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Introduction

Post-weaning diarrhoea (PWD) is a multifactorial disease that affects piglets after weaning, contributing to productive and economic losses. Its control includes the use of in-feed prophylactic antibiotics and therapeutic zinc oxide (ZnO), treatments that, since 2022, are no longer permitted in the European Union due to spread of antimicrobial resistance genes and pollution of soil with heavy metals. A dysbiosis in the microbiota has been suggested as a potential risk factor of PWD onset. Understanding pig’s microbiota development around weaning and its changes in response to ZnO and antibiotics is crucial to develop feasible alternatives to prophylactic and metaphylactic antimicrobial use.





Methods

This study used shotgun metagenomic sequencing to investigate the environmental and faecal microbiota on 10 farms using (Treated) or not using (ZnO-free) in-feed antibiotics and ZnO during the first 14 days post-weaning (dpw). Environmental samples from clean pens were collected at weaning day (0dpw), and faecal samples at 0, 7 and 14dpw. Diarrhoeic faecal samples were collected at 7dpw when available.





Results

The analysis of data revealed that the faecal microbiota composition and its functionality was impacted by the sampling time point (microbiota maturation after weaning) but not by the farm environment. Treatment with antibiotics and ZnO showed no effects on diversity indices while the analyses of microbiota taxonomic and functional profiles revealed increased abundance of taxa and metabolic functions associated with Phascolarctobacterium succinatutens or different species of Prevotella spp. on the Treated farms, and with Megasphaera elsdenii and Escherichia coli on the ZnO-free farms. The analysis of diarrhoea samples revealed that the treatment favoured the microbiota transition or maturation from 0dpw to 14dpw in Treated farms, resembling the composition of healthy animals, when compared to diarrhoea from ZnO-free farms, which were linked in composition to 0dpw samples.





Discussion

The results provide a comprehensive overview of the beneficial effects of ZnO and antibiotics in PWD in the microbiota transition after weaning, preventing the overgrowth of pathogens such as pathogenic E. coli and revealing the key aspects in microbiota maturation that antibiotics or ZnO alternatives should fulfil.





Keywords: antimicrobial, environment, microbiome, piglets, post-weaning diarrhea, weaning, zinc oxide




1 Introduction

Post weaning diarrhea (PWD) is a multifactorial disease that affects piglets at weaning period and often requires antimicrobial treatment (Luppi, 2017; Fairbrother and Nadeau, 2019). Weaning on commercial pig farms is associated with numerous challenges such as early separation from the sow, sudden transition from milk to solid feed and environmental stress. These challenges result in immunological, physiological and microbial imbalances that create a window of opportunity for enteric pathogens to cause disease (Rhouma et al., 2017; Bonetti et al., 2021). Enterotoxigenic Escherichia coli (ETEC) is the main etiological agent associated with PWD (Rhouma et al., 2017; Fairbrother and Nadeau, 2019). Traditionally, its prevention and control has been based on the prophylactic and metaphylactic use of in-feed antibiotics and/or therapeutic zinc oxide (ZnO) (Poulsen, 1995; Sales, 2013). In the European Union (EU), however, both practices have been restricted since 2022. Concerns over transmission of antimicrobial resistant bacteria between animals and humans led to an outright ban of prophylactic antimicrobial use (AMU) and restrictions on metaphylactic AMU in animals (European Commission, 2019a), while concerns over soil pollution with zinc (Zn) led to ban on therapeutic use of ZnO (Standing Committee on veterinary medicinal products, 2017; European Commission, 2019b). Other important pig producing countries like China or the US still allow the prophylactic use of ZnO and oral antimicrobials, although future directives to preserve antimicrobials may follow the European approach.

Controlling PWD without using ZnO or in-feed antimicrobials is challenging and new approaches to improve the gut health of piglets are needed. A better understanding of how antimicrobials and ZnO prevent PWD is needed to develop new approaches. The mechanisms of action for antibiotics are well described. However, the exact mechanism of action of ZnO in PWD control is not completely understood despite its proven efficacy. Zinc is involved in several physiological processes including digestion and immune response that impact animal performance (Sales, 2013; Bonetti et al., 2021). Zinc participates as a co-factor for multiple enzymes and is required for multiple biochemical reactions in both eukaryote and prokaryote organisms (Wątły et al., 2016; Sloup et al., 2017). In addition, zinc exhibits antimicrobial activity against certain groups of bacteria (Söderberg et al., 1990; Pasquet et al., 2014) and modifies the intestinal microbiota (Li et al., 2020; Pieper et al., 2020). This intestinal microbiota provides colonization resistance against enteric pathogens whereby beneficial microorganisms occupy niches, compete for substrates or produce inhibitory molecules such as bacteriocins (Spees et al., 2013; Dou et al., 2017). Despite the existing information from previous studies, we are still far from understanding the effects of the regular use of antimicrobials and ZnO on the intestinal microbiota of the pigs and on the environmental microbiota on commercial farms. Further research in this area can provide relevant insights relating to the microbial changes that occur at and after weaning, how antibiotic and ZnO treatments affect the intestinal microbiota and its potential impacts on PWD outcome.

