of intestinal disorders in piglets [1]. Still, due to

its classification as polymyxin, it is considered one of the critically important antibiotics (CIA)

for human medicine by the World Health Organization (WHO). It should therefore be used

with prudence [4]. Plasmid-mediated colistin resistance via the mcr-1 gene, first discovered in

China [5], is also prevalent in Europe [6–8] and the link between the occurrence of colistin

resistance with the administration of colistin in pig production could be drawn quickly [9].

Another problem are ESBL-producing enterobacteria, which are resistant to beta-lactam

antibiotics such as penicillin, amoxicillin, and cephalosporins. For a long time, they have been

among the greatest threats to human medicine, and their spread in food-producing animals

forms an additional danger of dissemination [10]. In particular, the CTX-M types are widely

distributed in farm animals, such as pigs and poultry [11,12]. Beta-lactam antibiotics, espe-

cially penicillin, and cephalosporins, are used for diseases of various organ systems in every

production period in pigs [1]. The 4th and 5th generations of cephalosporins belong, as well as

colistin, to the CIA [4]. Other antibiotics used in pig production are tetracyclines, macrolides,

and trimethoprim in combination with sulfonamides, fluoroquinolones, aminoglycosides, lin-

cosamides, and pleuromutilins [1].

Mechanisms of resistance transfer have been well studied in vitro. Mobile genetic elements

on plasmids lead to the easy spread of resistance genes within the bacterial community, and

antibiotics enhance this via selection pressure [13]. So-called integrons, which carry antimicro-

bial resistance genes, play a crucial role in this process, especially for gram-negative bacteria

[14]. Some observations also indicate a connection between integrons and virulence factors of

E. coli [15]. Links between antibiotic resistance and virulence could also be described [16], but

evidence about the relation between antibiotic use and virulence genes or facultatively patho-

genic bacteria is rare.

In Germany, antibiotics dispensed by veterinarians to farmers are documented and moni-

tored by law (German Veterinary Medicine Act). If limits are exceeded, the veterinarian and

farmer must initiate measures to reduce them. Since the recording of the quantities of antibiot-

ics dispensed to veterinarians in 2011, there has been a significant decrease in antibiotic use,

also in the area of pig production [17]. Nevertheless, not all farms can manage without antibi-

otics, especially in the critical weaning phase. Because of differences in antibiotic use routines

and laws in each country, regional studies are needed before intervention strategies can be

developed. Addressing the specific situation of the farm could lead to a change in thinking and

help to break management patterns regarding non-indicated antibiotic use [18].
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In newborn piglets, besides E. coli, Clostridium perfringens and Clostridioides difficile are

associated with diarrhea [19]. However, as with PWD, factors other than growth of virulent

bacteria appear important in clinical outbreaks of neonatal diarrhea in piglets [20]. In addition,

Salmonella plays a role throughout pig production. Infections also lead to enteritis, and some

Salmonella strains can carry a broad spectrum of antibiotic resistance. Even without a clinical

outbreak in the host, they pose a risk to the end consumer because pork is one of the most sig-

nificant vectors for Salmonella [21,22].

The present study is part of a larger project called OptiBiom, which aims to combat typical

problems in pig production such as neonatal and post weaning diarrhea. An earlier study has

already found evidence that there are farm-specific- and sow-piglet-specific patterns in the

fecal microbiota composition in German sow farms [23]. Thus, the present study aims to link

farm-specific antibiotic use with the occurrence of critical bacteria, virulence factors and anti-

biotic-resistance genes. To study this relationship in detail, clusters of farms were first charac-

terized based on differences in antibiotic use. Then, the major genes involved were identified

and associated with antibiotics using different regression models for the presence/absence and

concentration of target genes to assess the potential importance of the antibiotics that contrib-

ute the most.

This study focuses on investigating 20 German pig farms for antibiotic resistance genes,

bacterial genes, and virulence genes as well as antibiotic treatment at different production

times. This approach may help to build knowledge and databases for relevant antimicrobial

resistance and virulence patterns in German pig farms. Additionally, the data of the present

study might alone help to give awareness to combat routine antibiotic treatment.

Materials and methods

Ethics statement

The present study is not an animal experiment as defined by the German Animal Welfare Act

(TierSchG 2006). Fecal samples were collected non-invasively. The farm owners gave their

written consent to sampling and data collection on their farms and to the publication of our

results.

Study design and sampling

The study design was based on sampling the same sows and their offspring over a period of

seven weeks during the production cycle (sows 15 ± 3d antepartum and 11 ± 3 d postpartum,

piglets at the age of 11±3 d and 34±3 d). A total of 802 fresh fecal samples were acquired from

10 ± 1 sows and 10 ± 1 piglets from 20 different piglet production and rearing farms. The anti-

biotic use on the farms was recorded throughout the sampling phase (S39 Table in S1 File).

