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ABSTRACT
It has been hypothesized that both genetics and diet influence the composition of the human cecal 
microbiota. However, it remains unclear whether and how occupational exposure to microbes 
impacts the microbial communities in human guts. Using a One Health approach, we visited pig 
farms (n = 26) and collected stool specimens from pig workers (n = 59), pig barn air samples (n = 19), 
and rectal swabs from pigs at three different growth stages (n = 144). Stool samples from cattle 
workers were included as a control group (n = 22). Each sample’s microbiota was characterized 
using 16S rRNA gene sequencing and the DADA2 pipeline.

We obtained a significantly different clustering of the microbial compositions of pig and cattle 
workers by permutational multivariate analysis of variance (PERMANOVA; P < .001). Workers 
primarily exposed to pigs had higher relative abundances of Prevotellaceae and less 
Bacteroidaceae than workers exposed to cattle. We also found that the microbial compositions of 
pig workers’ stool samples shared extensive fractions with the samples from their pigs. We also 
identified amplicon sequencing variants (ASVs) in the airborne microbiota which were likely 
involved in zoonotic transmission events.

We hypothesize that ASVs originating from pig feces are aerosolized and, through breathing, get 
trapped in the pig farm workers’ upper respiratory tract from where they can get swallowed. 
Consequently, some of the animal associated ASVs are transferred into the gastrointestinal tracts 
(GITs) which leads to changes in the composition of the human gut microbiota. The importance of 
this finding for human health must be investigated further.
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Introduction

The human gut is the ecological niche of a vast 
number of bacteria whose composition has been 
well studied.1 It has been hypothesized that the 
composition of the gut’s microbiota is shaped by 
the host’s genetics and such important environ-
mental factors as diet and geography.2–4 The use 
of antimicrobial drugs has been associated with 
shifts in the composition of gut microbiota.5 

However, these effects differ in strength and 
duration, depending on the type of antimicrobial 
drugs used.5 Conversely, traveling does not seem 
to be associated with lasting changes in the gut’s 
microbiota. Recent studies have reported that 
the region visited, the type or duration of travel, 
and the use or type of malaria prophylaxis had 

no significant influence on the composition of 
gut microbiota.6,7

In general, little is known about whether expo-
sure to chemical substances or bioaerosols is linked 
to a changing composition of the gut microbiota, 
thereby impacting human health. A recent review 
suggested that occupational exposure to airborne 
engineered nanomaterials could lead to significant 
interactions with the gastrointestinal tract and 
affect its microbiota.8 Another study showed that 
patients who suffered from silicosis after occupa-
tional exposure to silica presented with a dysbiosis 
of the gut microbiota. However, due to its observa-
tional design, the study was unable to draw conclu-
sions about the causation of this association.9 

Moreover, animal studies have demonstrated that 
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some chemicals used in occupational settings (e.g., 
various pesticides and metals) can induce changes 
in the microbiome.10,11

In addition, studies have been done investigating 
the influence of occupational exposure to pigs on 
human nasal microbiota. One of those studies ana-
lyzing the microbiota in the nares of pigs and pig 
workers showed that exposure to pig farm environ-
ments was strongly associated with specific micro-
bial signatures (including alpha- and beta- 
diversity), which were reflected in the microbiota 
of the human nose.12 The study also investigated 
the air-transmissible microbiota and suggested that 
animal–human transmission of bacteria occurred 
through the air in pig farms.12 In a follow-up study 
it has then been shown, that bacteria present in 
pigs’ noses are more commonly identified in pig 
workers’ microbiota in winter than in summer.13 

Taken together, these results strongly indicate that 
pig farming is associated with a distinct human 
nose microbiota.12 In addition, a very recent study 
has hypothesized that occupational contact 
between workers and pigs might also result in 
a bacterial community shift in the human gut.14 

However, there is still a lack of knowledge as to if 
and how occupational microbial exposure is linked 
to changes in the human gut’s microbiota.

The present study aimed to: (i) describe the 
potential influence of pig farming on the human 
cecal microbiota; (ii) define the shared sequence 

variants (ASVs) derived from the 16S rDNA 
sequencing of pig rectal swabs, air samples collected 
in pig barns, and pig workers’ stools; and (iii) 
identify if there is a pig farm-specific microbiota 
in humans, pigs and air.