The objective of this study was to describe the environmental microbiota of commercial pig farms and the intestinal microbiota (composition and functionality) of pigs in the first 2 weeks post weaning including both farms using in-feed prophylactic antibiotic and ZnO (Treated) and farms free of these treatments (ZnO-free). The results will provide a reference for future studies about pig farming within a context of antibiotic and ZnO limited use at weaning.




2 Materials and methods



2.1 Sampling

This study was licensed by Teagasc Animal Ethics Committee and was carried out on commercial pig farms in the Republic of Ireland. Ten farms were selected, five farms with routine use of in-feed prophylactic antibiotics and therapeutic ZnO (3,000 ppm) during first two weeks post-weaning (Treated, n = 5) and 5 farms that had not used either strategy during the previous three years (ZnO-free, n = 5). The farms used in this study ranged in size a size between 200 and 3000 sows, were all farrow-to-finish operations, and weaned piglets between 28 and 32 days of age. The antibiotics used on the Treated farms were amoxicillin (Stabox, Virbac, France) or trimethoprim and sulfadiazine in combination (Sulfoprim, Univet Limited, Ireland) at the dose indicated by the manufacturer. On each farm, two pens from two different rooms were sampled. Pen size varied depending on the farm and ranged between 12 and 72 pigs per pen with similar stocking densities, slightly above legal requirement, throughout. Environmental sampling was performed in empty clean pens immediately before the pigs were moved into the rooms on weaning day (0 day post-weaning, dpw) using sponge swabs (3M™ Sponge-Stick in sample bag with 10 mL D/E neutralizing broth, 3M Deutschland GmbH, Neuss, Germany). One swab was used to sample the feeders and the drinkers in the pen (FD) and another swab was used to sample two sections of 50 cm2 of the walls and the floor of the pen (WF). Pig fecal samples were collected at 0, 7 and 14dpw. In addition, a diarrheic fecal sample was collected at 7dpw if available. For the fecal sampling, one random freshly voided fecal sample from one pig per pen was collected and transferred to 1.5mL microcentrifuge tube. Each sample was collected using a sterile 140x7mm conical steel spatula avoiding the part in direct contact with the floor. Samples were transported to the laboratory under cooling conditions (in less than 2 hours) where swabs were processed extracting the sampled material from the swabs using 5 mL of sterile Phosphate Saline Buffer (PBS) 1X. Approximately 8 mL and 16 mL were recovered from each WF and FD swab, respectively, and transferred to a 20mL centrifuge tube. These tubes were centrifuged at 3000 x g for 15 min at 4° C, the supernatant was discarded, and the pellet was suspended in 1mL of PBS and transferred to a 1.5 mL tube. The processed environmental samples and the fecal samples were stored at -80° C until DNA extraction.




2.2 DNA extraction and library preparation

The DNA was extracted using the QIAamp PowerFecal Pro DNA Kit (Qiagen, Crawley, West Sussex, UK) following the manufacturer’s instructions, using 200 ± 50 mg of fecal content from samples. Environmental samples were previously thawed on ice, centrifuged at 15000 rpm for 1 min at 4° C, the supernatant was discarded and pellet was used for DNA extraction. A Qubit fluorometer (Qubit 3, BioSciences, Dublin, Ireland) was used to determine the total DNA concentration. The 2 samples from the different rooms for each type and time point were pooled by adding 5µL of each sample at a concentration of 1ng/µL. Paired-end sequencing libraries were prepared from the extracted DNA using the Illumina Nextera XT Library Preparation Kit (Illumina Inc., San Diego, CA) followed by sequencing on the Illumina NextSeq 500 platform using high-output chemistry (2 × 150 bp) according to the manufacturer’s instructions. Library size from each sample was assessed on an Agilent Technology 21000 Bioanalyzer using a High Sensitivity DNA chip.




2.3 Bioinformatic analysis

Raw reads were filtered using trimmomatic v0.38 (Bolger et al., 2014). An average quality threshold score of 15 in a sliding window of 4 base pairs was used to trim reads below the threshold. A minimum length of 40 base pairs was ensured for all reads. Bowtie2 v2.4.4 (Langmead and Salzberg, 2012) was used to map the reads against host and human reference genomes, keeping the unmapped reads for the downstream analysis. Reference genomes were downloaded from Illumina iGenomes (https://support.illumina.com/sequencing/sequencing_software/igenome.html). Read duplicates were removed using the clumpify.sh tool in bbmap 38.22 (Bushnell, 2014). Analysis of microbial composition was carried out using Metaphlan v3.0 (Beghini et al., 2021). Functional profiles were assigned using HUMAnN v3.0 (Beghini et al., 2021). Gene families identified by HUMAnN were regrouped in MetaCyc metabolic reactions and Pfam protein domains functional categories using the utility script ‘humann_regroup_table’. MetaCyc is a database of metabolic pathways from all domains of life, containing pathways involved in primary and secondary metabolism, associated metabolites, reactions, enzymes, and genes (Caspi et al., 2020). Pfam is a comprehensive Database of Protein Domain Families (Finn et al., 2010). Abundance of MetaCyc metabolic reactions and Pfam protein domains was obtained from UniRef90 gene families using HUMAnN v3.0. Processed reads were assembled into contigs using the metaSPAdes pipeline from SPAdes v3.15.3 (Nurk et al., 2017). Mass screening of assembled contigs for E. coli virulence factors was performed with ABRicate (v1.0.1; https://github.com/tseemann/abricate), using the Ecoli_VF database (https://github.com/phac-nml/ecoli_vf).