Further details were previously described [23].

Quantitative real-time PCR

DNA concentration was determined using Promega QuantiFluor1 dsDNA System (Promega

Corporation, Madison, USA) according to the manufacturer’s instructions. Fluorescence was

measured with a microplate reader (Infinite1 200 PRO, Tecan Group AG, Männedorf, Swit-

zerland) at 506 nmEx/535 nmEm.

DNA extracts were subjected to quantitative real-time qPCR with primers specific for anti-

biotic resistance genes, pathogen genes, and virulence factors of relevant bacteria (S1 Table in

S1 File). Target genes for antibiotic resistance were chosen according to the most used antibi-

otics on the examined farms. The qPCR was performed with a commercial cycler (Mx3000P;
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Agilent Technologies Inc., Santa Clara, USA). Each protocol included 40 cycles with an initial

activation at 95˚C for 10 min, annealing at the given temperatures, and an extension at 72˚C

for 1 min. Denaturation and final extension were each performed at 95˚C for 30 seconds.

Quantitative analysis of detected target genes

Due to the non-normal distribution of the data, the Mann–Whitney test was chosen to com-

pare the quantitative enumeration of target genes for sow and piglet data and the Kruskal-Wal-

lis test for the comparison of farms. Since the detection of genes was very variable between

animal groups, a prevalence analysis was added to compare more clearly. The prevalence

between different groups was analyzed with the Chi-Squared test. Statistical procedures were

performed using the IBM SPSS Statistics software Version 27 (IBM, Chicago, USA). A level of

95% confidence was deemed as significantly different.

Nonmetric multidimensional scaling (NMDS) and Hierarchical clustering

Due to a large amount of information on antibiotic use present in the data, a nonmetric multi-

dimensional scaling (NMDS) procedure was used to reduce the dimensionality and improve

the visualization of the results. This procedure assesses similarities between samples when con-

sidering multiple variables of interest. It creates a matrix of similarities (dissimilarities) for

each animal group’s binary variable–application or no application–of different antibiotics. The

Jaccard distance was used as a dissimilarity measure, given the dataset structure. Unlike princi-

pal component analysis, this procedure was more suitable for the data type at hand since it did

not require to fulfill multivariate normality nor multivariate homoscedasticity assumptions.

The generated NMDS matrices allowed a hierarchical clustering for the observations in each

animal group.

Latent class analyses

To analyze the presence/absence (binary data) of target genes, the Latent Class Analysis (LCA)

was implemented to cluster the data. This method allows the creation of classes or clusters

characterized by a pattern of conditional probabilities indicating the chance that a target gene

has to take on specific values, also giving probabilities of observations belonging to the class.

The LCA was conducted first on a different number of classes to find the optimal number of

classes to use for the analysis by comparing the Akaike Information Criterion (AIC) of each

model. This optimal number was the same for all animal groups analyzed. Then the procedure

was applied repeatedly several times to ensure model optimality. The analysis was conducted

separately for the two classes of target pathogenic and resistance genes for both sows and pig-

lets, divided into antepartum and postpartum sows and suckling and weaning piglets. NMDS

analysis and LCA were conducted using software R (version 4.1.0.).

Regression models

Following the LCA on the antibiotic resistance genes, a variable selection procedure has been

conducted to detect the most relevant genes contributing to clustering the observations for the

different animal groups. Once those genes had been detected, the aim was to analyze their rela-

tionship with different antibiotics. A generalized linear regression model has been imple-

mented for those cases with low zeros. In the case of inflation of zeros, first, a logistic model

was implemented using the presence/absence of the gene information (1/0 variable) as the

dependent variable and then applying the normal linear model on those observations having a

concentration greater than zero. This methodology was used to spot the potential differences
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between those units not having/having a concentration of one of the relevant genes. For those

genes where the Shapiro test indicated a poor normal fit, a transformation was applied to the

distribution of the gene concentration, scaling it between 0 and 1. Then a beta regression was

used in those cases. The application/not application of antibiotics was used as a predictor for

the models. In each model, all antibiotics available for that particular animal group were used

at the first step, then using a variable selection method based on the AIC indicator. Each

model was updated, dropping those predictors (antibiotics), resulting in not being relevant for

the model.

Results

Quantitative comparison of antibiotic resistance genes, enterobacterial

genes, and virulence genes in German pig farms

A total of 406 sow and 396 piglet samples from different production time points and farms

were analyzed by quantitative real-time PCR. Prevalence and concentration of enterobacterial

antibiotic resistance or related genes (blaCTX-M, sul1-3, dfrA1, mcr-1, int1), bacteria, and viru-

lence genes (C. perfringens (cpa), C. difficile (Cdiff)), Salmonella (QVR), Escherichia/Hafnia/
Shigella (Escherichia), and E. coli virulence factors (fae, fedA, fas) were recorded. The whole

data set is shown in the supporting information (S2-S5 Tables in S1 File).