Results

Characterization of sampling population and 
sequence analysis

In total, 26 pig farms were visited and the stool 
samples of 59 pig workers were collected. A subset 
of 12 farms was chosen for the sequencing of ani-
mal and air samples because they had both 
untreated pigs and pigs that had been exposed to 
antimicrobials during suckling or weaning but not 
fattening (Figure 1). Specifically, the rectal swabs of 
two antimicrobial-treated and two untreated pigs 
per farm were taken during their three different 
growth stages (suckling, weaning, and fattening) 
(n = 48 animals; n = 144 samples). From these 12 
farms, barn air samples (n = 19) were collected 
from either the weaning or fattening units (Figure 
1 and Supplementary Table 1). Self-collected stool 
samples from a control group of cattle workers 
were also incorporated to assess pig farming’s 
effects on human cecal microbiota (n = 22). All 
samples were processed to enable subsequent 16S 
rRNA microbiota analysis. An overview of the 

Figure 1. Flow chart of pig farm selection and the number of samples from pigs, pig workers, and air.
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number of samples sequenced from animals, 
humans, and barn air can be found in Figure 1. In 
total, the study included 81 human, 144 animal, and 
19 air samples, with a total of 27,393,755 reads. On 
average, we received 112,269.5 (SD = 44,641) 
sequencing reads per sample which were subse-
quently clustered into 12,393 ASVs overall 
(Supplementary Table 1).

Alpha-diversity values and changes to the 
composition of the microbial community in human 
cecal samples

As for alpha-diversity analyses, we first counted the 
number of ASVs (Richness; Figure 2a) and calcu-
lated the Shannon diversity indices (SDI) for each 
sample (SDI; Figure 2b). We found that values of 
both indices increased with pig growth stages, 
reaching their highest values in fattening pigs. 
Over all the samples, richness was highest in air 
samples, but SDI values were not. There were no 
significant differences between the alpha-diversity 
values of stool samples from cattle workers and pig 
workers (Figure 2a and 2b).

Next, we calculated the binary and abundance- 
based distance matrices and created ordination 
methods-based non-metric multidimensional scal-
ing (NMDS) plots (Figure 2c and 2d). For both 
types of calculations, we found separate clusterings 
of suckling pigs and of fattening and weaning pigs, 
whereas air samples were very closely clustered 
with the latter. The human samples were clearly 
different from the pig and air samples, and they 
segregated into two slightly overlapping clusters of 
pig workers and cattle workers. However, perform-
ing PERMANOVA using exclusively human data 
showed significant separation of the pig and cattle 
worker using both, the binary (PERMANOVA; 
F-value = 2.2, P < .001) and abundance-based dis-
tance matrices as input data (PERMANOVA; 
F-value = 1.7, P < .001). In addition, the 95% con-
fidence ellipse for the group centroid of pig workers 
showed a closer proximity to weaning and fattening 
pigs as compared to cattle workers indicating that 
pig farming may affect the composition of the 
microbial communities in human guts (Figure 2c 
and 2d).

Focusing on the phyla distribution, the mean 
Bacteroidetes/Firmicutes ratio found between the 

two human groups was different showing values of 
1.25 for pig worker and 0.96 for cattle worker 
(Figure 2e). Within the phylum Bacteroidetes, the 
family Prevotellaceae showed higher relative abun-
dance in pig workers than in cattle workers 
(Wilcox-test; PCrude = 0.007; Pcorrected = 0.07), 
whereas the opposite was observed for the 
Bacteroidaceae (Wilcox-test; PCrude = 0.03; 
Pcorrected = 0.3; figure 2f).

Alpha- and beta-diversity values of stratified animal 
and human samples

The animal samples were next stratified according 
to their antimicrobial treatment status. Again, the 
numbers of ASVs were counted (Richness; Figure 
3a) and the Shannon diversity indices (SDI) were 
calculated (SDI; Figure 3b). Alpha-diversity values 
did not differ significantly between the treated and 
untreated samples. Likewise, the NMDS plots dis-
played no clustering by treatment status in any 
growth stage (Figure 3c and 3d). The types of anti-
microbial drugs and treatment timepoints were 
diverse and can be found in Supplementary Table 2.