2.4 Statistical analysis

All analyses were carried out in R v4.0.2 (R Core Team, 2022) with alpha level for significance of 0.05 and trend between 0.05 and 0.10 unless otherwise indicated. The fixed factors to be studied were the type of sample (FD, WF, feces or diarrhea), treatment or not with in-feed ZnO and antibiotics (Treated or ZnO-free) and day post weaning (0dpw, 7dpw or 14dpw). The type of sample and day post weaning were merged into a unique factor named “type-dpw”, having 6 different levels for this factor: feces 0dpw, feces 7dpw, feces 14dpw, diarrhea 7dpw, FD and WF. The farm was included in all the clustering analyses.

The effect of the treatment on the microbiota was studied between and within each type-dpw level. Alpha and beta diversities were computed at both the species and functional level using the R package Vegan v2.5-7 (Jari Oksanen et al., 2020). For alpha diversity estimation, Species richness, Inverse Simpson, and Shannon and Pielou evenness indices of diversity were calculated. Statistical differences in alpha diversity indexes were tested, after checking their normal distribution, with ANOVA and pairwise compared with Tukey (car v3.0.10) (Broom et al., 2006); multcompView v0.1.8, (Graves et al., 2019) and lsmeans v2.30.0 (Lenth, 2016) R packages or otherwise by using the Kruskal-Wallis test followed by pairwise Wilcoxon tests (R Core Team, 2022) R package. Beta diversity and ordination of samples were performed by non-metric multidimensional scaling (NMDS) of previously calculated Weighted Unifrac and Aitchison distances between samples by Species and functional abundance data, respectively. Weighted Unifrac distances on the species abundance table were calculated using the utility R script calculate_unifrac.R from Metaphlan. Aitchison distances were computed calculating the Euclidean distances of the CLR transformed pathways. Ordination of virulence factors data was performed by PCoA of distances calculated using Simple matching coefficient (Sokal and Michener, 1958). Separation between groups was tested with PERMANOVA (adonis2 and pairwise adonis) (Jari Oksanen et al., 2020; Martinez Arbizu, 2020). Factors and species influencing the ordination were assessed by linear models fitting on the ordination results (envfit function in Vegan R package). All P-values were adjusted by Benjamini-Hochberj (BH) procedure (Benjamini and Hochberg, 1995). For fitting species in ordination space, taxa and pathways were filtered, keeping the top 15 species and functions with the highest mean abundance across samples.

MetaCyc pathways obtained using HUMAnN were regrouped into MetaCyc superclasses using ‘humann2meco’ function from microeco package in R (Liu et al., 2021). Bacteria and function abundance analyses among type, dpw and treatment were performed using Linear Discriminant Analysis Effect Size (LDA LEfSE) (Segata et al., 2011). Data grouped in variables type_dpw, treatment, or type_dpw_treatment were used as classes selecting an alpha cut-off of 0.05 and a LDA threshold of 4 for type_dpw species composition analysis and type_dpw_treatment metacyc grouped superclass2 analysis, and 2 for species composition comparison between treatments. Species and functional genes explaining differences between classes were determined by LEfSE using Kruskal-Wallis test (P < 0.05) followed by linear discriminant analysis. Plots were built using ggplot2 v3.3.3 and pheatmap v1.0.12 in R (Wickham, 2016; Raivo, 2019) and the figures produced were subsequently arranged using Inkscape software v1.0.2 (Inkscape Project, 2020).





3 Results



3.1 The porcine gut microbiota shifts during weaning and, in cases of PWD, is impacted by antibiotic and ZnO treatment

Results obtained from computing richness (Species richness) and diversity (Shannon, Inverse Simpson, Pielou) did not reveal any difference by the treatment (ZnO-free vs Treated) or farm (farms 1 to 10) variables, while there were differences when data was analysed by sample-type and days post-weaning (dpw) factors. Figure 1A summarises the α-diversity taxonomic results while functional analyses are shown in Figure 1B. Fecal diversity evenness measured by Pielou index decreased from weaning (0dpw) to the last sampling performed at 14dpw (P < 0.05). Interestingly, the lowest diversity value across the three indexes analysed was obtained in Diarrhea 7dpw samples, which was lower than Feces 0dpw in both Pielou evenness and Shannon indexes (P = 0.022 and P = 0.009, respectively). Diversity values in environmental samples collected at weaning revealed a large species richness in FD and to a lower extent in WF categories. While taxonomic α-diversity was not impacted by treatment, the analysis of diversity in metabolic pathways revealed differences between Treated and ZnO-free samples that were more evident in Diarrhea 7dpw samples. These functional differences were also significant for sample-type and days post-weaning variables (Figure 1B).