Except for Salmonella, significant differences were observed between farms for the concen-

trations of all other analyzed genes (S2 Table in S1 File). Highly prevalent in all farms were the

antibiotic resistance-related genes int1 (100%) and sul1-3 (>98%), as well as the 16S rDNA

copy numbers for the Escherichia group (>98%) (S2 Table in S1 File). The lowest prevalence

was detected for Salmonella (6%) and the mcr-1 gene for colistin resistance (26%). Overall, E.

coli fimbriae genes were also seen at low prevalence (<20%). Genes for C. perfringens and C.

difficile, as well as for trimethoprim resistance (dfrA1) were highly prevalent (>76%), while the

gene for ESBL (blaCTX-M) had a wide range (27–78%) of prevalence between farms (S3 Table in

S1 File).

The comparison of antepartum and postpartum sows showed that C. perfringens and C. dif-
ficile were of significantly higher prevalence in postpartum sows, but concentrations were not

affected (S4 Table in S1 File). Generally, all studied genes showed higher concentrations in

postpartum sows, except for the int1 gene. However, the prevalence for the E. coli fedA gene,

trimethoprim- (dfrA1), and colistin (mcr-1) resistance significantly decreased after birth, while

the prevalence for the ESBL gene blaCTX-M significantly increased.

Suckling and weaned piglets showed significantly lower concentrations and the prevalence

of C. perfringens and C. difficile in weaned piglets, while only a marginal, albeit significant,

increase for the Escherichia group was observed (S5 Table in S1 File). All antibiotic resistance

genes except trimethoprim resistance (dfrA1) and the related enterobacterial integrase I

showed significantly lower concentrations in weaned piglets. Similarly, the prevalence of these

genes also significantly decreased after weaning. Regarding the E. coli fimbriae genes, the fedA
gene displayed a drastic increase in both quantity and prevalence. The prevalence of the fae
gene increased after weaning, while the fas gene decreased significantly.

Farm-specific distribution of antibiotic use

A non-metric multidimensional scaling (NMDS) approach with a hierarchical clustering anal-

ysis was employed to differentiate individual farms according to their antibiotic use to investi-

gate possible farm-specific patterns. First, the NMDS analysis found farms that belonged to the

same similarity cluster. Due to the use of different antibiotics in sows and piglets, different
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clusters formed. Thus, two NMDS clusters were found for sows (Fig 1A). The larger of the two

clusters contained 15 farms, while the second cluster was smaller, with only five farms (B, G,

N, P, R). This cluster was formed mainly by using amoxicillin, enrofloxacin, and lincomycin,

which are much less or absent in cluster 1. For suckling piglets, cefquinome and ceftiofur were

used mainly in cluster 1 (5 farms), while the largest cluster (10 farms) was formed primarily by

the use of ceftiofur and amoxicillin (Fig 1B). The third cluster was most heterogeneous in

terms of antibiotic use, being the only cluster using florfenicol, gentamycin, oxytetracycline,

trimethoprim, ceftiofur, and streptomycin. For weaned piglets, also three main clusters

emerged with an additional cluster that contained only farm M (Fig 1C). However, compared

to the clustering of farms in suckling piglets, the farm identity in the clusters of weaned piglets

was different except for cluster 2. Here, all farms of the weaned piglet cluster can be found in

the large cluster 2 of suckling piglets.

Prevalence of antibiotic resistance genes, enterobacterial genes, and

virulence genes in antibiotic-use clusters of sows and piglets

After identifying distinct farm clusters for the different animal types, the prevalence of antibi-

otic resistance genes, bacterial pathogens, and E. coli fimbriae was analyzed by cluster. For

example, a higher prevalence of blaCTX-M -positive farms was calculated for postpartum sows

from farms belonging to cluster 2 (Fig 2).

This analysis was completed for all measured factors, and associations with farm clusters

were established. Due to a large number of plots, Table 1 shows the summary of observations

Fig 1. Non-metric multidimensional scaling and hierarchical clustering of antibiotic use for sows (A), suckling- (B), and weaned piglets (C) in 20 German pig farms

(A-T).

https://doi.org/10.1371/journal.pone.0290554.g001
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from the combination of NMDS analysis with hierarchical clustering and the prevalence of all

measured genes. Exact distributions of all genes are presented in the supporting information

(S1-S8 Figs in S1 File).

The gene prevalence showed that some genes could be assigned to specific antibiotic use

clusters depending on the animal group. No associations were found for dfrA1 and

Salmonella.

