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Abstract

Background: Conventional pig housing and management conditions are associated with gastrointestinal patho-
physiology and disease susceptibility in early life. Developing new strategies to reduce both therapeutic and pro-
phylactic antibiotic use is urgent for the sustainable swine production globally. To this end, housing methodology
providing effective environmental enrichment could be a promising alternative approach to reduce antibiotic usage,
as it has been proven to positively influence pig welfare and immune status and reduce susceptibility to infections. It
is, however, poorly understood how this enriched housing affects systemic and local pulmonary immune status and
gut microbiota colonization during early life. In the present study, we compared the effects of two housing condi-
tions, i.e,, conventional housing: (CH) versus enriched housing (EH), on immune status and gut microbiota from birth
until 61 days of age.

Results: The expected benefits of enrichment on pig welfare were confirmed as EH pigs showed more positive
behaviour, less aggression behaviour during the weaning transition and better human animal relation during the post
weaning phase. Regarding the pigs'immune status, EH pigs had higher values of haemoglobin and mean corpuscular
volume in haematological profiles and higher percentages of T cells and cytotoxic T cells in peripheral blood. Further-
more, EH pigs showed higher ex vivo secretion of IL113 and TNF-a after lipopolysaccharide stimulation of whole blood
than CH pigs. The structure of the developing faecal microbiota of CH and EH pigs significantly differed as early as

day 12 with an increase in the relative abundance of several bacterial groups known to be involved in the production
of short chain fatty acids, such as Prevotella_2, Christensenellaceae_R_7_group and Ruminococcus gauvreauii group.
Furthermore, the main difference between both housing conditions post weaning was that on day 61, CH pigs had
significantly larger inter-individual variation of ileal and colonic microbiota than EH pigs. In addition to housing, other
intrinsic factors (e.g., sex) were associated with gut microbiota development and immune competence.

Conclusions: In addition to the known welfare benefits for pigs, environmentally enriched housing also positively
drives important aspects of the development of the immune system and the establishment of gut microbiota in early
life. Consequently, EH may contribute to increasing productivity of pigs and reducing antibiotic use.
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psychosocial stress has been considered as an impor-
tant risk factor driving gastrointestinal pathophysiol-
ogy and disease susceptibility [3—5]. Recently, animal
welfare has become of increasing concern to the swine
industry as well as the general public [2], and the urgency
for a reduction in the use of antibiotics in livestock has
become evident with the development and spread of anti-
microbial resistance [6—8]. Therefore, effective environ-
mental enrichments in the farm, such as larger spaces,
and the provision of rooting substrates, has been pro-
posed as a potential strategy to improve pig welfare, as
well as health. The benefits for animal welfare by provid-
ing enrichments have been well established in research
[9]. A growing number of studies have demonstrated that
enriched housing can also positively influence the level
of natural (auto) antibodies [5, 10, 11]. Enriched housing
has also been shown to affect specific antibody response
and blood leukocyte subpopulations in pigs [12]. How-
ever, the effectiveness and mechanisms underlying this
strategy are still largely unknown. Questions remain,
such as how these differences in immune response and
blood leucocyte arise, when pigs are kept under enriched
housed conditions during early life.

The gut microbiota has been shown to play a pivotal
role in immune development and to have impacts on
health in humans and animals [13]. Furthermore, the gut
microbiota has emerged as a key player in the regula-
tion of the bidirectional communication network of the
gut-brain axis (GBA) [14, 15]. Reviewed by Molina-Tor-
res et al. [16], a growing body of literature from human
clinical studies and animal models has demonstrated the
influence of stress on gut microbiota, and the role of the
gut microbiota in stress modulation for different stressors
through the GBA. To this end, the hypothalamic—pitui-
tary—adrenal (HPA) axis seems to be the most important
pathway for stress response by releasing glucocorticoid
hormones, which can influence the gut microbiota, as
well as the immune response. Based on accumulating
knowledge from rodent and human studies about the
influence of the microbiota-gut-brain axis (MGBA) on
behaviour, Kraimi et al. [17] have recently reviewed the
role of the MGBA in the welfare of farm animals and
suggested it is urgent to improve our understanding as
to how the MGBA affects behaviours for farm animals.
Animal welfare and health could be improved via genetic
selection, nutrition, housing, as well as through stress
management that takes the role of the gut microbiota
in behaviour into account [17]. In pigs, many studies
have shown the adverse effects of conventional housing
conditions of intensive farms on behaviour, the reactiv-
ity of the HPA axis and welfare [2, 4, 7, 10, 18]. Further-
more, in a previous study it was found that piglets reared
under housing conditions with social and environmental
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enrichment showed lower disease susceptibility to
co-infection of porcine reproductive and respiratory
syndrome virus (PRRSV) and Actinobacillus pleuropneu-
moniae [3]. This social and environmental enrichment
was shown to positively influence systemic and lung
immune response, as well as clinical outcomes in pigs.
Therefore, in this follow-up study we aimed to address
how this enriched housing influences gut microbiota
colonization of pigs during early and later life, and how
housing type dynamically affects the systemic immune
status and local pulmonary immune response. Further-
more, we investigated the possible linkage between gut
microbiota composition and systemic immune status
and local pulmonary immune response of pigs when kept
under enriched or conventional housing conditions.

Methods
Experimental design, animals and housing
For this experiment the offspring (96 male and female
piglets) of eight multiparous Topigs N-line x Z-line York
sows (range parity: 2—6) that were inseminated with
Temp boar (Topigs) was used at the research facility of
Wageningen University & Research, Sterksel, the Nether-
lands. The sows were inseminated on the same day, and
the expected parturition day (10th of January 2017) was
defined as day O for all piglets. The sows were kept at 2.81
m?/sow with 41% solid floor. One week before parturi-
tion the sows were moved to farrowing pens, in which
the sows were housed in farrowing crates. Four sows
with their litters were subjected from the first day of life
onwards to conventional housing (conventionally housed
piglets: CH), while four other litters were exposed to
enriched housing (enriched housed piglets: EH). CH pig-
lets were housed according to current legal requirements
for farmed pigs in 5 m? conventional pens with 100% slat-
ted floor and a 100 x 45 cm solid rubber floor mat. EH
piglets were housed in 10 m? enriched pens with partly
slatted (40%) and partly solid (60%) floor. In the con-
ventional pens two chains were added as enrichment.
Enrichment in the enriched pens consisted of straw,
moist peat, wood shavings, jute bags and branches of a
broom, and was provided and replenished as described
previously [3]. All enrichment materials were sterilized
by y-irradiation. A heating lamp for the piglets was pro-
vided in each pen during the first week after birth. On
day 3, the piglets received an ear tag, they were treated
with ironject® 20% 4 B12 (Dopharma, Raamsdonksveer,
the Netherlands) and Baycox (Bayer, Animal Health), and
tails were shortened according to standard procedures to
prevent tail biting. The male piglets were not castrated.
All enriched and conventional pens had two drinking
nozzles, one for the sow and one for the piglets. Sows
were fed a standard commercial diet twice a day at 8:00
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am and 3:15 pm. The piglets received solid food ad libi-
tum, starting at day 3. Lights were on between 7:00 am
and 9:00 pm. Temperature was kept at 25 °C during the
first week after birth, and it was decreased by 1 °C every
week until it reached 22 °C, the week before weaning.

From day 15 until weaning, the panels between two
adjacent enriched pens were removed, allowing piglets
from two different EH litters to mingle. Thus, the individ-
ual enriched pens of 10 m* were temporarily transformed
into pens of 20 m” to enable early social interaction
between EH litters.

At day 20 all piglets were vaccinated against circovirus
and mycoplasma (Ingelvac CircoFLEX and MycoFLEX;
Boehringer Ingelheim Vetmedica). On day 28, the pig-
lets were weaned and moved to weaning pens in which
they were regrouped within the housing treatment they
had been submitted to, thus forming four new groups
per treatment, (eight groups) of 12 piglets each. The pig-
lets were equally mixed taking sex and body weight into
account to obtain experimental subgroups with compa-
rable composition in which housing treatment remained
the same as before weaning. Temperature was increased
to 28 °C at the day of weaning and was decreased by 2 °C
each week until it reached 22 °C. Temperature was kept
at 22 °C from day 42 to day 63.

On day 61 two pigs per pen were euthanized by inject-
ing pentobarbital (Euthasol 40%, AST Farma) in the
auricular vein, while they were restrained and thereafter
exsanguinated.

Behavioural observations, human animal interaction test,
skin lesions and pig growth

To confirm the effect of enrichment on pig welfare status,
behavioural observations, human animal relation test and
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skin lesion scores were assessed. Body weight was also
recorded to monitor the growth of piglets.