Figure 1 | Analysis of microbiome diversity by type of sample, day post-weaning (dpw) and treatment. (A) Results of alpha diversity: Pielou evenness, Shannon and Species richness diversity indices at Species level. (* P < 0.05; ** P < 0.01). (B) Alpha diversity values by treatment, sample type and day post-weaning variables in metabolic profiles. (C) Non-metric multidimensional scaling (NMDS) plot visualizing between sample beta diversity of microbiota at species level. (D) NMDS plot visualizing between sample beta diversity of microbiota at metabolic pathways level. Blue arrows display the top 15 species and pathways with the highest mean abundance returned by “envfit” model, that significantly influenced the ordination (BH P. adjusted value, P < 0.05). The length of the arrow is proportional to the r2 statistic returned by the “envfit” model. Pathways fitted onto ordination are indicated as numbers, ordered according to its NMDS coordinates. 1. Nucleoside and Nucleotide Biosynthesis: Lactobacillus amylovorus, 2. Cell Structure Biosynthesis: L. amylovorus, 3. Carbohydrate Biosynthesis: L. amylovorus, 4. Cofactor, Carrier, and Vitamin Biosynthesis: L. amylovorus, 5. Amino Acid Biosynthesis: L. amylovorus, 6. Fatty Acid and Lipid Biosynthesis: Limosilactobacillus reuteri, 7. Cell Structure Biosynthesis: L. reuteri, 8. Amino Acid Biosynthesis: L. reuteri, 9. Nucleoside and Nucleotide Biosynthesis: L. reuteri, 10. Cofactor, Carrier, and Vitamin Biosynthesis: L. reuteri, 11. Amino Acid Biosynthesis: E. coli, 12. Fatty Acid and Lipid Biosynthesis: E. coli, 13. Nucleoside and Nucleotide Biosynthesis: E. coli, 14. Cofactor, Carrier, and Vitamin Biosynthesis: E. coli. Ellipses drawn on Figures (C, D) represent each type-dpw level, along with the Diarrhea 7dpw ZnO-free samples, with their shape being defined by the covariance within each group. Taxonomic and functional profiling of sequences was performed using Metaphlan3 and HUManN3 respectively.



Similar to the results observed in α-diversity, neither treatment nor farm factors impacted the β-diversity ordination of the microbiota (Supplementary Table S1) whereas both sample-type and days post-weaning variables contributed to microbiota spatial distribution (Supplementary Table S2, P < 0.05), at both species composition and metabolic pathways profiles, showing marked differences in diversity between fecal and environmental samples (Figures 1C, D). The ordination analyses revealed a clear separation by treatment group (Treated vs ZnO-free) in Diarrhea 7dpw samples, which were more apparent in functional than taxonomic data. The most abundant species and pathways that influenced the microbiota ordinations are shown in Figures 1C, D.




3.2 Environmental and fecal samples have different microbiota compositions at genus level and further sub-categories can be defined by species composition

We further explored the sample metagenome structure for their similarity in microbial abundance using Ward clustering of species weighted Unifrac phylogenetic distances (Figure 2; Supplementary Figure S1). The analysis clearly split samples in two branches, i.e. environmental samples (branch A) and fecal samples (branch B). The branch A composition was characterised by increased relative abundance of the Aerococcus and Corynebacterium genera, similar to the results observed in the ordination analyses (Figure 1C). This branch was split into two sub-branches; i.e. sub-branch A1, dominated by species of the genera Lactobacillus, Limosilactobacillus, Corynebacterium, Aerococcus and Staphylococcus, and sub-branch A2, with Aerococcus, Corynebacterium and Acinetobacter as the main representatives, with lower Lactobacillus abundance. Sub-branch A1 included six out of the ten samples from WF and sub-branch A2 included mainly FD samples (six out of ten). Most of samples in branch B were fecal samples and further sub-clustering in this branch was influenced by the species present rather than differences in genera and reflected the time-point factor (Figure 2). Thus, the Feces 0dpw samples showed higher similarity with some Feces 7dpw samples (branch B2), and with Diarrhea 7dpw samples from ZnO-free group (branch B4). The remaining Feces 7dpw and Feces 14dpw samples were allocated to branch B3.




Figure 2 | Relative abundance of the main species in each sample from 10 commercial farms. Profiles of samples are ordered by Ward clustering of the squared Weighted Unifrac distances between samples. Cluster dendrogram represents the similarity between samples regarding its microbial composition. Variables information in each sample (from lower to upper level: Farm, Treatment, Type-dpw) are indicated in the coloured squares below the bars. Taxonomic assignment was performed using Metaphlan3.