There is a general absence of blaCTX-M in antepartum sows in both clusters. However, an

increased prevalence of blaCTX-M could be assigned to postpartum sows, cluster 2. Further

Fig 2. Example for discriminating antibiotic use cluster and presence of the blaCTX-M gene in postpartum sow samples from 20 German pig farms.

https://doi.org/10.1371/journal.pone.0290554.g002

Table 1. Summary of the prevalence of presence (+) and absence (-) of relevant genes in clusters of sows and piglets clustered by antibiotic use.

Gene Sows Piglets

Antepartum Postpartum Suckling Weaned

blaCTX-M - + Cluster 2 + - Cluster 2; 3

mcr1 - - - Cluster 2 -

C. difficile + Cluster 2 + + + Cluster 2

C. perfringens equal +/- + - +

Escherichia +

fae + Cluster 4

fas + Cluster 1 +Cluster 2

fedA equal +/- - - + Cluster 1

+/- = prevalence of presence/absence in all clusters/farms.

https://doi.org/10.1371/journal.pone.0290554.t001
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differences between sow groups were observed for clostridial genes and E. coli fimbriae (S3

and S4 Figs in S1 File). In antepartum sows, the absence of C. difficile is predominant in cluster

1, while in postpartum sows, it is predominantly absent in both clusters. The presence/absence

of C. perfringens and fedA is almost equally distributed in antepartum sows. Still, in postpar-

tum sows, C. perfringens is mainly present, and fedA is primarily absent in all farms. In ante-

partum sows, a prevalence of presence in cluster 1 was observed for fas, while it was assigned

to cluster 2 in postpartum sows.

Only the mcr-1 gene could be assigned to a distinct cluster (cluster 2) in suckling piglets. In

post-weaning piglets, there were more significant differences in gene prevalence between clus-

ters. While blaCTX-M is present in suckling piglets in all farms, it is absent in post-weaning pig-

lets, especially in clusters 2 and 3. In addition, C. difficile is mainly present in cluster 2, while it

is equally distributed in cluster 1. The cpa gene is more prevalent in all farms, in contrast to the

suckling piglets. FedA is predominantly absent in all farms, as in the suckling piglets, but it is

more abundant in cluster 1. Fae is present in cluster 4 (only one farm) but similar to suckling

piglets, absent in all other clusters.

Association of antibiotic use with the most relevant antibiotic resistance

genes

Finally, the Latent Class Analysis (LCA) enabled us to select the most relevant genes that con-

tribute to the clustering of observations for the different animal groups. The LCA analysis

showed that the antibiotic resistance genes for trimethoprim (dfrA1), colistin (mcr-1), and the

ESBL gene blaCTX-M were most relevant for clustering. However, time- and animal-related dif-

ferences were noticed. Thus, dfrA1 and blaCTX-M were most relevant in ante- and postpartum

sows, while in suckling piglets dfrA1 and mcr-1 were most relevant. All three antibiotic resis-

tance genes were relevant in weaned piglets. The association of relevant antibiotic resistance

genes with individual antibiotics use on the farms was studied depending on the data via general

linear or beta linear regression on gene concentration or logistic regression on the odds of pres-

ence (S6-S20 Tables in S1 File). The logistic model gives us a factor by which the odds of the

presence of a resistance gene is increased when using a certain antibiotic as against not using

the antibiotic. Thus, the odds of the presence of the trimethoprim resistance gene significantly

increase when amoxicillin is used in ante- and postpartum sows (Table 2). In the linear model,

the most significant antibiotic for antepartum sows was found to be lincomycin, where sows

receiving it have a mean concentration 0.3 times less than the sows not receiving it (S7 Table in

S1 File). Regarding Amoxicillin application, the same trend for dfrA1 presence or concentration

was visible in piglets. Significant relations between the trimethoprim resistance gene dfrA1 and

trimethoprim application were only found in postpartum sows (Table 2). In addition, in post-

partum sows, the presence of trimethoprim resistance seemed to be affected by more antibiotics

than in other animal groups. In suckling piglets, the use of amoxicillin and penicillin G

increased the odds of the presence of the mcr-1 gene (Table 2). In weaned piglets, the odds of

the presence of colistin resistance were significantly enhanced by the use of lincomycin, enro-

floxacin, and doxycycline, while amoxicillin showed only a slight increase. Gene concentration

of mcr-1was increased by cefquinome and oxytetracycline (S18 Table in S1 File).

The ESBL resistance gene blaCTX-M showed only associations with antibiotic use in postpar-

tum sows and weaned piglets (Table 2). Strikingly, the use of lincomycin drastically increased

the odds of the presence of blaCTX-M in both groups. Amoxicillin use, which played a major

role in the dfrA1 and the mcr-1 gene, was not to be associated with the blaCTX-M presence.
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Association of individual antibiotics with the most relevant bacteria and

virulence factors

Similar to the search for the most relevant antibiotic resistance genes, the computation of the

most relevant bacterial pathogens yielded time- and animal-related differences (S21-S38

Tables in S1 File). The variable selection applied to the latent class analysis of bacterial genes

for sows showed that C. difficile, fedA, and fas were the most relevant genes (Table 3).