Furthermore, we stratified the human samples 
according to pig workers with low exposure (≤ 
2 h/day) and high exposure (≥ 8 h/day) to pig 
barn environments. Notably, as indicated with the 
95% confidence ellipses for the group centroids, 
highly exposed pig workers clustered further away 
from the cattle workers, and the less exposed pig 
workers settled in the middle of the two. This 
indicated a shift in microbial composition toward 
the pigs as exposure time increased using binary 
distance as well as abundance-based distance 
matrices (Figure 3e and 3f). Indeed, ANOSIM ana-
lyses showed a significant separation between 
highly exposed pig workers and cattle workers 
(P < .001); in contrast, this was not found between 
less exposed pig workers and cattle workers 
(Supplementary Table 3).

ASVs of Prevotellaceae were transmitted via the air

We subsequently investigated which and how many 
ASVs were shared between the different sample 
types (Figure 4a). Overall, 3279 ASVs were found 
in pig worker but only 1581 in cattle worker sam-
ples. In addition, we found that a sizable number of 
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Figure 2. Alpha- and beta-diversity analyses of samples from pigs, air, pig workers and cattle workers. Pigs were sampled at three 
different growth stages, as suckling pigs, weaning pigs, and fattening pigs. To illustrate alpha-diversity, (A) shows the values for 
richness (observed ASVs) and (B) shows the Shannon diversity indices, both based on sample types. To illustrate beta-diversity, (C) 
shows the unweighted (Jaccard) and (D) shows the weighted (Ružička) distances in the samples’ microbiota compositions (reduced to 
a two-dimensional space by NMDS); the 95% confidence ellipses for the group centroids are also shown. (E) illustrates the relative 
abundance of phyla and (F) the relative abundance of families among air, cattle workers and pig workers.
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Figure 3. Alpha- and beta-diversity analyses of stratified animal and human samples. (A) shows the values for richness (observed ASVs) 
and (B) shows the Shannon diversity indices based on pig growth stage (suckling, weaning, and fattening pigs) and antimicrobial (AM) 
treatment. For the beta-diversity, (C) illustrates the unweighted (Jaccard) and (D) illustrates the weighted (Ružička) distances in the 
microbiota composition for the same stratified animal samples (reduced to a two-dimensional space by NMDS). (E) illustrates the 
unweighted (Jaccard) and (F) illustrates the weighted (Ružička) distances in the microbiota composition for pig workers with low 
exposure (≤ 2 h/day) and high exposure (usually full-time, ≥ 8 h/day).
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ASVs (n = 1635) was shared between pigs and the 
air which may indicate that many of the ASVs from 
pig feces dispersed in aerosols. The taxonomic 
assignments of all the ASVs can be found in 
Supplementary Table 4. Next, we performed 
a differential abundance analysis for the ASVs of 
pig worker and cattle worker samples. Overall, 159 
ASVs were identified in significantly higher num-
bers in either pig (n = 117 ASVs) or cattle workers 
(n = 42 ASVs; Figure 4b).

The most significant ASVs associated with pig 
workers were assigned to the genera Prevotella 
(ASV24, ASV25, ASV60 and ASV67) and 
Acidaminococcus (ASV48). As for cattle workers, 
the most significant ASVs belonged to the genera 
Bacteroides (ASV236 and ASV654) and 

Phascolarctobacterium (ASV309 and ASV473). 
Importantly, the differential abundance analyses 
mainly revealed ASVs of Prevotellaceae for the pig 
workers, mirroring the above received bacterial 
family-based findings (figure 2f).