3.3 The intestinal microbiota of the piglet at weaning is different from the environmental microbiota and evolves towards anaerobic species’ dominance

Figure 3A summarises the mean relative abundance of the most representative species in each sample type collected in the study. Environmental samples and Feces 0dpw showed similar or homogeneous abundance of different species while there was a hierarchy in microbiota relative abundance values in Feces 7dpw (including Diarrhea 7dpw) and Feces 14dpw samples. Focusing on fecal results, during the first 14 days after weaning, we observed an increase in abundance of the dominant species, shifts in species from the same genus and the bloom of anaerobes. Lactobacillus amylovorus and Limosilactobacillus reuteri, the two dominant species in fecal samples, increased in abundance (P < 0.05) during the post-weaning period (Supplementary Table S3). Feces 0dpw showed an even species composition, with the exclusive presence of Prevotella sp. CAG:873 and Anaeromassilibacilus sp. An172 (both with relative abundance values over 2%) and higher abundance of Prevotella sp. CAG:520 (Figure 3B). Other species associated with 0dpw feces were Escherichia coli, Phascolarctobacterium succinatutens, Collinsella aerofaciens, Lactobacillus johnsonii and Phocaeicola vulgatus. In subsequent samplings, i.e., 7dpw and 14dpw, the abundance of Prevotella sp. CAG:873 decreased, while the abundance of two other species of Prevotella increased, Prevotella sp. P3-122 at 7dpw and Prevotella copri at 14dpw (Supplementary Table S3). Two species exhibited higher abundance by linear discriminant analyses (LDA) at 7dpw; Butyricicoccus porcorum and the virus Lactobacillus phage phiAQ133. Megasphaera elsdenii increased in abundance towards the end of the of the study period with higher abundance at 14dpw (Figure 3B), sampling time at which we also observed higher abundance of Catenibacterium mitsuokai. While the relative abundance M. elsdenii in the piglets fecal microbiota was 3.08% at 0dpw, it had increased to 7.89% by 14dpw. In contrast, we observed the opposite trend for E. coli, from 11% at 0dpw to <2% at 14dpw. Diarrhea 7dpw samples showed a pattern which resembled those of 7dpw feces samples but with increased abundance of E. coli, and higher abundance of already dominant species such as L. amylovorus, L. reuteri and Ruminococcus torques. Both environmental samples showed similar compositions, with a high relative abundance of aerobic species such as Aerococcus spp. (A. viridans, A. urinaeequi) and Corynebacterium spp (C. stationis, C. xerosis, C. glutamicum).




Figure 3 | Microbiome composition in environmental and fecal samples from weaning pigs from 10 commercial farms. (A) Mean relative abundance of the most representative species in each type-dpw group. (B) Differences in species abundance, returned by LEfSe analysis, most likely explaining the differences among type and day post weaning variables. (C) Mean relative abundance of the main species in each type-dpw group splitted by treatment. * < 2%, refers to those species accounting for less than 2 percent of abundance. Taxonomic assignment was performed using Metaphlan3.






3.4 In-feed antibiotic and zinc oxide impact taxonomic microbial composition both in environment and fecal samples

Figure 3C shows the comparison of the taxonomic profiles at species level between the samples from the Treated and ZnO-free farms for each sample type. The LEfSe LDA analyses of differential abundance run globally revealed different species associated with treatment (Figure 4A). Overall, dominance of Lactobacillus spp. was not affected by the treatment and global analysis of species abundance by LDA confirmed these differences among treatments for M. elsdenii and P. succinatutens abundance. Analysis by sample type and dpw variables (Figures 4B–D) showed that P. vulgatus was the only species found to be more abundant in feces from farms using in-feed antibiotics and ZnO at weaning, i.e. before the treatment began (Figure 4B). We observed a notable change in dominance of environmental species by treatment variable. Species associated with treatment in the FD microbiota were A. viridans and A. urinaeequii and Enterococcus casseliflavus, whereas Sanguibacter sp. Leaf3 and Corynebacterium efficiens were associated with FD samples from ZnO-free farms (Figure 4C).




Figure 4 | Differences in species abundance among dietary treatments in each sample type and day post weaning. Horizontal bars are coloured according to dietary treatment. (A) Global differences in species abundance by treatment. (B) Feces 0dpw. (C) FD. (D). Feces 7dpw. (E) Feces 14dpw. (F) Diarrhea 7dpw. (G) Relative abundance and arcsine square root transformed abundance of Escherichia coli in samples of feces and diarrhea coloured by treatment. Points represent samples’ relative abundances values. Probability density curves at each values of abundance for each type of samples are depicted across each range of abundance values of each type of sample. Boxplots summarizing relative abundance values are included within the density curves. The lower, medium, and upper horizontal box lines correspond to the first, second and third quartiles (the 25th, 50th and 75th percentiles). Upper and lower whiskers include the range of the upper and lower points within the 1.5 interquartile range. The standard deviation (SD) and mean value of each type of sample are depicted as a red line and an orange diamond. *P < 0.05 and **P < 0.01, respectively. Taxonomic assignment was performed using Metaphlan3.