Thus, using enrofloxacin and florfenicol significantly increased the concentration of C. dif-
ficile in both antepartum and postpartum sows (S26 Table in S1 File). In contrast, trimetho-

prim significantly increased the odds of C. difficile presence only in antepartum sows

(Table 3). For postpartum sows, no significance was found for both the logistic and the beta

model regarding the fedA gene. The reason is the very small sample size of ‘nonzero’ values for

both the gene’s presence and positive concentration values. This was the same for the QVR
gene of Salmonella, which was also found to be relevant in the clustering of postpartum sows.

Table 2. Significant odds ratios of the presence of resistance genes in sows and piglets treated with certain antibiotics (p�0.05).

Antibiotic agent dfrA1 blaCTX-M mcr-1 Animal

Amoxicillin 7.42

2.89 9.2

Sows antepartum

Suckling piglets

Amoxicillin (oral) 0.06

6.87 0.21

Sows antepartum

Sows postpartum

Weaner

Cefquinom 3.32 Weaner

Doxycyclin (oral) 0.36 3.35 Weaner

Enrofloxacin 2.81 0.16

4.97

Sows postpartum

Weaner

Florfenicol 4.43 3.95 Sows postpartum

Lincomycin 76.67

14.64

Sows postpartum

Weaner

Lincomycin (oral) 21.0 Weaner

Neomycin (oral) 17.14 Sows postpartum

Penicillin G* 10.29 Suckling piglets

Trimethoprim** 3.04 Sows postpartum

* in combination with streptomycin;

**in combination with sulfadimidine.

https://doi.org/10.1371/journal.pone.0290554.t002

Table 3. Significant odds ratios of the presence of C. difficile and E. coli fimbriae genes fae and fedA in sows treated with certain antibiotics (p�0.05).

Antibiotic agent C. difficile E. coli fas E. coli fedA Sampling time

Amoxicillin 3.04 antepartum

Enrofloxacin 0.32

2.76

3.29 antepartum

postpartum

Lincomycin 0.24

0.22

0.22 antepartum

postpartum

Neomycin (oral) 0.15 antepartum

Trimethoprim* 0.51 0.31 antepartum

*in combination with sulfadimidine.

https://doi.org/10.1371/journal.pone.0290554.t003
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In piglets, C. perfringens, the Escherichia/Shigella/Hafnia group, and E. coli fimbriae gene

fae are the most significant genes in clustering. The use of enrofloxacin, amoxicillin, and colis-

tin results in increased odds of the presence of C. perfringens in post-weaning piglets (Table 4).

Notably, Penicillin G and Tulathromycin sharply increased the odds of C. difficile presence in

suckling piglets.

The logistic regression result highlights the importance of the int1 gene for piglets, which

increases the odds of the presence of Escherichia in suckling piglets and fae in weaned piglets

(Table 4). The beta model also found that the concentration of Escherichia and fae increased

with each unit increase in the int1 gene (S23 Table in S1 File). The same trend for Escherichia
was observed with amoxicillin in suckling piglets (S32 Table in S1 File).

The beta regression model also showed some negative associations. Thus, Enrofloxacin and

colistin decreased the concentration of Escherichia in suckling piglets (S32 Table in S1 File). The

parenteral use of amoxicillin decreased the concentration of C. difficile in piglets after weaning,

whereas the concentration was increased with oral administration (S34 Table in S1 File).

Discussion

The present study is part of the research project ‘Optibiom’, which combines metadata from

farms with data from the fecal microbiota of sows and piglets to find a framework for the

development of new health strategies. Thus, this study aimed to associate antibiotic resistance

patterns and the presence of (facultative) bacterial pathogens and virulence factors with antibi-

otic use on 20 German pig farms. For this purpose, we used different methods to find answers

to a chain of questions successively. First, we quantified a number of relevant genes via qPCR.

As expected, farm-specific differences existed for most antibiotic resistance genes, as well as

for C. perfringens alpha toxin, C. difficile, and the Escherichia group. Interestingly, the integrase

I (int1) and the sulfonamide (sul-3) resistance showed relatively high and much more uniform

results among those specific genes. These two genes are more or less ubiquitous in German pig

farms. The sul3 gene was detected 20 years ago and was already present in one-third of the sul-

fonamide-resistant pathogenic E. coli isolates from pigs in Switzerland [24]. However, later

studies in the United Kingdom identified only 9% sul3 carrying bacterial isolates from

manured soils and pig slurries [24]. In this study, the total amount of sul1-3 genes was mea-

sured and may yield a complete picture of sul1-3 mediated sulfonamide resistance potential of

the fecal resistome in pigs. The presence of int1 has been associated with increased antibiotic

resistance in antibiotic-resistant E. coli isolates [25]. Thus, the potential for an increased

exchange of genetic information should be considered a risk factor. Moreover, the int1 gene

can be closely related to sulfonamide resistance in uropathogenic E. coli [26], which may

explain the ubiquitous presence of int1 and sul1-3 in this study. Furthermore, this acknowl-

edges the far-spread potential of enterobacteria to incorporate foreign DNA via integrons.