Furthermore, we investigated whether the above 
mentioned 159 ASVs were also present in the air 
and pig samples (Figure 4c). Many of them were 
identified in pigs (n = 111) and barn air (n = 79). 
Moreover, 31 ASVs were found in pig workers, 
pigs, and pig barn air but not in cattle workers, 
indicating that they were zoonotically transmitted 
in pig farms. The relative abundances of these 159 
ASVs are illustrated in supplementary Figure 1 as 
a heat map. Results indicated that ASV3 
(Megasphaera), ASV7 (Prevotella), ASV15 

Figure 4. Venn diagrams and differential abundance of ASVs. (A) Venn diagram showing the numbers of shared ASVs between cattle 
workers, pig workers, pigs, and air. (B) Differential abundance of ASVs in cattle workers and pig workers. DESeq analysis shows the fold 
changes of ASVs in bacterial communities of cattle workers versus pig workers. The negative Log2 fold changes indicate higher relative 
abundances of ASVs in cattle workers, whereas positive Log2 fold changes mean the opposite. The most significant ASVs are indicated 
in gray and their taxonomic assignment is mentioned in the text above. Overall, the Log2 fold changes of 159 ASVs were identified as 
being significantly higher in either pig or cattle farming. (C) Venn diagram showing the distribution of the 159 ASVs with significant 
negative or positive Log2 fold changes among cattle workers, pig workers, pigs, and air.
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(Muribaculaceae), ASV25 (Prevotella) and ASV30 
(Dialister) had high relative abundances in pigs, pig 
workers, and air but not in the samples from cattle 
workers. Taken together, these analyses enabled us 
to identify the ASVs which were likely involved in 
the zoonotic transmission of microbiota.

Farm-specific microbial composition of pig samples

Finally, we investigated whether the microbial com-
munities identified were farm specific. To do this, 
we compared the values of the binary (Jaccard) and 
abundance-based (Ružička) distance matrices 
within farms (within beta diversity) to those 
between different farms (between beta diversity). 
We found that the values of both Jaccard and 
Ružička dissimilarity indices were significantly 
lower in pig samples at all three growth stages 
(suckling, weaning, and fattening) from ‘within 
farms’ than in ‘between farms’ (Figure 5a and 5b). 
In contrast, no differences were found for the air 
and stool samples from pig workers. Additional 
analyses of the dissimilarity index values of pig 
workers to pigs at the three growth stages and to 
air showed no significant within-between farm 
diversity effect (Supplementary Figures 2A and 
2B). Taken together, this indicated that the micro-
biota among pigs were farm-specific, whereas air 
and pig workers’ microbiota were not. In other 
words, while we detected an overall effect of pig 
farming on the composition of human cecal micro-
biota composition, this effect cannot statistically be 
pinpointed to the individual pig farms.

Discussion

This study made a cross-sectional characterization 
of the microbiota of pigs, air, and human workers. 
We found that the relative abundances of 
Prevotellaceae and Bacteroidetes were respectively 
higher and lower among pig workers than among 
cattle workers. More specifically, we identified 
ASVs of Prevotellaceae but also of other bacterial 
families that were simultaneously present in pigs, 
air, and pig workers, but not cattle workers. This 
indicates that aerosolization of pig feces bacteria 
was occurring, enabling the airborne transmission 
of zoonotic ASVs to pig workers.

In general, bacterial species of Prevotellaceae 
(Prevotella spp.) are common and important bac-
terial colonizers of human and porcine guts.15,16 It 
has been shown that if species of the genera 
Prevotella and Bacteroides co-occur in the gut, one 
or the other predominates, suggesting antagonistic 
behavior.16 Indeed, we observed that greater rela-
tive abundances of Prevotella were associated with 
fewer Bacteroides in pig workers and vice-versa in 
cattle workers.

Greater numbers of Prevotella have been linked 
to vegetarianism in Western populations,4 but this 
type of diet is likely not characteristic of pig work-
ers. Therefore, factors other than diet must be con-
sidered as potential explanations for greater 
proportions of Prevotella in pig workers. One 
explanation could be that the inhalation of airborne 
bacteria is associated with the ingestion of a portion 
of them. Indeed, it has been shown previously that 
a fraction of inhaled microorganisms is ingested as 
large particles (> 5 microns) are deposited in the 
upper respiratory tract and then swallowed.17,18 

Based on available quantitative microbial risk 
assessment models,19 this fraction is considered to 
lie between 10%–80%.19,20 Applying this range of 
ingested microorganisms to the mean airborne 
concentration of bacteria found in the same Swiss 
pig farms in a previous study (3.6 x 109 cfu/m3), 21 

we estimated that a worker with a normal breathing 
rate ingested between 6.9 × 105 cfu and 5.5 × 106 cfu 
during 4 hours of work in a pig barn.