The species P. succinatutens, Roseburia inulinivorans, Ruminococcaceae bacterium D16 and Clostridium sp. CAG:242 were also higher in abundance in feces from Treated farms both at 7dpw and 14dpw (Figures 4D, E), whereas different species of Prevotella spp. were associated with the fecal microbiota in Treated farms at different time points. In contrast, species more abundant in ZnO-free farms were: Eubacterium rectale along with the virus Lactobacillus phage Lj711 in both fecal samples at 7dpw and 14dpw (Figures 4D, E); L. johnsonii and Prevotella sp. CAG:873 in both Feces 14dpw and Diarrhea 7dpw (Figures 4E, F); and Ligilactobacillus salivarius and Ligilactobacillus agilis in Feces 14dpw and Diarrhea 7dpw samples, respectively. Other species enriched in feces from ZnO-free farms at 14dpw were Eubacterium eligens, Clostridium sp. CAG:590, Streptococcus hyointestinalis, Acidaminococcus fermentans, Roseburia faecis and M. elsdenii.

Analysis of E. coli abundance revealed a trend and a high within-group variability (Figure 4G). Analysis of variance stabilizing AST transformed E. coli abundance revealed greater E. coli abundance in Diarrhea 7dpw samples from ZnO-free farms (Figure 4G). Further analyses of virulence factors linked to E. coli identified adhesins (fimbriae factors) and toxins associated to ETEC as shown in Figure 5. Enterotoxigenic E. coli associated genes were present in all diarrhea samples, regardless the treatment group. Hierarchical cluster analysis based on the virulence factor profile revealed three different clusters. Cluster 1 included ZnO-free Diarrhea 7dpw and 0dpw fecal samples, and was characterised by the presence of F18 fimbrial, heat-stable (ST) enterotoxin, and EAST1 toxin genes. Cluster 3 defined by F4 (K88), heat-labile (LT) and ST toxins genes, consisted of Treated Diarrhea 7dpw samples (Figure 5A). The ordination of virulence factor profiles grouped the samples according to the observed clusters, with cluster 2 composed of environmental samples and some 7 and 14dpw fecal samples (Figure 5B). Analysis of abundance of sequenced assigned to Pfam protein families revealed higher abundance of heat stable enterotoxin ST and heat-stable E. coli enterotoxin 1 in ZnO-free diarrhea samples (Supplementary Figure S2).




Figure 5 | Summary of the E. coli virulence factors detected in assembled contigs of metagenomic sequencing reads. (A) heatmap of the virulence genes detected in each analysed sample and clustered by factors under study and by virulence category. (B) Principal coordinate analysis using Simple matching coefficient distance of samples by their virulence profile. Ellipses drawn on Figure (B) represent each Cluster group, with their shape being defined by the covariance within each group. Screening of contigs for E. coli virulence factors was performed using ABRicate.






3.5 In-feed antibiotics and ZnO modify the microbiota species functional profile and diarrhea samples from ZnO-free farms show aerobic processes triggered by E. coli

Analysis of the relative abundance of functional genes, grouped by superclass 2 level of MetaCyc metabolic pathways database, revealed the dominance of three functional superclasses, which accounted for more than 50% of the relative abundance of functional genes within the fecal microbiota: (i) nucleoside and nucleotide biosynthesis, (ii) amino acid biosynthesis, and iii) cofactor, carrier and vitamin biosynthesis (Figure 6A). The microbiota functional profiles, shown in Figure 6, are ordered according to Ward clustering using Aitchison distance. Most of the samples analysed were clustered by their environmental or fecal origin (branches A and B, respectively). We observed that in Feces 0dpw or ZnO-free Diarrhea 7dpw samples (Figure 6B, sub-branch B1), metabolic categories were ascribed to a lower number of species; whereas microbiota functions in Feces 7dpw and Feces 14dpw were built by a higher number of species (Figure 6B, sub-branch B2). Species contribution to metabolic categories varied across clusters, particularly in ZnO-free Diarrhea 7dpw samples, but also in species contribution of less dominant categories (Figure 6B).




Figure 6 | Relative abundance of the top 20 metacyc superclass2 grouped pathways. (A) Top 20 metacyc superclass2 grouped pathways. (B) Species contribution to each pathway (top 50 of pathways assumed by each species). Samples are clustered by their functional abundance profile using Ward clustering and the squared Aitchison distances between samples. Cluster dendrogram represents the similarity between samples regarding its functional and species composition. Variables information in each sample (from lower to upper level: Farm, Treatment, Type and day post weaning) are indicated in the coloured squares below the bars. Metabolic profiling was performed using HUMAnN3.



Supplementary Figure S3 shows which species significantly contributed to each superclass2 grouped metacyc pathway associated with the three factors under study, i.e., sample type, dpw and treatment. As already mentioned, the dominant functions were associated with different species to depending on the sample type, dpw and treatment. Notably, the Diarrhea 7dpw samples from ZnO-free farms were enriched in aerobic processes encoded by E. coli.