Finally, due to its ubiquitous presence, the int1 gene may be a suitable quantitative indicator

gene to assess the potential for gene transfer in enterobacterial populations in pigs. A higher

quantity of the fedA gene was also observed in weaned piglets than in suckling. In contrast,

most other pathogens and antibiotic-resistance genes showed comparable or lower quantities

after weaning. This may be because pathogenic E. coli are typical post-weaning pathogens that

capitalize on the intestinal disorder caused by the drastic changes in the animal that occurs

during weaning [27]. On the other hand, C. difficile and C. perfringens are pathogens that pri-

marily infect suckling piglets [19,28]. Thus, their reduced numbers and prevalence may result

from the changing environmental conditions under which these pathogens occur.

From quantitative qPCR data, we also calculated the prevalence of the respective genes. The

prevalence of themcr-1 gene was relatively low compared to the other genes. Nevertheless, it has
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been found on every farm and is more prevalent than in earlier investigations in Germany [6,29].

In the present study, it was found in 26% of the samples. The data are consistent with a study in

Spanish farms from 2019 that also detected themcr-1 gene in nearly 30% of samples [30].

Birth led to a quantitative increase of most pathogens and antibiotic resistance genes in

sows. This is expected because parturition introduces drastic changes on many levels for the

animal and, consequently, bacterial composition changes [31]. However, prevalence data also

indicates that this effect was farm-specific, as the overall prevalence of the F18 fimbriae (fedA)

or the colistin resistance (mcr-1) was lower after birth in some farms.

Data on antibiotic use were then submitted to NMDS analysis and hierarchical clustering

to detect possible cluster formation on the farms. This revealed the presence of distinct anti-

biotic-use clusters of farms. Antibiotic use between the three observation times (sows, suckling

piglets, weaners) was heterogeneous within the farms, so a different number of clusters

resulted for all three groups. Differences with high significance were found in weaner pigs,

where 4 clusters were formed. In a study about antibiotic drug usage in German pig farms

from 2013 to 2015, twelve antibiotic drug classes were identified used for weaner pigs [32].

Individual treatments in every farm were also common in the farms of the present study. Post-

weaning problems may have led to more individual use of different antibiotics since there is

no general protocol for antibiotic usage in Germany. Previous data showed that the age of the

animals and the veterinarian are main factors influencing antibiotic use in pig farms in Ger-

many [33].

Next, Latent Class Analysis was performed to detect the most relevant antibiotic resistance

genes that were associated witrh antibiotic use. However, antibiotic use clusters in sows and

piglets yielded only a few significant relations. The exclusive use of certain antibiotics (amoxi-

cillin, enrofloxacin, and lincomycin) in sow cluster 2 did not automatically lead to an increased

prevalence of respective antibiotic resistance genes. The missing associations for colistin use

and colistin resistance gene mcr-1, as well as for cefotaxime use and cefotaxime resistance gene

blaCTX-M, also exemplify this. Thus, there is no direct causal relationship between the preva-

lence of antibiotic resistance genes and antibiotic use. Instead, indirect effects that affect the

intestinal microbiota may have come into play. For example, in elderly humans, C. difficile has

been known to colonize the colon after antibiotic treatment [34] because there is less

Table 4. Significant odds ratios of the presence of C. difficile, Escherichia, and the E. coli fimbriae genes fae and fedA in piglets treated with certain antibiotics

(p�0.05).

Antibiotic agent C. difficile C. perfringens Escherichia E. coli fae E. coli fedA Sampling time*
Amoxicillin 5.25 5.34

0.27

Before

After

Amoxicillin (oral) 0.42 After

Ceftiofur 0.14 Before

Colistin 5.02 Before

Colistin (oral) 0.30 After

Doxycyclin (oral) 2.66 3.76 After

Enrofloxacin 0.38 After

Penicillin G** 5.20 Before

Tulathromycin 4.98 Before

Gene Integrase 1 3.32 2.56 Before

After

*Regarding weaning;

**in combination with streptomycin.

https://doi.org/10.1371/journal.pone.0290554.t004
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competition from displaced antibiotic-susceptible bacteria [35]. Furthermore, the application

of antibiotics can drastically impact the bacterial composition in pigs [36]. Thus, it is conceiv-

able that the association of certain antibiotic-resistance genes with unrelated antibiotics results

from profound changes within the intestinal microbiota and possibly the development of mul-

tidrug-resistant bacteria.