Frequencies of the behaviours listed in the ethogram
described previously [3] with a small modification were
recorded on the days before and after weaning (day 27
and 29) and at the end of the rearing period (day 60)
(Fig. 1). Behaviours in our ethogram consisted of aggres-
sion (uni- or bilateral fighting by chasing head knocking,
with or without biting and/or pushing), mounting (stand-
ing on hind legs with front legs on pen mate), manipu-
lating pen or pen mate (nibling, suckling or chewing on
any other body part of piglets or sow or pen components,
belly nosing), social behaviour (touching or sniffing any
body part of a pen mate), playing (fast running around
pen, rolling and shaking objects) as well as rooting. A
new bout was scored when the pig stopped the behaviour
for more than 2 s. On each observation day, all pens were
continuously observed in a random order for a duration
of 5 min per pen, twice in the morning and twice in the
afternoon. The amount of behavioural bouts was scored
per pig during the five minutes. Pen averages per 5 min
were calculated and behaviours were expressed as aver-
age frequencies per pig per 5 min. Frequencies of behav-
iours that might be indicative of poor welfare (aggression,
mounting, manipulating pen or pen mate) were pooled
to one total score and referred to as ‘negative behav-
iour’ Behaviours that might be indicative of good welfare
(social behaviour, play and rooting) were pooled to one
total score, further referred to as ‘positive behaviour’

On days 5, 14, 16 (before and after early socialisation),
27 and 29 (before and after weaning) (Fig. 1), skin lesions
at the front (head, neck shoulders and front legs), mid-
dle (flanks and back) and rear (rump, hind legs, tail) were
counted and categorized as a proxy for aggressive behav-
iour [19]. For each body region, the number and sever-
ity of lesions was differentiated using scores from 0-4 as
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Fig. 1 Experimental set-up. Pigs were housed in either conventional (CH) or enriched (EH) condition from birth till the end of the experiment
period (day 61). Behavioural observations, human animal interaction test and skin lesion scores were assessed as a proxy for stress. Blood

and broncho-alveolar lavage fluid were collected to measure leukocytes. In addition, blood samples were evaluated for cell blood count and
re-stimulated with mitogens. Faeces and luminal digesta were collected and processed for 165 rRNA gene sequencing
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follows (modified from [20]): 0: No lesions; 1: <5 superfi-
cial lesions; 2: 5-10 superficial lesions or <5 deep lesions;
3: 10-15 superficial lesions or 5-10 deep lesions; 4:>15
superficial lesions or>10 deep lesions. Lesions were
scored per pig and averaged per pen and per day for fur-
ther analysis.

Human Animal Relation Test (HART) was performed
at day 58 (Fig. 1). An unfamiliar observer in white over-
all entered each pen and kneeled for 3 min. Piglets were
scored 1 to 3 according to possibility to have physical
contact. 1: nose contact was possible, and the head, neck
or body could be touched; 2: nose contact was possible,
but no contact with head or body; 3: no (nose) contact
possible. Percentages of number of piglets per score were
calculated.

Body weight (BW) of the piglets was measured
weekly from the day of parturition until the end of the
experiment.

Selection of the piglets and sampling for further analysis
Per pen five piglets were randomly selected, balanced for
sex, thus having 20 piglets per housing condition. From
these piglets, heparinized blood samples were collected
via jugular vein puncture on seven different days (days 12,
26, 33,47 and 61) (Fig. 1), and were used for total count of
white blood cells (WBC) and other haematology param-
eters. Out of these selected animals, two piglets per pen
were then randomly selected for broncho-alveolar lavage
fluid (BALF) sampling on day 40 (balanced for sex, 8 pig-
lets per housing condition). Out of the 40 selected pig-
lets, two other piglets per pen (balanced for sex, 8 piglets
per housing condition) were randomly selected and kept
for heparinized whole blood samples (at days 26, 47 and
61), and these blood samples were used for FACS analy-
sis by flow cytometer. With the same selection method,
16 piglets (balanced for sex, 8 piglets per housing condi-
tion) were selected and kept for faecal sampling on the
same seven days (days 12, 26, 33, 47 and 61) (Fig. 1). At
the end of the investigation period (day 61), these 16 pig-
lets selected for faecal sampling were euthanized, and
then jejunal, ileal colonic digesta, as well as BALF were
collected (Fig. 1). Furthermore, the whole blood samples
were also used for the whole blood stimulation assay (on
day 26 only).

Heparinized blood samples were collected via jugu-
lar vein puncture and properly stored for correspond-
ing analysis. Faecal samples were taken directly from
the rectum of piglets, and luminal digesta samples were
collected and stored on dry ice, and then shipped to the
lab and stored at—80 C for further analysis. BALF was
obtained from living animals via the tracheal tube from
the caudal lobe on day 40 and on day 61 during necropsy
from the right cranial lung lobe. On day 40, the selected
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piglets were anesthetized using Zoletil (4 mg/kg) and
Xylazine (2 mg/kg). During lavage, the pigs were held in
ventral recumbency. A standard silicone tube with round
tip (diameter of 4 mm) was inserted through the larynx
into the trachea. When the catheter could not be inserted
any further and reached a wedged position, it was pulled
back for 0.5 cm and then 30 ml of PBS (phosphate buft-
ered saline) kept at body temperature was slowly injected
into the catheter. After 1 min the fluid was aspirated with
a syringe and another 15 ml of PBS was injected into the
catheter and aspirated after 1 min. The total aspirated
amount of PBS per pig was between 20-35 ml. During
necropsy, the BALF was obtained as previously described
by van Dixhoorn, et al. 2016 [3], followed by isolation
and phenotypic characterization of intra alveolar lym-
phocytes, granulocytes and monocyte/macrophages as
described before [3].

Blood and broncho-alveolar lavage fluid (BALF) analysis
The total count of white blood cells (WBC) and other
haematology parameters were analysed on all blood sam-
pling days with a haematology analyser (blood cell coun-
ter Sysmex pocH-100 iV diff, Kobe, Japan). The following
variables were evaluated in this study: haemoglobin (Hb),
haematocrit (Ht), platelet (Plt), red blood cell counts
(RBC), mean corpuscular volume (MCV), and WBCs
were counted and differentiated in WBC_large cell ratio
(W_lcr; non-lymphocytes, non-neutrophils), WBC_mid
cell ratio (W_mcr; neutrophils) and WBC_small cell ratio
(W _scr; lymphocytes, monocytes).

Phenotyping of neutrophils (WBC mid cell ratio) and
lymphocytes/monocytes was performed in whole blood
samples collected on days 26, 47 and 61 and BALF sam-
ples on days 40 and 61 by flow cytometry as previously
described by van Dixhoorn, et al. 2016 [3]. In brief,
blood and BALF cells were incubated either with a pri-
mary antibody-mixture of three monoclonal antibodies
(mADb) against CD3 (clone PPT3, isotype IgG1, Southern
Biotech), CD4 (clone 74-12-4, isotype IgG2b, Southern
Biotech), CD8 (clone 76-2-11, isotype 1gG2a, Southern
Biotech) for triple labelling, or for single labelled with
mAb against CD172a (clone 74-2215, 1gG2b, VMRD)
or CD21 (clone BB6-11C9.6, isotype IgG1l, Southern
Biotech) for blood cells only, or CD14 (clone MIL2,
isotype IgG2b, BioScource) and TLR4 (Isotype IgM,
gift by J. Dominguez) for BALF cells only. The follow-
ing combinations of secondary antibodies (Souther-
BioTech, US) and fluorochromes were used: IgG1-APC,
IgG2b-FITC and IgG2a-PE. The detailed information
about antibody panels is available in Additional file 1:
Table S1. Flow cytometric analyses were performed
with a FACS flow cytometer (FACSVERSE™ (BD Bio-
sciences) and data were analysed with Flowio = software
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version10.0 [21] according to their antigen marker pro-
file. The WBC’s and broncho-alveolar cell populations
are presented as percentage of the total cell population
[21]. The following immune cells were identified based
on forward-scatter (FCS) versus sideward scatter (SSC)
diagram as previously described [22, 23]. The T lym-
phocytes subpopulation in both blood and BALF cells
were identified, the total T cells as referred to CD3T,
cytotoxic T cells as CD3TCD4 CD8, natural killer
(NK) cells as CD3"CD4 CDS8", T helper (Th) cells as
CD3*7CD4"CD8", memory Th cells as CD3"CD4*CD8™.
The following possible populations of macrophages in
BALF were calculated separately: all macrophages with
expression of CD172" or TLR4" or CD14%, and with the
following co-expressions: CD14TTLR4", CD14TTLR4™,
CD14 TLR4™, CD172"TLR4Y, CD1727TLR4",
CD172 " TLR4", CD1727CD14". B cells in blood were
defined as CD21" and granulocytes, monocytes were
distinguished as SSC"8" CD172a™ and SSC'°CD172a™,
respectively. While the granulocytes in BALF were iden-
tified by the specific marker.

Furthermore, the whole blood (obtained on day 26,
eight piglets per housing condition) was re-stimulated
with lipopolysaccharide (LPS), and levels of cytokine pro-
duction (IL1f3, IL-6, TNF-a) were quantified by ELISA.
The results of the WBC counting were used to dilute the
blood with RPMI 1640 medium Glutamax with 5% foe-
tal calf serum and 1% penicillin/streptomycin to obtain
a WBC concentration of 5 x 10° cell/ml. Then 0.5 ml of
such diluted blood was transferred to 48 wells plates,
and cells were either stimulated by adding 50 ul LPS/PBS
solution (Escherichia coli, Sigma-Aldrich Chemie N.V.,,
NL), i.e,, 1 pg LPS/ml or 50 pl PBS only. Cells were incu-
bated for 20 h before culture medium was harvested and
stored at — 80 °C until performing cytokine analysis. The
cytokines were determined by using the commercially
available ELISA kits Duoset’ (R&D Systems) for IL1f3
and IL- 6, and ELISA kit Quantikine” (R&D Systems) for
the analysis of TNF-a according to the manufacturer’s
instructions.