Another potential exposure route to zoonotic 
bacteria is direct contact with contaminated sur-
faces and the hand-to-mouth route. However, as 
numbers of ASVs shared by the three groups pigs, 
air, and pig workers (n = 31) were considerably 
higher than the number of shared ASVs by the 
two groups pigs and workers (n = 8), this exposure 
route seems to be less relevant for a corresponding 
alteration of the gut microbiota.

Overall, over 3000 ASVs were found in pig 
worker but only 1581 in cattle worker samples. As 
outlined above, we speculate that pig farmers incor-
porate ASVs from pig feces (via the air) and these 
ASVs can, therefore, be detected in addition to the 
core ASVs of the human gut. The fact that fewer 
ASVs were detectable in cattle worker samples indi-
cate that no or only few ASVs from cattle feces are 
transmitted to humans though we did not analyze 
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feces samples from cattle to prove this assumption. 
However, the finding may indicate that less ASVs 
from cattle feces are aerosolized, due to the type of 
the ASVs in the cattle feces or the manner the cattle 
are kept at the farm. Alternatively, it might also be 
explained by the differing bovine digestive systems. 
Whereas diet and the gastro intestinal tract of swine 
and humans are more alike (omnivores), the cattle 

mainly eat plant fibers which might explain facili-
tated uptake of ASVs from the former.

We also showed that the duration of exposure to 
pigs was an important factor in shaping the micro-
biota. This was observed in our sample groups since 
there was significant difference between cattle 
workers and the group of pig workers working ≥ 
8 h/day, but not with the group working ≤ 2 h/day.

Figure 5. Within- and between-pig-farm dissimilarity analyses. (A) shows unweighted (Jaccard) and (B) shows weighted (Ružička) 
distance matrices values for ‘within-farm’ and ‘between-farm’ microbiota composition. Dissimilarity values were significantly higher for 
suckling, weaning, and fattening pigs ‘between farms’. No significant differences were found for air and pig workers’ stool samples.
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A very recent study examined the impact of pig 
farm environments on changes in the gut micro-
biome and resistome of Chinese veterinary students 
who had been occupationally exposed to them.22 

Similarly, to the present study, it showed that farm 
exposure shaped students’ gut microbiomes, 
although different bacterial taxa were identified as 
being relevant in the transmissions. Specifically, 
moderately fewer Bacteroidetes and more 
Proteobacteria (especially Gammaproteobacteria) 
were observed.22 We hypothesize that these dispa-
rities arose from differing farming and manage-
ment practices used in Chinese and Swiss pig 
farms. Further, Chinese and Swiss diet differ 
which has profound influence on the GIT 
microbiota.2–4

Furthermore, our findings indicated that the 
microbial compositions of pigs’ guts were specific 
to each farm. This was not a surprising finding as it 
has been shown that pig breeding, including feed-
ing, has a profound effect on pig gut 
microbiota.23,24 It is surprising, however, that air-
borne microbial communities were not farm speci-
fic. One potential explanation for this could be that 
barn air is polluted with bacteria from various 
sources, including areas outside the pig farms. 
This could also explain the particularly high rich-
ness values found in the present study’s air samples. 
In contrast to the animal samples, we did not find 
farm-specific cecal microbiota among pig workers. 
Due to the similarity in life style and the narrow 
geographical region from where the human sam-
ples were received, we expect that the diet has 
a stronger influence on the farmers’ gut microbiota 
than the exposure to their individual farm. The 
farm specific part of the microbiota may therefore 
be too diluted to be detectable in such a diverse 
niche as the gut microbiota, whereas the nasal 
microbiota, seems to be strongly influenced by the 
exposure to its occupational environment as in 
a previous study a farm-specific nasal microbiota 
was observable in pig workers.12

The presence of animal-associated bacteria in the 
gut of pig workers may have some important impli-
cations. Farm environments are sources of antimi-
crobial resistance genes (ARG).25 In cases of the 
zoonotic transmission of bacteria, ARG could be 
co-transmitted. This might be particularly relevant 
for E. coli, which is well known for carrying the 

ESBL and mcr genes.26–31 E. coli transmission 
seems to occur, as shown by the Chinese study, 
but it was not found to be relevant in our 
setting.22, Moor, submitted It is perhaps also relevant 
that we did not find any influence of antimicrobial 
treatments on the gut microbiota of pigs, which is 
a topic of controversy in the literature.32,33 It has to 
be taken into consideration that our study was not 
well powered and different antimicrobials were 
administered which prevents drawing a final con-
clusion concerning the influence of antimicrobial 
substances on the gut microbiota of pigs.