Finally the LCA- and regression model analysis detected colistin- (mcr-1), trimethoprim-

(dfrA1), and cefotaxime (blaCTX-M) resistance genes as the most relevant factors for cluster for-

mation. Trimethoprim (a folate reductase inhibitor), in combination with sulfonamides, is

often used in German sow and piglet production [33]. Only postpartum sows showed signifi-

cant direct relations between trimethoprim use and the trimethoprim resistance gene dfrA1.

However, amoxicillin enhanced the odds of dfrA1 prevalence in antepartum and postpartum

sows and weaned piglets. The association between trimethoprim resistance and amoxicillin

use has been shown in humans [37]. The authors suggested that “co-selection by these antibi-

otics is an important driver of trimethoprim resistance . . .”.

The use of colistin is also quite common in pig production, especially in weaned piglets [1].

Therefore, it is not surprising that no significant associations between colistin use and any

antibiotic were found in sows. No significant direct relation between colistin and its resistance

gene was found in piglets either. Still, the association of a range of antibiotics to increased odds

of colistin resistance in suckling piglets shows that even the suckling piglet could be a reservoir

for multidrug-resistant enterobacteria. Especially the use of lincomycin considerably increased

the chance of colistin resistance in weaned piglets. Lincomycin also drastically increased the

odds for the blaCTX-M gene that codes for resistance against cefotaxime, which is problematic

because extended-spectrum-beta-lactamase (ESBL) producing bacteria have developed into a

global threat [10]. Although ESBL bacteria are not pathogenic per se, the frequent incorpo-

ration of foreign DNA by enterobacteria can produce pathogenic ESBL-carrying bacteria that

are difficult to treat. As antibiotic use was only recorded in one production cycle, it is possible

that previous antibiotic use and thus resistance profiles have interfered with the present antibi-

otic use. Regression analysis does not depict causation and thus, this bias cannot be completely

ruled out.

Regarding associations of facultatively pathogenic bacteria and their virulence factors to

antibiotic use, we found that only enrofloxacin and florfenicol favored the odds of the presence

of C. difficile in sows before and after parturition. C. difficile infects only newborn piglets; thus,

increased odds for C. difficile in mother sows should be avoided, as maternal contamination

with C. difficile can be carried over to the offspring. However, both antibiotics played no role

in suckling- or weaned piglets. Resistance against enrofloxacin and florfenicol is common in

C. difficile strains [38,39], and thus, the replacement of sensitive bacteria may have opened the

opportunity for this pathogenic bacterium to colonize the suckling piglet [40]. The E. coli fim-

briae genes fedA, fas, and fae were less affected in sows and piglets by antibiotic use. Like linco-

mycin, enrofloxacin use impacted the odds of the presence in sows but not in piglets. Farm-

specific antibiotic use generally had a lesser effect on the presence of facultative pathogens or

virulence factors than on those of antibiotic resistance genes. The reverse conclusion could be

that the genetic transfer of antibiotic resistance patterns due to antibiotic pressure does not

directly produce antibiotic-resistant pathogens [41]. In E. coli there are findings of a link

between antibiotic resistance and virulence but also less of a relation between antibiotic use

and virulence [42]. In the present study the int 1 gene, for example, could also be associated

with the virulence gene fae for F4 fimbriae and the Escherichia group. The logistic regression

showed increased odds of presence with the simultaneous presence of int 1 for both parame-

ters. Furthermore, in the linear regression, an increase in the gene concentration with an

increase of int 1 was visible. This relationship between int1 and virulence factors has also been
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found in E. coli isolates from river water [15]. The fact that the int1 gene is ubiquitous in the

pig farms studied could be associated with the spread of antibiotic resistance and virulence fac-

tors via horizontal gene transfer.

Conclusions

The NMDS and LCA analyses used in this study yielded groups of farms with specific antibi-

otic use, and the corresponding patterns differed between clusters. Regression models revealed

that amoxicillin, lincomycin, and enrofloxacin were the most probable cause of increased odds

of the presence of prominent antibiotic resistance genes (mcr1, dfrA1, blaCTX-M) and bacterial

virulence genes in many cases. However, direct effects of antibiotic use and corresponding

resistance genes were uncommon. The association of integrase 1 with the Escherichia/Shigella/
Hafnia group and E. coli fimbriae gene fae showed a possible link between multidrug resis-

tance and virulence. The results confirm that multidrug-resistant enterobacteria are wide-

spread in German pig farms, with varying patterns depending on age and farm. These findings

give awareness of the impact of current antibiotic use while searching for alternative health

strategies in modern pig production. More studies are necessary to figure out the effects of

antibiotic use on virulence of bacteria.