Microbiota profiling

The composition of the faecal and gut luminal microbiota
of piglets was determined by barcoded 16S ribosomal
RNA (rRNA) gene sequencing using Illumina Hiseq2500.
DNA was extracted from faecal and luminal samples by
repeated bead beating [24] and subsequent DNA puri-
fication. DNA was purified using an automated system,
the Maxwell® 16 Research Instrument (Promega, Madi-
son, USA) as previously described [25]. Purified DNA
with a concentration of 20 ng/ul was used as a template
for triplicate PCR amplifications with primers BSF784/
R1064 targeting the V5-V6 region of the bacterial 16S
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rRNA gene [26]. Detailed information about the PCR
reaction and cycling conditions can be found elsewhere
[27]. Triplicate PCR products from each sample were
pooled and purified by using the CleanPCR kit (Clean
NA, the Netherlands). Concentration of purified DNA
amplicons was determined with the Qubit BR dsDNA
assay kit (Invitrogen by Thermo Fisher Scientific, Eugene,
OR, USA). Finally, equimolar amounts of purified PCR
products were pooled into libraries and sent for Illu-
mina Hiseq sequencing with a read length of 2 x 150 bp
(GATC-Biotech, Konstanz, Germany, now part of Euro-
fins Genomics Germany GmbH). Raw sequence data was
first processed using the NG-Tax pipeline using default
settings [28] and assigned to amplicon sequence variants
(ASVs) using the Silval28 reference dataset [29]. ASVs
with a relative abundance lower than 0.1% in a given sam-
ple were excluded on a per-sample basis.

One animal in the EH group ileal digesta could not be
sampled because of an empty intestine, and DNA isola-
tion failed for four jejunal samples from CH pigs. Fur-
thermore, one faecal sample from one of the CH pigs at
day 47 was outside an overall 95% confidence interval on
weighted Unifrac based unconstrained principal coordi-
nate analysis (PCoA). This outlier was discarded from the
dataset used for downstream analysis.

Statistical analysis

For non-microbial data, statistical analyses were per-
formed with SAS (SAS 9.3, SAS Institute Inc.). For all
data except the HART, mixed linear models were used
with pen as random effect. Behaviour and skin lesions
were analysed with the calculated average pen scores
per pig as behaviours and skin lesions of individual pigs
within a group are not independent. All other variables
were analysed with pig nested in the housing regime as
observational unit. Repeated measurements of vari-
ables on different days (BW, haematology parameters)
were analysed using a linear mixed model for repeated
measures analyses. Significant interactions were further
analysed with post hoc pairwise comparison using the
difference of the least square means and adjusted using
Tukey correction. Results are presented as means+ SEM.
If needed, variables were square root transformed to
obtain normally distributed residuals. To analyse the
effect of housing condition on HART, an ordinal logistic
regression analysis was performed with the cumulative
logit model in SAS, a graphical display of the odds ratios
is presented.

For microbial sequence data analysis, ASV read counts
were first normalized to relative abundance and were fur-
ther analyzed using the R environment (version R-3.6.1)
[30]. The microbial composition was analyzed at different
taxonomic levels, ranging from ASV and genus to phylum
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level. Alpha diversity was determined at ASV level using
packages picante [31] and microbiome [32]. Nonpara-
metric Wilcoxon rank sum test was applied to assess
whether the alpha diversity and the relative abundance
of specific microbial taxa were significantly different
between groups. Beta diversity at ASV level was com-
puted based on pairwise sample Bray—Curtis dissimilar-
ity [33], and weighted UniFrac [34] as well as unweighted
UniFrac distance metrics [35], and the results were fur-
ther visualized by PCoA using the phyloseq R package
[36]. Bray—Curtis dissimilarity reflects microbial com-
position with ASVs representing independent observa-
tions, while weighted and unweighted UniFrac also take
the phylogenetic relationships among ASVs into account.
Furthermore, weighted UniFrac takes relative abundance
of ASVs into account, whereas unweighted UniFrac only
considers their presence or absence, thereby placing
emphasis on less abundant taxa. Permutational multivar-
iate analysis of variance (PERMANOVA) was performed
using the Adonis’ function in the vegan package [37] to
test the significance of differences in overall microbial
composition. The linear discriminant analysis effect size
(LEfSe) method [38] was chosen to identify biomark-
ers characterizing differences between groups. Principal
response curves (PRC) analysis was performed to sum-
marize differences between groups in microbial compo-
sition over time based on above-mentioned dissimilarity
and distance metrics [39]. Furthermore, we performed
distance-based redundancy analysis (db-RDA) to assess
the multivariate effects of environmental variables on
faecal and gut luminal microbiota composition using the
capscale function from the vegan package [37]. For faecal
microbiota, parameters included were housing, BW, sex
as well as the following variables of haematological pro-
file: Hb, Ht, Plt, RBC, MCV, W _lcr, W_mcr and W_scr.
Missing values of environmental variables were imputed
using the K-nearest neighbour algorithm as implemented
in the vim package [40]. Data was evaluated before and
after weaning, and time as the main driving factor was
taken as conditional effect in the model. Forward and
reverse automatic stepwise model selection using per-
mutation tests with the ordistep function was performed
to determine which set of environmental variables was
responsible for the most parsimonious model. For gut
luminal microbiota, we included variables of housing,
sex, T cells and macrophages derived from BALF cells,
including Leukocytes, the total T cells, cytotoxic T cells,
NK cells, Th cells, memory Th cells, and macrophage
subpopulations. Data was separately evaluated according
to gut location and the same method as aforementioned
for parsimonious model selection. All p values from mul-
tiple testing were corrected with a false discovery rate
according to the procedure by Benjamini—Hochberg
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[41]. Differences were expressed as significant if adjusted
» <0.05 or tendencies if 0.05<p <0.1.

Results

The effect of housing on animal behaviours, human animal
relation test and skin score

We first assessed whether the different housing condi-
tions affected piglet behaviour on three days through-
out the experiment, i.e., days 27, 29, and 60. Pigs in the
EH group showed higher frequency (freq.) of positive
behaviour than CH pigs, with a significant difference
on day 27 (CH: 0.00440.00 freq./5 min, EH: 0.15+0.06
freq./5 min, p<0.05) and tendencies on day 29 (CH:
0.3+0.2 freq./5 min, EH: 2.3+£1.0 freq./5 min, p=0.07)
and day 60 (CH: 3.540.8 freq./5 min, EH: 5.8+£0.9
freq./5 min, p=0.07). In turn, CH pigs demonstrated
higher frequency of negative behaviour (CH: 8.1+1.4
freq./5 min, EH: 3.7 +1.7 freq./5 min, p=0.05) than their
EH counterparts on day 29.

EH pigs had overall higher skin lesion scores at the
front and middle part of the body (p<0.05, Fig. 2A, B).
For skin lesions at the rear and the total score of the
whole body, a housing x time interaction was significant
(p<0.05 and p<0.001, Fig. 2 C, D). Post hoc comparison
showed that scores for lesions at the rear were higher in
the CH group after weaning on day 29 as compared to
the EH pigs (p<0.05, Fig. 2C). Before weaning (day 27)
the total lesion scores in the CH pigs were lower as com-
pared to the EH pigs (p<0.001, Fig. 2D). Furthermore,
Human Animal Relation Test (HART) was performed
to assess the piglets’ fear response to humans. The nose
of 37 (out of 48) EH pigs could be touched and of those
16 pigs could be also touched on neck and head. Of the
CH pigs the nose of only 21 pigs could be touched, and
none of them was willing to be touched on the head or
neck. In total, 11 pigs could not be touched in the EH
group as opposed to 27 in CH group. With the odds of
0.21 (p<0.05), the CH pigs were less likely to score a low
score (fast encounter to human) as compared to the EH
pigs. Finally, no differences in body weight were observed
between both housing conditions in this study (Addi-
tional file 1: Fig. S1A).