The present study had some limitations. 
Although the output of DADA2 results in exact 
ASVs allowing to disentangle the Prevotellaceae 
ASVs co-occurring in porcine and pig worker 
feces but which were not part of the gut micro-
biotas of cattle workers, the resolution is still 
restricted to a section of the 16S rRNA region. 
A more in-depth analysis like full-length 16S 
rRNA gene sequencing or shotgun metagenomics 
would have the potential to provide species up to 
strain-level taxonomic resolution.34 However, the 
some what high error rate of long-read sequencing 
platforms and the assembly of genomes of closely 
related bacterial species can also be challenging. 
As this was an observational study, no definitive 
conclusions about potentially health-related influ-
ences can be drawn.

The present study had some unique strengths. 
We simultaneously included samples from pigs (for 
three growth stages), air and pig workers. This One 
Health design allowed us to define which part of the 
airborne microbiota was likely transmissible from 
pigs to pig workers. In addition, a control group of 
cattle workers from the same geographical area was 
included. We speculated that the diet for the two 
different types of workers did not significantly dif-
fer and this, therefore, allowed the investigation of 
the influence of pig farming on the human gut 
microbiota in our study.

In conclusion, we demonstrated that occupa-
tional exposure to pigs altered the cecal microbiota 
of pig workers and that the duration of exposure 
modulated the intensity of this alteration. In parti-
cular, ASVs of Prevotella were commonly identified 
in the air, pigs, and pig workers’ cecal microbiota, 
indicating zoonotic transmission from animals to 
humans. The relevance of these findings for human 
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health needs to be investigated in future studies. It 
will now be important to consider this finding 
when estimating occupational health risks, espe-
cially if the presence of pathogens and bacteria 
resistant to antimicrobials are suspected.

Material and methods

Sample collection

Prospective sampling was performed on pig work-
ers and piglets selected from pig breeding farms in 
Switzerland. After their weaning period, the pigs 
were followed to their finishing units, located on 
either the same or a different farm. Pig farm work-
ers self-collected stools and materials were sent to 
the laboratory by post. The request for human 
sampling was made at the first visit for workers 
on maternity units and on the single visit on fatten-
ing units, respectively. For both groups, samples 
did usually arrive within four weeks after the 
request; which corresponds to the late suckling; 
early weaning phase or late fattening stage, respec-
tively. However, some unit workers had contact to 
pigs of varying age – between birth till slaughter 
(six months).

In parallel, rectal swabs from pigs were col-
lected during their suckling (roughly two weeks 
old), weaning (six weeks old), and fattening 
(16 weeks old) periods using CultureSwab EZ. 
The time points were chosen due to the results 
of an earlier study which observed distinct shifts 
in microbiota structure along different growth 
stages.24 Care was taken to swab the identical 
animal three times, and this was achieved by 
using colored ear tags that ensured the retrieval 
of the right animals during subsequent visits. Air 
samples were collected from each barn, as pre-
viously described.12,13 Briefly, a sample of 3 m3 

of air was collected from the central pen at 
roughly 1 m above the ground using a Coriolis 
device (Bertin technology, France). In addition, 
stools were obtained from a group of cattle work-
ers of the same geographical area, who served as 
the study control group.

Ethical approval for this study was given by the 
Human Research Ethics Committee of the Canton 
of Vaud (2018–00080) and the Veterinary Ethics 
Committee of the Canton of Vaud (VD3335), both 

in Switzerland. Sample collection was conducted 
between October 2017 and March 2019 in the 
Swiss cantons of Vaud, Bern, Fribourg, and Jura.