4 Discussion

Weaning in commercial pig farms is a critical time in the in the pig lifecycle. At weaning, the immune factors supplied by colostrum and milk are lost and the competitive exclusion exerted by the microbes resident in the intestine is weakened due to a new diet and stress. This often results in PWD which is traditionally managed using in-feed prophylactic antibiotics and therapeutic ZnO in many countries (Gresse et al., 2017). The recent ban on prophylactic AMU and therapeutic use of ZnO in the EU creates new challenges in the control of PWD. Some farmers ceased using these treatments before the change in regulations came into effect, providing an excellent opportunity to compare how their use or removal affects the intestinal microbiota after weaning. Studying the changes occurring in microbiota due to antibiotic and ZnO treatment and investigating potential associated biomarkers may open new opportunities to intervene during post-weaning period without antibiotic and/or ZnO use. In this study, we sequenced the environmental microbiota of clean weaning rooms and fecal microbiotas of piglets in the first two weeks post-weaning on farms still regularly using in-feed antibiotics and ZnO and compared it to farms that stopped using these treatments at least 3 years ago.

One of the goals of this study was to evaluate if the background microbiota of the rooms where piglets are allocated has any influence in the fecal microbiota of piglets. Both sample types collected, i.e., feeder-drinkers and wall-floor pen surfaces, exhibited high microbial richness and evenness, represented mainly by aerobic microorganisms. The environmental microbiota results were not different between farms using or not using antibiotics and ZnO. At the same time, environmental microbiota had only a weak influence on the fecal microbiota of piglets. Some previous studies indicated a potential impact of the environment on the new-born human and piglet microbiota (Merrifield et al., 2016; Chen et al., 2018; Law et al., 2021). Thus, there is a need for further research in this area. Based on our results, weaning (i.e. diet change from milk to feed and age) and in-feed treatments seem to have a larger impact than the environmental microbiota on the post weaning piglet fecal microbiota, although further studies are required.

Piglets at weaning (0dpw) exhibited a microbiome distinct from the 7dpw and 14dpw samples. This might be explained by a greater species and functional evenness, and the presence of some species in higher abundance than subsequent samplings e.g., Prevotella sp. CAG:873 and Anaeromassilibacillus sp. An172 in piglets at 0dpw. From weaning onwards, the microbiota composition shifted towards the dominance of L. amylovorus, L. reuteri, P. copri or M. elsdenii. A previous study has already demonstrated the intestinal colonisation of bacteria such as P. copri and M. elsdenii (Wang et al., 2019) in post-weaning. This temporal shift was clearly evidenced in the ordination plots which grouped fecal metagenomes on the basis of (i) Feces 0dpw, (ii) Feces 7dpw and 14dpw, and (iii) Diarrhea 7dpw. At the functional gene level, the differences were more subtle; functional profiles were enriched in the number of contributing species towards 7dpw and 14dpw time points. Interestingly, different species within the same genus were identified in the period of study, data which demonstrates a potential succession of species or strains phylogenetically related during the first two weeks post-weaning. Thus, we found different species of Prevotella spp. shifting across weaning period. Previous studies of pig metataxonomics using 16S rRNA sequencing have reported a microbial shift from a milk-oriented microbiome in piglets (composed mainly of Lactobacillus and Bacteroides), to a more complex carbohydrate adapted microbiota (dominated mainly by genus Prevotella) (Frese et al., 2015). One of the main advantages of shotgun metagenome sequencing is the ability to achieve species level resolution, enabling the exploration of species succession even in a short-term period of two weeks post-weaning. In this sense, Treated pigs were associated to more species of Prevotella species than ZnO-free pigs, with the exception of Prevotella sp. CAG:873. This last species of Prevotella was associated with the Feces 0dpw microbiota in the analysis by Type-dpw (Figures 3A, C). Interestingly, this species was also enriched in ZnO-free piglets’ microbiota in Diarrhea 7dpw and Feces 14dpw samples in the analysis by treatment (Figures 4F, E).

Diarrhea is the final disease outcome of the intestinal dysfunction at weaning. It may be the consequence of malabsorption, linked to atrophy of intestinal villi, or a secretory diarrhea when ETEC is present (Luppi, 2017). Here, we evaluated the composition in diarrheic feces collected at 7dpw. Microbiome compositional analyses revealed that Diarrhea 7dpw samples from ZnO-free farms resembled the composition of the microbiome at weaning (0dpw). On farms using antibiotics and ZnO, Diarrhea 7dpw samples were similar to non-diarrheic samples collected at 7dpw and 14dpw. Specifically looking at E. coli abundance in samples collected at 7dpw revealed a higher abundance of E. coli in samples from ZnO-free farms in both normal and diarrheic fecal samples (Figure 4G). Further analysis of virulence factors revealed the presence of adhesins and toxins related genes regardless the treatment. These virulence factors are required for E. coli pathogenic adverse effects. This result demonstrates that the abundance differences observed in diarrhea samples were not ascribed to differences in the presence or absence of ETEC pathotypes between treatment groups. This information, together with the microbial succession observed at weaning, suggests that antibiotic and ZnO use favors the early transition and maturation of the gut microbiota, even in animals with enteric problems. Interestingly, microbiota analysis also revealed different metabolic profiles in diarrhea samples from ZnO-free pigs, with greater representation of metabolic processes linked to E. coli. Species associated with antibiotic and ZnO treatment within each type-dpw microbiota included representatives of the orders Eubacteriales, and Bacteroidales (Prevotella spp), and, to a lesser extent to Spirochaetales and Acidaminococcales. P. succinatutens, belonging to the Acidaminococcales order, was a common species enriched in Treated animals both at 7 and 14dpw. This species is a succinate utilizing anaerobic bacteria that has been reported to increase in abundance because of antibiotic treatment (Yan et al., 2020). Similarly, based on results in the current and previous studies (Soler et al., 2018; Ghanbari et al., 2019; Ortiz Sanjuán et al., 2022), Prevotella seems to be a genus within which many representatives are resistant to ZnO, which becomes favored by antimicrobial treatments.