The effect of enrichments on blood cell counts, whole
blood and BALF immune cell phenotyping, and whole
blood stimulation assay

A tendency for housing effect was observed for hae-
moglobin and platelet where EH pigs tended to have
a higher level of Hb (p=0.07) and a lower value of Plt
(»p=0.07) (Fig. 3A, B). A significant housing x time
interaction (p<0.01) was observed in the MCV value
where the level was higher in EH pigs. Post hoc com-
parison showed significant differences between both
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housing conditions on days 26, 33 and 47 (p<0.05)
(Fig. 3C). Among the other haematological variables,
no differences between CH and EH pigs were identi-
fied at the investigated days. With respect to peripheral
blood leukocyte subpopulations, EH pigs had a signifi-
cantly higher percentage of the total T cells (p<0.01),
cytotoxic T cells (p<0.05), and lower levels of B cells
(p<0.05) (Fig. 3D-F). A significant interaction of hous-
ing x time (p <0.05) was found for monocytes, granu-
locytes and NK cells. Post hoc analysis revealed that
percentages of monocytes and granulocytes were sig-
nificantly lower in EH pigs than in CH pigs on day 61,
whereas no differences were found for NK cells between
EH and CH pigs by post hoc comparison (Fig. 3G-I).
Over and above that, a significant housing x time inter-
action regarding to the ratio of granulocytes to lym-
phocytes was found. Post hoc analysis further disclosed
that the ratio was significantly higher in CH pigs com-
pared to EH at days 47 and 61 (Fig. 3]). In term of Th
cells and memory Th cells in blood, no differences were
observed between CH and EH pigs (Additional file 1:
Fig. SIB&C).

LPS stimulation of blood cells resulted in increased
secretions of IL1f3 and TNF-a in EH pigs than in CH
pigs (»<0.05) (Fig. 3L, M). For the BALF cell popula-
tions, only memory Th cells showed a higher propor-
tion in EH pigs than in CH pigs (p=0.05) at day 61
(Additional file 1: Fig. S1D). Housing did not signifi-
cantly affect any other cell population in BALF at day
40 or 61.

Dynamic effect of enrichments on piglet gut microbiota
colonization during early life development

In addition to the comparison of behaviour and immune
system development, we also evaluated whether housing
and social enrichment would affect the development of
the gut microbiota. To this end, we determined microbial
composition in faecal samples as well as jejunal, ileal, and
colonic digesta samples taken at sacrifice.

A first general PCoA, irrespective of the enrichments,
showed that the main driver for faecal microbiota devel-
opment was time (age) together with diet, irrespective of
the used metric, i.e., weighted/unweighted UniFrac dis-
tance or Bray—Curtis dissimilarity (Additional file 1: Fig.
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S2A-C). Alpha diversity of pig faecal microbiota, based
on phylogenetic diversity, observed richness and inverse
Simpson indices, significantly increased from day 12 to
day 26 prior to weaning, whereas we observed a small
but significant decrease from day 26 to day 33 of phyloge-
netic diversity and inverse Simpson (Additional file 1: Fig.
S2D-F). During the remainder of the investigated period,
alpha diversity remained relatively stable. With respect to
the luminal microbiota, intestinal location was the main
factor driving observed differences in microbial composi-
tion, both with respect to alpha- as well as beta-diversity
(Additional file 1: Fig. S3). To this end, the colonic micro-
biota was most distinct, whereas the two small intestinal
locations, i.e., jejunum and ileum, were more similar in
microbial composition.

PCoA showed that housing type mainly influ-
enced piglet gut microbiota colonization before
weaning. Pig microbial composition was significantly dif-
ferent between CH and EH houses based on weighted or
unweighted UniFrac distance and Bray—Curtis dissimi-
larity matrices on day 12 (p <0.05) (Fig. 4A, B, Additional
file 1: Fig. S4A). On day 26, piglet faecal microbiota did
not differ significantly between both housing conditions,
but PERMANOVA revealed a tendency using Bray—Cur-
tis (p=0.06) (Fig. 4D). In addition, we observed a sig-
nificantly larger inter-individual variation within the EH
group in comparison with CH pigs based on weighted
UniFrac distances on day 26 (p=0.05) (Additional
file 1: Fig. S4B). In order to identify individual taxa most
strongly associated to the observed differences between
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animals raised in EH or CH, we used the LEfSe algo-
rithm. This revealed six differences at the genus level,
four at family level and two differences at the order level
for CH vs. EH pigs on day 12 (Fig. 4E). At the genus level,
Prevotella_2, Christensenellaceae_R_7_group, Rumi-
nococcus_gauvreauii_group, Ruminiclostridium_9 and
Phascolarctobacterium showed higher relative abun-
dance in EH pigs as compared to CH pigs, whereas Ente-
rococcus was decreased. At higher taxonomic levels, the
families Prevotellaceae, Christensenellaceae and Acid-
aminococcaceae and orders Clostridiales and Seleno-
monadales showed higher relative abundance in piglets
subjected to enriched housing whereas Enterococcaceae
was more abundant in CH pigs. No significant difference
was observed in faecal microbiota composition between
both housing conditions after weaning as assessed by
PCoA and PERMANOVA. Alpha diversity did not dif-
fer on any of the investigated days (Additional file 1: Fig.
S5A-C). To investigate more specifically whether and to
what extent exposure to different housing environments
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affected the development of piglet faecal microbiota com-
munity at genus level throughout time, we performed
PRC analysis. Using unweighted UniFrac distances,
which provided stronger separation than correspond-
ing weighted UniFrac distances, 4.98% of the observed
variation in microbial composition was explained by the
interaction of housing x time (p=0.08) (Fig. 4F). This
PRC model identified a significant housing effect on day
12 (p=0.007), reflecting the above-mentioned uncon-
strained ordination analysis that showed that the effect
of enrichments was most pronounced during pre-wean-
ing, and especially on day 12. Based on the PRC model,
we observed that differences between both groups were
most strongly related to the presence of Lactobacillus
in CH pigs and the presence of a not further annotated
genus-level group with the Peptostreptoccaceae in the EH
group. We further plotted the top 15 genera over time
that showed the best fit with the first axis from the PRC
model and evaluated differences in their relative abun-
dance between groups per timepoint. Three out of these
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15 genera had a significantly higher relative abundance
in EH at different timepoints. Among these, Ruminococ-
cus gauvreauii_group (p=0.02) showed a significantly
higher relative abundance in animals of the EH group on
day 12 (Additional file 1: Fig. S6A), confirming the LEfSe
analysis. Furthermore, Lachnospiraceae_g_uncultured
(p=0.03; Additional file 1: Fig. S6B) and Catenibacte-
rium (p=0.04; Additional file 1: Fig. S6C) were signifi-
cantly more abundant in piglets of the EH group on day
26 and day 33, respectively.

Association between housing and host-related parameters
with pig faecal microbiota

During pre-weaning, we did not observe any set of
variables significantly contributing to explaining the
observed microbiota variation using weighted UniFrac
based db-RDA, except for the interaction of housing and
time (p=0.014) (Additional file 1: Fig. S7A). In contrast,
unweighted UniFrac based db-RDA illustrated that faecal
microbiota significantly differed between both housing
conditions (p=0.041), and MCV also partly explained
microbial variation (p=0.042) (Fig. 5A). EH correlated
with the presence of Lachnospiraceae_g_uncultured,
Peptostreptoccaceae_g _and  Subdoligranulum  ASVs.
The continuous variable MCV was positively correlated
with the presence of Lachnospiraceae_g_uncultured,
Turicibacter and two Peptostreptoccaceae_g__ ASVs
and inversely related to the presence of Ruminococcus_2
and Rikenellaceae RC9_gut_group ASVs. Intriguingly,
MCV was positively and negatively correlated with the
presence of two Lactobacillus ASVs, respectively. Using
Bray—Curtis based db-RDA, microbial variation was
partly explained by MCV (p=0.006) and the interac-
tion of EH x time (p =0.015) (Fig. 5B). ASVs from genera
Collinsella and Subdoligranulum were negatively corre-
lated with MCV. Consistent with the presence of Rumii-
nococcus_2 ASV in unweighted UniFrac, MCV was also
inversely correlated with this ASV. During post weaning,
the factor of housing no longer significantly drove the
microbial variation based on any of the distance matri-
ces, confirming by abovementioned PCoA and PRC
analyses. Hb significantly contributed to explaining the
microbial variation (»p=0.009) and mainly inversely cor-
related with the relative abundance of one Lactobacillus
ASV using weighted UniFrac based dbRDA, while sex
showed a tendency (p=0.08) with male being mainly
inversely correlated with the relative abundance of Col-
linsella (Additional file 1: Fig. S7B). With unweighted
UniFrac, sex significantly contributed to the microbial
variation (p=0.003) (Fig. 5C). Male was positively cor-
related with the presence of three Lactobacillus ASVs
and inversely correlated with the presence of ASVs from
the genera Catenibacterium, Collinsella, Mitsuokella and
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Holdemanella. The variable MCV demonstrated a ten-
dency to significantly contribute to the microbial varia-
tion (p=0.08) and was mainly inversely correlated with
the presence of three Lactobacillus ASVs that were posi-
tively correlated with male. Using Bray—Curtis based
dbRDA, microbial variation was significantly explained
by Hb (p=0.004) and sex (p=0.017) (Fig. 5D). Hb was
mainly inversely correlated with one Lactobacillus ASV.
Male correlated with ASVs from the genera Lactobacil-
lus, Sharpea as well as Clostridium_sensu_stricto_1,
while it was inversely correlated with ASVs from gen-
era Catenibacterium, Collinsella, Fusobacterium and
Mogibacterium.