DNA extraction and 16S rRNA gene sequencing

After collection, rectal swabs were transported at 4° 
C and stored at −20°C until processing. Thawed 
swabs were suspended in 500 mL PBS using vortex-
ing. DNA was extracted from the suspended swab 
and air samples following the QIAamp DNA Mini 
Kit spin protocol for the purification of genomic 
and viral DNA from body fluids. Aliquots of 
200 mg of the self-collected fecal material samples 
from pig and cattle workers were stored at −80°C 
until processing using the QIAmp DNA Stool Mini 
Kit protocol. The V4 region of the 16S rRNA gene 
was amplified using forward (5ʹ- 
GTGCCAGCMGCCGCGGTAA-3ʹ) and reverse 
(5ʹ-GGACTACHVGGGTWTCTAAT-3ʹ) primers 
modified with an Illumina adaptor sequence at the 
5ʹ end. PCR products were purified using the 
QIAquick PCR Purification Kit (Qiagen, Hilden, 
Germany). Samples were passed through to 
a MiSeq Illumina sequencing platform for indexing 
and paired-end sequencing (2 × 250 bp; reagent 
kit, v2).

Sequencing analyses for the characterization of the 
microbiota

Sequencing data were analyzed as previously 
described using the DADA2 package (version 
1.16.0) in R software (version 4.0.2) for the identi-
fication of amplicon sequence variants (ASV).12,13 

DADA2 clusters the sequences into distinct ASVs35 

which is in contrast to the operational taxonomic 
units (OTUs) output format generated by pipelines 
like mothur.36 A disadvantage of the DADA2 ana-
lysis was its potential overestimation of abundance 
due to duplications of the 16S rRNA genes within 
bacterial species. However, the pipeline’s ability to 
disentangle ASVs from OTUs which show more 
than 97% sequence similarity was a particular 
strength of the pipeline used in our study.

The taxonomy assignment of the ASVs was done 
using the SILVA (version 132) database. 
Contaminating sequences were identified using 
the decontam package (version 1.8.0) in 
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R. Contaminants were identified by their frequency 
of occurrence and independently within each 
batch. Based on the ASVs identified using 
DADA2, we calculated the alpha-diversity values 
for richness and Shannon diversity indices (SD) 
using the estimate_richness command in the phylo-
seq package (version 1.32.0) in R. The alpha- 
diversity values for all the sample types (pig work-
ers, cattle workers, air, suckling, weaning, and fat-
tening pigs) were calculated and statistically 
analyzed using Wilcoxon rank-sum tests (using 
the wilcox.test function in R). Venn diagrams were 
drawn to illustrate the number of shared ASVs 
across the different sample types using the 
vennDiagram package (version 1.6.20). The cor-
rected data sets were further analyzed using the 
DESeq2 package (version 1.28.1) in R to make 
a differential analysis of ASVs of pig workers and 
cattle workers. The p-values were adjusted using 
Benjamini-Hochberg correction during the 
DeSeq2 analysis. Results were represented in 
a volcano plot using the lfcShrink and 
EnhancedVolcano functions. The heatmap, display-
ing the relative abundance of ASVs among the 
different sample types (pig workers, cattle workers, 
air, suckling, weaning, and fattening pigs) was cre-
ated using the phytools package (version 0.7.70) in 
R, and the phylogenetic tree was calculated using 
webPRANK (https://www.ebi.ac.uk/goldman-srv 
/webprank/).

Throughout this manuscript, we use two dif-
ferently calculated distance matrices for our 
beta-diversity analyses: presence–absence 
Jaccard matrices and abundance-based Ružička 
matrices. Pairwise distances between samples 
were calculated using the vegdist function in R, 
and the resulting dissimilarity matrices were 
used to generate non-metric multidimensional 
scaling (NMDS) plots (the metaMDS function). 
Clustering in the different sampling types was 
analyzed statistically using 1,000 Monte Carlo 
permutation tests (PERMANOVA; the adonis 
function). Analyses of similarities were per-
formed to investigate significant differences 
between different sample types using 1,000 
Monte Carlo permutation tests (ANOSIM; the 
anosim function). The dissimilarity values were 

also used to calculate the within- and between- 
farm diversity indices among sample types. 
Results were represented using dissimilarity box-
plots and analyzed statistically using Wilcoxon 
rank-sum tests (the wilcox.test function).

Accession number(s)

The sequencing reads for this study were deposited at the NCBI 
Sequence Read Archive under accession no. PRJEB42768.
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