The microbiota from ZnO-free farms were enriched with Lactobacillus spp. and members of the class Bacilli. The dominance of L. amylovorus and L. reuteri observed across the sampling time points was not affected by treatment, whereas other lactobacilli e.g., L. johnsonii, L. salivarius and L. agilis, were affected by antibiotic and ZnO treatment. L. amylovorus and L. reuteri are two of the most common species from Lactobacillaceae family dominating pig’s intestinal microbiota (Højberg et al., 2005; Vahjen et al., 2010; Starke et al., 2014; Ortiz Sanjuán et al., 2022). In line with our previous study, these two species were not affected by ZnO (Ortiz Sanjuán et al., 2022). Regarding the other species of lactobacilli, ZnO has been previously reported to affect lactobacilli species in a different manner, and thus the susceptibility to ZnO might be species specific (Starke et al., 2014). Eubacterium is a genus found to be an important member of the human core microbiome, described as a butyrate-producing bacteria (Mukherjee et al., 2020). In this study, we found that two of the major species of interest within this genus (Mukherjee et al., 2020), E. rectale and E. eligens, were present at higher relative abundance on the ZnO-free farms. Another two species linked to ZnO-free herds were M. elsdenii and Acidaminococcus fermentans. Previous studies have also reported the negative impact of ZnO on the abundance of these two species (Pieper et al., 2020; Silva et al., 2021; Ortiz Sanjuán et al., 2022), which are capable of produce butyrate from lactate and glutamate, respectively (Tsukahara et al., 2006; Sarmikasoglou and Faciola, 2022; Böck, 2009). Both amino-acid fermenting species are common members of the adult pig fecal microbiota and increase in the abundance as the animal grows. In addition, M. elsdenii can use complex plant carbohydrates and produce short chain fatty acids (Shetty et al., 2013; Wang et al., 2019; Li et al., 2020). Our results demonstrate that antibiotics and ZnO limit and favor the growth of microorganisms with redundant functions but differential capacity to adapt to these two antimicrobial exposures. Considering the characteristics of the microorganisms mentioned, the taxonomic variations observed likely reflect the ability of certain microorganisms to colonise or outcompete bacteria with similar broad roles in the presence of antibiotics and ZnO and vice versa, that is, to adapt to the conditions generated by antibiotics and ZnO in the intestine, and perform the same broad metabolic functions, i.e. functional redundancy (Figure 6A) (Tian et al., 2020). These taxonomic changes were reflected as well in the metabolic activity of the microbiotas, which were associated with some of the aforementioned species. The most remarkable differences between treatments were found in the Feces 14dpw microbiota, with M. elsdenii associated with functional pathways on ZnO-free farms, whereas the microbiota functional pathways in Diarrhea 7dpw samples on ZnO-free farms were dominated by functions linked to E. coli with higher abundance of aerobic-related pathways such as the tricarboxylic acid (TCA) cycle or glycolysis. Impairment of strict anaerobic population and thriving of aerotolerant species as a consequence of intestinal inflammation has already been described as a strategy of some opportunistic enteric pathogens, such as Salmonella enterica or E. coli (Baümler and Sperandio, 2016; Gresse et al., 2017). The aerobic environment generated by the immune response provides an advantage to these facultative anaerobes, such as E. coli, in the microbiota from diarrheic ZnO-free samples.

In this study we show that the transition and maturation of the microbiota early after weaning is remarkably consistent among farms and is influenced more by dietary change post weaing, age, and in-feed medication than by the environmental microbiota. The use of antibiotics and ZnO altered the taxonomy and functionality of the fecal microbiota whereby bacteria such as Prevotella spp., P. succinatutens, M. elsdenii and, to a lesser extent, E. coli, colonised the intestinal niche in response to this treatment. Using next generation sequencing, we detected E. coli virulence factor related genes in all fecal samples. These results show that these treatments were efficient in controlling E. coli overgrowth at weaning, regardless of the presence or absence of these virulence factors. Results of this study show a snapshot of the fecal microbiota in pigs within the first two weeks after weaning, which can be useful to monitor taxonomic, functional composition, or even pathogen detection on pig herds (Munk et al., 2017). Further studies are necessary to evaluate the effects of antibiotics and ZnO on specific intestinal locations, at this level of description. The compositional and functional analysis of feces with diarrhea showed that antibiotic and ZnO treatment favored the microbial transition observed in healthy animals. These results demonstrate the microbial modulation, in taxa and functionality, and provide a reference in post-weaning microbiota to study potential strategies to replace antibiotics and ZnO.
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