Gut location-dependent effect of housing condition

and sex on luminal microbiota

For luminal microbiota on day 61, housing condition
mainly modulated pig ileal microbial composition. PCoA
supported ileal microbiota being different between
EH and CH pigs based on weighted UniFrac (p=0.05)
(Fig. 6A) and Bray—Curtis (p=0.04) indices (Fig. 6B).
LEfSe analysis further revealed several differentially
abundant ileal taxa between CH and EH pigs (Additional
file 1: Fig. S8). Bacteria Clostridiaceae_1, Clostridium_
sensu_stricto_1, Escherichia_Shigella, Enterobacteriales
and Enterobacteriaceae were more abundant in EH pig-
lets, but the relative abundance of Firmicutes was higher
in CH piglets. Besides, the inter-individual variation of
ileal microbiota was larger in CH pigs than in the EH
group using unweighted UniFrac (p=1.2e-06) (Fig. 6C)
and Bray—Curtis (p = 1e-06) (Fig. 6D). For colonic micro-
biota, CH pigs had significantly larger inter-individual
microbial variation in comparison with EH pigs, based
on weighted UniFrac (p=3.2e-05) (Fig. 6E), unweighted
UniFrac (p=0.001) (Fig. 6F) and Bray—Curtis (p =4.6e-
08) (Fig. 6G).

For db-RDA analysis, we did not observe any vari-
able significantly explaining either ileal or colonic micro-
biota variation using weighted UniFrac db-RDA. With
unweighted UniFrac, db-RDA revealed that ileal micro-
bial variation was explained by NK (p=0.01), TLR4"
(p=0.02) and housing (p=0.05) (Fig. 6H). NK mainly
correlated with the presence of a Streptococcus ASV
and inversely correlated with the presence of a Turici-
bacter ASV as well as three Lactobacillus ASVs. While
the presence of those Lactobacillus ASVs was posi-
tively correlated with TLR4™, this variable was oppo-
sitely correlated with the presence of Turicibacter and
Peptostreptoccaceae_g__ASVs that were correlated with
enriched housing. For colonic microbiota composi-
tion, the variation was mainly explained by sex. Using
unweighted UniFrac, sex slightly though significantly
related to colonic microbiota variation (p=0.04), and
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memory Th cells showed a tendency (p=0.09) (Fig. 6I).
Memory Th cells correlated with the presence of Collin-
sella and Peptostreptoccaceae_g__ASVs. Sex:Male cor-
related with the presence of Peptostreptoccaceae_g__and
Clostridium_sensu_stricto_1 ASVs and inversely cor-
related with the presence of ASVs from genera Collin-
sella, Lactobacillus, Catenibacterium, Mitsuokella and
Erysipelotrichaceae_UCG_009.

Discussion

In a previous study we demonstrated that social and
environmental enrichments applied from birth onwards
significantly reduced the disease susceptibility to

co-infection with PRRSV and A. pleuropneumoniae on
day 44 after birth [3]. In addition, this previous study
showed that pigs reared under enriched housing condi-
tion also showed a decrease of stress related behaviours
around weaning compared to conventionally housed
pigs [3]. The aim of the current study was to compare
the effect of different housing conditions for pigs on the
development and dynamics of gut microbiota coloniza-
tion, systemic and local pulmonary immune cell com-
position. To the best of our knowledge, this is the first
study that characterized the interplay between socially
and environmentally enriched housing and the temporal
dynamics of microbial composition, systemic and local
pulmonary immune cell composition for pigs during the
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suckling period (day 12, 26) and nursery (day 33, 47, 61).
Immune cell composition and stress related behaviours
were different between the housing conditions, and these
observations further contributed to the evidence that
enriched rearing can positively influence pig immune
competence and welfare [3, 12, 42]. In addition, the fae-
cal microbiota was slightly but significantly affected by
housing conditions during pre-weaning. This finding
is in line with previous studies, where environmental

conditions were shown to be an important factor driving
gut microbiota [43-46]. After weaning the difference in
faecal microbiota composition between CH and EH pigs
became smaller, and only the ileal microbiota showed a
tendency to differ between both housing conditions at
the end of the investigated period.

As expected, behavioural assessment and skin lesion
scores showed more positive behaviour, less aggression
behaviour during the weaning transition and a less fearful
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human animal relation in pigs reared under enriched
housing conditions. Hence, this study confirms previ-
ously observed effects of enrichment on the welfare of
pigs [3, 42, 47, 48]. The increased time spent on posi-
tive behaviour, such as play, rooting and social interac-
tion, was most probably due to the bedding substrates,
extra toys, larger spaces and early socialization in EH
pigs, while CH pigs showed higher levels of time spent
on damaging, oral manipulation of pen or penmates, and
aggression associated behaviour. The differentiation of
pig behaviour was also reflected by skin lesions. Turner
et al. [19] specified that skin lesions to the anterior and
central regions of the body represented an engagement
in reciprocal fighting, whilst the receipt of bullying (e.g.,
unilateral fighting or biting while the other piglet runs
away) led to lesions accruing at posterior regions of the
body. We observed that skin lesion scores were signifi-
cantly higher in EH pigs at the front and middle during
the suckling period whereas lesions were more prevalent
in the rear of CH pigs after weaning. In other studies, the
provision of enrichments without socialization during
pre-weaning did not influence the number of skin lesions
at weaning [18, 49]. It was also reported that social skills
that socialized piglets obtained early in life may enable
them to more quickly and efficiently establish a stable
dominance hierarchy during aggressive encounters later
in life (e.g., at weaning) [50—53]. This suggests that the
stronger impact of weaning stress on skin injuries in the
CH group as compared to EH pigs may largely be due
to the absence of early-life socialization, in relation with
conventional housing conditions. Accumulating evidence
has pointed out that a poor human-animal relation-
ship can lead to an animal’s fear of humans. Fearfulness
is considered to have an adverse impact on animal wel-
fare and production [54—56]. Our observation regard-
ing HART showed EH pigs were more willing to interact
with humans, indicating lower levels of fearfulness [56].
We also found that housing conditions exerted an effect
on pigs’ immune status. Haematological parameters are
important indicators of the health status in animals and
play a crucial role in the diagnosis and prognosis of many
diseases [57, 58]. We observed that Hb and MCV val-
ues were higher in EH pigs whereas CH pigs had higher
levels of Plt in the present study. It should be noted that
these values obtained from blood cell count were within
expected ranges [59, 60]. Reduction in levels of MCV and
Hb has been widely reported to be associated with anae-
mia [61-64]. Interestingly, previous evidence showed
that PRRSV-infection can reduce the levels of Hb and
MCV even in the absence of any clinical signs of anaemia
[65-67]. These findings may be related to the previously
observed reduction in severity of disease after co-infec-
tion with PRRSV and A. pleuropneumoniae, where pigs
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reared in enriched housing conditions showed a faster
clearance of PRRSV RNA in blood serum and less inter-
stitial pneumonia signs in the lungs [3]. Possibly an
enriched environment might mitigate the potential risk
of developing anaemia compared to conventional hous-
ing. For immune cells in peripheral blood, overall higher
percentages of the total T cells and cytotoxic T cells were
observed in EH pigs, and those pigs showed significantly
lower levels of monocytes and granulocytes on day 61,
as well as overall lower levels of B cell than CH pigs. It
is interesting to note that the granulocyte/lymphocyte
ratio was also significantly higher in CH pigs (day 47
and day 61). This increased ratio has been proposed as a
marker for stress, such as surgical stress in humans [68]
or transport stress in pigs [69]. Our observation is also
in line with previous housing strategy related studies,
where an increase in granulocyte/lymphocyte ratio was
observed for pigs housed in conventional environments
compared to those kept in enriched conditions [12, 70].
The impact on the granulocyte/lymphocyte ratio might
thus complement our observations concerning pig wel-
fare, such as skin lesions and human animal relationship,
indicating that enriched rearing conditions reduced the
stress levels in pigs. On day 26 prior to weaning, housing
also exerted an immunomodulatory effect with respect to
ex vivo secretion of IL1f§ and TNF-a with higher levels in
EH pigs as compared to CH pigs in response to the acute
inflammatory stimulus LPS. LPS is known to stimulate
immune cells to synthesize cytokines such as TNEF-q,
IL1#3 and IL-6. These pro-inflammatory cytokine-medi-
ated events are part of a general homeostatic reaction
and thus serve as the first line of defence of the animal
against infection [71, 72]. The lower TNF-a and IL1f3
responses in CH pigs compared to EH pigs are prob-
ably not beneficial as this would likely indicate a slower
or diminished response to LPS [71]. Thus, our observa-
tions suggest that the immune system of EH pigs prior to
weaning is more capable of mounting an innate inflam-
matory response than that of CH pigs. Regarding to local
pulmonary immune cells, only memory Th cells showed
a tendency to have a higher value in EH pigs compared
to CH pigs on day 61. Interestingly, the previous study
[3] rather showed that pigs reared under conventional
housing conditions had higher percentages of TLR4™ and
CD172a"/TLR4 macrophages than pigs kept in enriched
enrichments. This discrepancy could possibly be caused
by differences in the timing of sampling and/or differ-
ences between SPF piglets that were used in the previous
study and non-SPF pigs that were used in this study.