Supporting information

S1 Dataset. Results (logarithmic copy number per gram feces of detected genes) of quanti-

tative real-time PCR.

(XLSX)

S1 File. Supplementary S1-S8 Figs and S1-S39 Tables.

(PDF)

Acknowledgments

The authors want to thank all participating farms and the coordinating veterinary practice for

their comprehensive cooperation. We are also grateful to Marita Eitinger for her excellent

technical assistance in the laboratory.

Author Contributions

Conceptualization: Anja Lührmann, Justinus Hellmich, Jürgen Zentek, Wilfried Vahjen.

Data curation: Anja Lührmann, Justinus Hellmich.

Formal analysis: Anja Lührmann, Andrea Palmini.

Funding acquisition: Jürgen Zentek, Wilfried Vahjen.

Investigation: Anja Lührmann.

Methodology: Andrea Palmini, Vitaly Belik, Wilfried Vahjen.

Project administration: Anja Lührmann.

Supervision: Vitaly Belik, Jürgen Zentek, Wilfried Vahjen.

Visualization: Andrea Palmini.

Writing – original draft: Anja Lührmann.

Writing – review & editing: Andrea Palmini, Justinus Hellmich, Vitaly Belik, Jürgen Zentek,

Wilfried Vahjen.

PLOS ONE Fecal resistance- and pathogen patterns in German sow farms

PLOS ONE | https://doi.org/10.1371/journal.pone.0290554 August 24, 2023 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290554.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290554.s002
https://doi.org/10.1371/journal.pone.0290554


References
1. Lekagul A, Tangcharoensathien V, Yeung S. Patterns of antibiotic use in global pig production: A sys-

tematic review. Veterinary and animal science. 2019; 7:100058. Epub 2019/04/06. https://doi.org/10.

1016/j.vas.2019.100058 PMID: 32734079; PubMed Central PMCID: PMC7386699.

2. Fairbrother JM, Nadeau E, Gyles CL. Escherichia coli in postweaning diarrhea in pigs: an update on

bacterial types, pathogenesis, and prevention strategies. Anim Health Res Rev. 2005; 6(1):17–39.

https://doi.org/10.1079/ahr2005105 PMID: 16164007.

3. Lalles JP, Bosi P, Smidt H, Stokes CR. Weaning - A challenge to gut physiologists. Livest Sci. 2007;

108(1–3):82–93. https://doi.org/10.1016/j.livsci.2007.01.091. PubMed PMID: WOS:000247123100020.

4. World Health O. Critically important antimicrobials for human medicine. 6th rev. ed. Geneva: World

Health Organization; 2019 2019.

5. Liu YY, Wang Y, Walsh TR, Yi LX, Zhang R, Spencer J, et al. Emergence of plasmid-mediated colistin

resistance mechanism MCR-1 in animals and human beings in China: a microbiological and molecular

biological study. The Lancet Infectious diseases. 2016; 16(2):161–8. Epub 2015/11/26. https://doi.org/

10.1016/S1473-3099(15)00424-7 PMID: 26603172.

6. Irrgang A, Roschanski N, Tenhagen BA, Grobbel M, Skladnikiewicz-Ziemer T, Thomas K, et al. Preva-

lence of mcr-1 in E. coli from Livestock and Food in Germany, 2010–2015. PloS one. 2016; 11(7):10.

https://doi.org/10.1371/journal.pone.0159863. PubMed PMID: WOS:000381515200055. PMID:

27454527

7. Perrin-Guyomard A, Bruneau M, Houée P, Deleurme K, Legrandois P, Poirier C, et al. Prevalence of

mcr-1 in commensal Escherichia coli from French livestock, 2007 to 2014. Euro Surveill. 2016; 21(6).

Epub 2016/02/24. https://doi.org/10.2807/1560-7917.ES.2016.21.6.30135 PMID: 26898350.

8. Quesada A, Ugarte-Ruiz M, Iglesias MR, Porrero MC, Martı́nez R, Florez-Cuadrado D, et al. Detection

of plasmid mediated colistin resistance (MCR-1) in Escherichia coli and Salmonella enterica isolated

from poultry and swine in Spain. Res Vet Sci. 2016; 105:134–5. Epub 2016/04/02. https://doi.org/10.

1016/j.rvsc.2016.02.003 PMID: 27033921.

9. Rhouma M, Beaudry F, Letellier A. Resistance to colistin: what is the fate for this antibiotic in pig produc-

tion? Int J Antimicrob Agents. 2016; 48(2):119–26. Epub 2016/05/29. https://doi.org/10.1016/j.

ijantimicag.2016.04.008 PMID: 27234675.
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