The structure of the faecal microbiota of CH and EH
pigs significantly differed as early as day 12 with a decrease
of Enterococcus and an increase in the relative abun-
dance of a group of bacteria comprising members of the
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genus-level taxa Prevotella_2, Christensenellaceae_R_7_
group, Ruminococcus gauvreauii_group, Ruminiclostrid-
ium_9 and Phascolarctobacterium in EH pigs. This may
provide benefits to the host as these bacteria are known
to be involved in the degradation of a wide range of plant
derived polysaccharides and production of short chain
fatty acids (SCFAs) [73-75]. Distance based PRC and
RDA analyses showed that differences between both
experimental groups with respect to faecal microbiota
during pre-weaning and ileal microbiota were strongly
related to the presence of Lactobacillus in CH pigs and
the presence of Peptostreptococcaceae_g__in the EH pigs.
Members of the genus Lactobacillus are associated with
the degradation of lactose, which is one of the main com-
ponents in porcine milk and transition diet [76-78]. The
family Peptostreptococcaceae comprises a range of com-
mensal bacteria in the gut and has been reported to be
related to protein intake, as well as helping to maintain
gut homeostasis [79, 80]. Moreover, Lachnospiraceae_g _
uncultured and Catenibacterium were significantly more
abundant in piglets of the EH group on day 26 and day
33, respectively. Members of the family Lachnospiraceae
are well known for the degradation of fibre and produc-
tion of SCFAs in the mammalian gut environment [81,
82]. Members of the genus Catenibacterium are Gram-
positive anaerobic bacteria that utilize glucose to pro-
duce acetic, lactic, butyric and iso-butyric acids, and this
genus was shown to be increased in relative abundance
in pigs fed inulin and oat bran [83-85]. Those observa-
tions might indicate that exposure to socially and envi-
ronmentally enriched housing accelerated the maturation
of early-life microbiota composition towards plant-based
diet consumption for EH pigs. This might be explained
by the fact that the bedding materials used for the EH
group (straw, moist peat and wood shavings) contained
plant-derived compounds (carbohydrates, fibres) that
were ingested by the animals through rooting behaviour
that was significantly higher in EH piglets during suck-
ling period. Additionally, there may be a potential effect
of chronic stress on pig gut microbiota development. In
the present study, pigs showed lower levels of proxies of
stress in the EH group compared to the CH group accord-
ing to the observations regarding to above mentioned
welfare status and the granulocyte/lymphocyte ratio. It
has also been reported in other studies that convention-
ally housed pigs suffered behavioural and physiological
signs of chronic stress and had a more negative affective
state [42, 86—88]. Evidence is growing from rodent and
human studies that those adverse physiological and psy-
chological factors can affect the gut microbiota that plays
a key role in the bidirectional communication along the
GBA via a network of neuronal, endocrine and immune
cells through their metabolites (e.g., SCFAs) (reviewed by
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Molina-Torres et al. [16]). Microbiota and their metabo-
lites have been further described as associated with the
modulation of cognitive functioning and mental health
in response to stress (reviewed by Vogel et al. [89]). Only
speculative at this stage, the MGBA might also play an
important role in response to conventional housing-
induced chronic stress for pigs, although involvement of
this axis has not yet been thoroughly evaluated in farm
animals.

The faster maturation of pig gut microbiota observed
here was also reported by Vo et al. [90], where only
exposure to soil (from day 4 to day 13 postpartum)
accelerated the maturation in pig gut microbial com-
position compared to conventionally reared piglets.
However, there are also differences between studies
with respect to the relation between microbiota colo-
nization and rearing conditions with enrichments. This
might be because pigs involved were at different ages
and the specific characteristics of housing conditions
used. Kubasova et al. [91] observed a moderate differ-
ence in faecal microbiota composition between sows
kept under rearing conditions with or without enrich-
ments. The microbiota of sows from the enriched unit
covered with deep straw and more space during gesta-
tion was enriched in bacteria able to metabolize non-
soluble polysaccharides, but these differences were not
observed in the microbiota of their piglets (day 1 and
day 4 postpartum). In contrast, Megahed et al. [92] pro-
posed that a complex straw-based rearing ecosystem
seemed not to provide optimal conditions for establish-
ing a healthy microbial community in growing pigs, as
they did not find marked differences in microbiota com-
position of animals reared in simple-slatted or com-
plex straw-based conditions either at bronchus, ileum,
colon, or faeces on day 164 post-weaning. This might
be due to the fact that pigs were divided into the two
experimental groups only starting from day 24 post-
weaning until day 164, which may miss the “window
of opportunity” to influence microbiota colonization
during the early post-natal stage (pre-weaning period)
[93]. Intriguingly, in our study, the inter-individual var-
iation of ileal and colonic microbiota was significantly
larger in CH pigs than in EH pigs on day 61, whereas
this difference was not observed in faecal and jejunal
microbiota at any timepoint, with the exception for day
26, where we observed that EH pigs had a larger inter-
individual variation in faecal bacteria than CH pigs
based on weighted UniFrac distance. Inter-individual
variation is a common finding in gut microbiota reports
[94]. Chen et al. [95] showed that the inter-individual
variation between different piglets was significantly
higher during suckling and markedly decreased upon
weaning, suggesting that gut microbiota successively
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stabilizes and converges with age. In agreement with
this, our observations demonstrated that continuous
exposure to social and environmental enrichments
resulted in a more homologous gut microbiota in EH
pigs than in CH pigs at the end of nursery.

In the present study, in addition to the housing condi-
tion, there were also other host parameters that have been
associated with gut microbiota development. Two hae-
matology parameters, MCV and Hb, were significantly
related to faecal microbial variation during pre-weaning
and post-weaning, respectively. These two parameters
have shown lower levels in CH pigs in our study and may
reflect iron status. Mounting evidence specifies that iron
status has a significant effect on pig gut microbiota com-
position and diversity (reviewed in [96]). To this end, we
hypothesize that exposure to enriched conditions (e.g.,
soil peat) may supply extra iron for EH pigs, but further
research is needed to unravel the mechanism underly-
ing the observed association between MCV/Hb and gut
microbiota. Furthermore, NK- and TLR4" macrophage
cells derived from BALF were significantly associated
with ileal microbiota variation, although not with hous-
ing, and corresponding memory Th cells showed a ten-
dency to contribute to colonic microbial variation on day
61. While it is difficult to pinpoint the mechanism under-
lying the correlation between gut microbiota and BALF
cells, it is noteworthy that emerging data has indicated
a bi-directional cross-talk between gut microbiota and
the lungs [97]. Microorganisms and their metabolites not
only influence gastro-intestinal immunity but also impact
the distal organs (e.g. lung and brain) [98]. Hence it may
be of interest for further studies to address the complex
mechanisms that lie behind the associations for pigs in
different housing regimes. Finally, sex was also shown to
affect pig faecal microbial variation during post-wean-
ing and colonic microbiota composition on day 61. Our
observations were in line with previous pig studies that
specified the effect of sex on gut microbiota structure
[99, 100]. We postulate this sex effect may be caused by
the hormonal and genetic difference as well as how males
and females cope with stress [101].

Conclusion

Collectively, data presented here support the notion
that early social and environmental enrichment may be
profitable for pigs not only by reducing damaging behav-
iours and changing immune competence, but also by
accelerating the maturation of gut microbiota. This may
contribute to improving health of pigs and reducing
medicine (e.g., antibiotics) use. It would be interesting
for future work to disentangle the different mechanisms
by which environmental enrichment affects microbiota
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colonization and immunity in pigs and the subsequent
consequences for animals’ welfare and health.

Abbreviations

NK cells: Natural Killer Cells; IL-16: Interleukin 1 beta; IL-6: Interleukiné1; TNF-a:
Tumor necrosis factor alpha; TLR4: Toll-like receptor 4; CD: Cluster of differen-
tiation; GLIMMIX: Generalized linear mixed model.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/542523-021-00115-2.

Additional file 1. Tab. S1. Antibody panels used to identify immune
cells in blood and broncho-alveolar lavage fluid. Fig. S1. The effect of
housing condition on growth performance, T helper cells and memory T
helper cells in blood, as well as memory Thelper cells in broncho-alveolar
lavage fluid. Fig. S2. The effect of time on faecal microbial beta-diversity
and alphadiversity. Fig. S3. The effect of gut location on luminal microbial
beta-diversity and alpha-diversity. Fig. S4. The effect of housing condition
on faecal microbial variation on day 12 and day 26. Fig. S5. The effect

of housing condition on faecal microbial alpha-diversity over time. Fig.
S6. The genera that were differentially abundant between both hous-

ing conditions. Fig. S7. Distance-based redundancy analysis (db-RDA)
triplot showing the association between fecal microbiota variation and
environmental variables based on weighted uniFrac distance. Fig. S8.
Linear Discriminant Analysis (LDA) Effect Size (LEfSe) plot of differentially
abundant ileal taxa between CH (conventional housing) and EH (enriched
housing) pigs on day 61.

Acknowledgements

The authors gratefully thank Rob Zwart for performing FACS analysis, Pieter
Roskam and Ralf Kok for assisting in pathological examination, Dirk Anjema
and John Jansen for Blood BALF and faeces sample collection, Rik Verheijen
and all animal caretakers of Pig innovation center Sterksel the Netherlands for
skin lesion scores and weighing the piglets, Gisabeth Binnendijk for HART and
behavioural assessment and descriptive statistics Marion Kluivers for project
management. The authors thank Gerben Hermes, Sudarshan Shetty and Ran
An for their constructive recommendations for the microbiota analysis. The
authors also thank the China Scholarship Council for financial support for
Caifang Wen.

Authors’ contributions

Conceived and designed the experiment: ID, NSZ, J MJ R and HW. Sample
collection: ID, NSZ and HW. Sample processing: CW, NSZ, ID. Data analysis: CW,
DS, ID. Writing-Original Draft Preparation: CW, ID. Writing-Review & Editing: HS,
ID, DS, NSZ, J MJ R, HW and CW. All authors have read and given approval for
the published version of manuscript.

Funding

This project was funded by the ministry of Agriculture, Nature and Food Qual-
ity, within the project (KB-21-002-014) - Infection and disease prevention by
specified health management.

Availability of data and materials
The sequence data was submitted to European Nucleotide Archive with
accession number PRJEB44226.

Declarations

Ethic approval and consent to participate

Established principles of laboratory animal use and EU and Dutch laws related
to animal experiments were adhered to in this study. The Wageningen Univer-
sity Animal Care and Use Committee (Wageningen Bio-Veterinary Research)
approved the experiment under Number 40100.


https://doi.org/10.1186/s42523-021-00115-2
https://doi.org/10.1186/s42523-021-00115-2

Wen et al. anim microbiome

(2021) 3:52

Consent for publication
Not applicable.

Competing interests
None of the authors have any conflict of interest to declare.

Author details

"Laboratory of Microbiology, Wageningen University & Research, Wageningen,
The Netherlands. ?Wageningen Livestock Research, Wageningen University

& Research, Wageningen, The Netherlands. *Wageningen Bioveterinary
Research, Wageningen University & Research, Lelystad, The Netherlands.

Received: 19 April 2021 Accepted: 16 July 2021
Published online: 28 July 2021

References

1.

Studnitz M, Jensen MB, Pedersen LJ. Why do pigs root and in what

will they root? A review on the exploratory behaviour of pigs

in relation to environmental enrichment. Appl Anim Behav Sci.
2007;107(3-4):183-97.

Giuliotti L, Benvenuti MN, Giannarelli A, Mariti C, Gazzano A. Effect of
different environment enrichments on behaviour and social interac-
tions in growing pigs. Animals. 2019;9(3):101.

van Dixhoorn ID, Reimert |, Middelkoop J, Bolhuis JE, Wisselink HJ,
Koerkamp PWG, et al. Enriched housing reduces disease susceptibility
to co-infection with porcine reproductive and respiratory virus (PRRSV)
and Actinobacillus pleuropneumoniae (A. pleuropneumoniae) in
young pigs. PLoS One. 2016;11(9).

LiY, Song Z, Kerr KA, Moeser AJ. Chronic social stress in pigs impairs
intestinal barrier and nutrient transporter function, and alters neuro-
immune mediator and receptor expression. PLoS ONE. 2017;12(2).

Luo L, Geers R, Reimert |, Kemp B, Parmentier H, Bolhuis J. Effects of
environmental enrichment and regrouping on natural autoantibodies-
binding danger and neural antigens in healthy pigs with different
individual characteristics. Animal. 2017;11(11):2019-26.

Mkwanazi MV, Ncobela CN, Kanengoni AT, Chimonyo M. Effects of
environmental enrichment on behaviour, physiology and performance
of pigs—a review. Asian Australas J Anim Sci. 2019;32(1):1.

Morgan L, Raz T. Providing meaningful environmental enrichment
and measuring saliva cortisol in pigs housed on slatted flooring. JoVE
(Journal of Visualized Experiments). 2019;151:60070.

Resistance RoA. Tackling drug-resistant infections globally: final report
and recommendations. Review on antimicrobial resistance; 2016.
Godyn D, Nowicki J, Herbut P. Effects of environmental enrichment on
pig welfare-a review. Animals (Basel). 2019. https://doi.org/10.3390/
ani9060383.

Reimert |, Rodenburg TB, Ursinus WW, Kemp B, Bolhuis JE. Selection
based on indirect genetic effects for growth, environmental enrich-
ment and coping style affect the immune status of pigs. PLoS ONE.
2014,9(10).

Luo L, Van Dixhoorn IDE, Reimert |, Kemp B, Bolhuis JE, Parmentier HK.
Effect of enriched housing on levels of natural (auto-) antibodies in pigs
co-infected with porcine reproductive and respiratory syndrome virus
(PRRSV) and Actinobacillus pleuropneumoniae. Vet Res. 2017;48(1):75.
Luo L, Jansen CA, Bolhuis JE, Arts JA, Kemp B, Parmentier HK. Early

and later life environmental enrichment affect specific antibody
responses and blood leukocyte subpopulations in pigs. Physiol Behav.
2020:112799.

Sekirov |, Russell SL, Antunes LCM, Finlay BB. Gut microbiota in health
and disease. Physiol Rev. 2010.

Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota. J Clin
Investig. 2015;125(3):926-38.

Foster JA, Rinaman L, Cryan JF. Stress & the gut-brain axis: regulation by
the microbiome. Neurobiol Stress. 2017;7:124-36.

Molina-Torres G, Rodriguez-Arrastia M, Roman P, Sanchez-Labraca N,
Cardona D. Stress and the gut microbiota-brain axis. Behav Pharmacol.
2019;30(2):187-200.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

Page 16 of 18

Kraimi N, Dawkins M, Gebhardt-Henrich SG, Velge P, Rychlik I, Volf J, et al.
Influence of the microbiota-gut-brain axis on behavior and welfare in
farm animals: a review. Physiol Behav. 2019:112658.

Yang C-H, Ko H-L, Salazar LC, Llonch L, Manteca X, Camerlink |, et al.
Pre-weaning environmental enrichment increases piglets' object play
behaviour on a large scale commercial pig farm. Appl Anim Behav Sci.
2018;202:7-12.

Turner SP, Farnworth MJ, White IM, Brotherstone S, Mendl M, Knap

P, et al. The accumulation of skin lesions and their use as a predic-

tor of individual aggressiveness in pigs. Appl Anim Behav Sci.
2006,96(3-4):245-59.

Melotti L, Oostindjer M, Bolhuis JE, Held S, Mendl M. Coping personality
type and environmental enrichment affect aggression at weaning in
pigs. Appl Anim Behav Sci. 2011;133(3-4):144-53.

Nielsen J, Batner A, Tingstedt JE, Aasted B, Johnsen CK, Riber U, et al. In
utero infection with porcine reproductive and respiratory syndrome
virus modulates leukocyte subpopulations in peripheral blood and
bronchoalveolar fluid of surviving piglets. Vet Immunol Immunopathol.
2003;93(3-4):135-51. https://doi.org/10.1016/50165-2427(03)00068-0.
Nielsen J, Vincent |, Batner A, Ladekjzer-Mikkelsen A-S, Allan G, Summer-
field A, et al. Association of lymphopenia with porcine circovirus type
2 induced postweaning multisystemic wasting syndrome (PMWS). Vet
Immunol Immunopathol. 2003;92(3-4):97-111.

Shi K, Li H, Guo X, Ge X, Jia H, Zheng S, et al. Changes in peripheral
blood leukocyte subpopulations in piglets co-infected experimentally
with porcine reproductive and respiratory syndrome virus and porcine
circovirus type 2. Vet Microbiol. 2008;129(3-4):367-77.

Salonen A, Nikkild J, Jalanka-Tuovinen J, Immonen O, Rajili¢-Stojanovi¢
M, Kekkonen RA, et al. Comparative analysis of fecal DNA extraction
methods with phylogenetic microarray: effective recovery of bacterial
and archaeal DNA using mechanical cell lysis. J Microbiol Methods.
2010;81(2):127-34.

Lepine AFP, Konstanti P, Borewicz K, Resink JW, de Wit NJ,Vos P, et al.
Combined dietary supplementation of long chain inulin and Lacto-
bacillus acidophilus W37 supports oral vaccination efficacy against
Salmonella Typhimurium in piglets. Sci Rep. 2019;9(1):18017. https.//
doi.org/10.1038/541598-019-54353-1.

Claesson MJ, Wang Q, O'Sullivan O, Greene-Diniz R, Cole JR, Ross RP,

et al. Comparison of two next-generation sequencing technologies for
resolving highly complex microbiota composition using tandem vari-
able 165 rRNA gene regions. Nucleic Acids Res. 2010;38(22):e200-e.

An R, Wilms E, Smolinska A, Hermes GD, Masclee AA, de Vos P, et al.
Sugar beet pectin supplementation did not alter profiles of fecal micro-
biota and exhaled breath in healthy young adults and healthy elderly.
Nutrients. 2019;11(9):2193.

Ramiro-Garcia J, Hermes GD, Giatsis C, Sipkema D, Zoetendal EG,
Schaap PJ, et al. NG-Tax, a highly accurate and validated pipeline for
analysis of 165 rRNA amplicons from complex biomes. F1000Research.
2016;5.

Callahan B. Silva taxonomic training data formatted for DADA2 (Silva
version 128) . Zenodo. 10.5281/zenodo.1172783 (2017). Accessed.
Team RC. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna. http s. www R-proje ct
org. 2017.

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly
DD, et al. Picante: R tools for integrating phylogenies and ecology.
Bioinformatics. 2010;26(11):1463-4.

Leo Lahti SSea. Tools for microbiome analysis in R. Version 1.9.97. http://
microbiome.github.com/microbiome (2017). Accessed.

Bray JR, Curtis JT. An ordination of the upland forest communities of
southern Wisconsin. Ecol Monogr. 1957;27(4):325-49.

Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and
qualitative (3 diversity measures lead to different insights into fac-

tors that structure microbial communities. Appl Environ Microbiol.
2007;73(5):1576-85.

Lozupone C, Knight R. UniFrac: a new phylogenetic method

for comparing microbial communities. Appl Environ Microbiol.
2005;71(12):8228-35.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS ONE.
2013;8(4).


https://doi.org/10.3390/ani9060383
https://doi.org/10.3390/ani9060383
https://doi.org/10.1016/s0165-2427(03)00068-0
https://doi.org/10.1038/s41598-019-54353-1
https://doi.org/10.1038/s41598-019-54353-1
http://microbiome.github.com/microbiome
http://microbiome.github.com/microbiome

Wen et al. anim microbiome

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

(2021) 3:52

McArdle BH, Anderson MJ. Fitting multivariate models to community
data: a comment on distance-based redundancy analysis. Ecology.
2001;82(1):290-7.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol.
2011;12(6):R60.

Paliy O, Shankar V. Application of multivariate statistical techniques in
microbial ecology. Mol Ecol. 2016;25(5):1032-57.

Kowarik A, Templ M. Imputation with the R Package VIM. J Stat Softw.
2016;74(7):1-16.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Ser B (Meth-
odol). 1995;57(1):289-300.

Luo L, Reimert I, Middelkoop A, Kemp B, Bolhuis JE. Effects of early and
current environmental enrichment on behaviour and growth in pigs.
Front Vet Sci. 2020;7:268.

Thompson CL, Wang B, Holmes AJ. The immediate environment during
postnatal development has long-term impact on gut community struc-
ture in pigs. ISME J. 2008;2(7):739-48.

Mulder IE, Schmidt B, Stokes CR, Lewis M, Bailey M, Aminov R, et al.
Environmentally-acquired bacteria influence microbial diversity

and natural innate immune responses at gut surfaces. BMC Biol.
2009;7(1):79.

Mdller VM, Zietek T, Rohm F, Fiamoncini J, Lagkouvardos |, Haller D, et al.
Gut barrier impairment by high-fat diet in mice depends on housing
conditions. Mol Nutr Food Res. 2016;60(4):897-908.

Kers JG, Velkers FC, Fischer EA, Hermes GD, Lamot DM, Stegeman JA,

et al. Take care of the environment: housing conditions affect the
interplay of nutritional interventions and intestinal microbiota in broiler
chickens. Anim Microbiome. 2019;1(1):10.

Oostindjer M, van den Brand H, Kemp B, Bolhuis JE. Effects of
environmental enrichment and loose housing of lactating sows on
piglet behaviour before and after weaning. Appl Anim Behav Sci.
2011;134(1-2):31-41.

Ko H-L, Chong Q, Escribano D, Camerlink |, Manteca X, Llonch P. Pre-
weaning socialization and environmental enrichment affect life-long
response to regrouping in commercially-reared pigs. Appl Anim Behav
Sci. 2020:105044.

Chaloupkové H, llimann G, Bartos L, Spinka M. The effect of pre-wean-
ing housing on the play and agonistic behaviour of domestic pigs. Appl
Anim Behav Sci. 2007;103(1-2):25-34.

D'Eath RB. Socialising piglets before weaning improves social hierarchy
formation when pigs are mixed post-weaning. Appl Anim Behav Sci.
2005;93(3-4):199-211.

Desire S, Turner SP, D'Eath RB, Doeschl-Wilson AB, Lewis CR, Roehe R.
Analysis of the phenotypic link between behavioural traits at mixing
and increased long-term social stability in group-housed pigs. Appl
Anim Behav Sci. 2015;166:52-62.

Camerlink |, Farish M, D'Eath RB, Arnott G, Turner SP. Long term benefits
on social behaviour after early life socialization of piglets. Animals.
2018;8(11):192.

Salazar LC, Ko H-L, Yang C-H, Llonch L, Manteca X, Camerlink |, et al.
Early socialisation as a strategy to increase piglets’social skills in inten-
sive farming conditions. Appl Anim Behav Sci. 2018;206:25-31.
Waiblinger S, Boivin X, Pedersen V, Tosi M-V, Janczak AM, Visser EK, et al.
Assessing the human-animal relationship in farmed species: a critical
review. Appl Anim Behav Sci. 2006;101(3-4):185-242.

Zulkifli 1. Review of human-animal interactions and their impact on
animal productivity and welfare. J Anim Sci Biotechnol. 2013;4(1):1-7.
Mota-Rojas D, Maurice Broom D, Orihuela A, Velarde A, Napolitano F,
Alonso-Spilsbury M. Effects of human-animal relationship on animal
productivity and welfare. J Anim Behav Biometeorol. 2020.

Weiss DJ, Wardrop KJ. Schalm's veterinary hematology. Wiley 2011.
Bovo S, Mazzoni G, Bertolini F, Schiavo G, Galimberti G, Gallo M, et al.
Genome-wide association studies for 30 haematological and blood
clinical-biochemical traits in Large White pigs reveal genomic regions
affecting intermediate phenotypes. Sci Rep. 2019;9(1):1-17.

Ventrella D, Dondi F, Barone F, Serafini F, EImi A, Giunti M, et al. The
biomedical piglet: establishing reference intervals for haematology and
clinical chemistry parameters of two age groups with and without iron
supplementation. BMC Vet Res. 2016;13(1):1-8.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 17 of 18

Jezek J, Stari¢ J, Nemec M, Plut J, Oven IG, Klinkon M, et al. The influence
of age, farm, and physiological status on pig hematological profiles. J
Swine Health Prod. 2018;26(2):72-8.

Perri AM, Friendship RM, Harding JC, O'Sullivan TL. An investigation

of iron deficiency and anemia in piglets and the effect of iron status

at weaning on post-weaning performance. J Swine Health Prod.
2016;24(1):10-20.

Ventrella D, Dondi F, Barone F, Serafini F, Elmi A, Giunti M, et al. The
biomedical piglet: establishing reference intervals for haematology and
clinical chemistry parameters of two age groups with and without iron
supplementation. BMC Vet Res. 2016;13(1):23.

Knight LC, Dilger RN. Longitudinal effects of iron deficiency anemia and
subsequent repletion on blood parameters and the rate and composi-
tion of growth in pigs. Nutrients. 2018;10(5):632.

Estienne MJ, Clark-Deener SG, Williams KA. Growth performance and
hematology characteristics in pigs treated with iron at birth and wean-
ing and fed a nursery diet supplemented with a pharmacological level
of zinc oxide. J Swine Health Prod. 2019;27(2):64-75.

Halbur P, Evans R, Hagemoser W, Pallares F, Rathje J, Paul P, et al.

Effects of different us isolates of porcine reproductive and respiratory
syndrome virus (PRRSV) on blood and bone marrow parameters of
experimentally infected pigs. Vet Rec. 2002;151(12):344-8.

LiuY,CheT, Song M, Lee J, Aimeida J, Bravo D, et al. Dietary plant
extracts improve immune responses and growth efficiency of pigs
experimentally infected with porcine reproductive and respiratory
syndrome virus. J Anim Sci. 2013;91(12):5668-79.

Smith BN, Morris A, Oelschlager ML, Connor J, Dilger RN. Effects of
dietary soy isoflavones and soy protein source on response of weanling
pigs to porcine reproductive and respiratory syndrome viral infection. J
Anim Sci. 2019,97(7):2989-3006.

TabuchiT, Shimazaki J, Satani T, Nakachi T, Watanabe Y, Tabuchi T. The
perioperative granulocyte/lymphocyte ratio is a clinically relevant
marker of surgical stress in patients with colorectal cancer. Cytokine.
2011;53(2):243-8.

Sutherland M, Bryer P, Davis B, Smith J, McGlone J. The combined
effects of transport and food and water deprivation on the physiology
of breeding age gilts. Livest Sci. 2012;144(1-2):124-31.

Merlot E, Vincent A, Thomas F, Meunier-Salatin M, Damon M, Robert F,
et al. Health and immune traits of Basque and Large White pigs housed
in a conventional or enriched environment. Animal 2012;6(8):1290.
Borghetti P, Saleri R, Mocchegiani E, Corradi A, Martelli P. Infection,
immunity and the neuroendocrine response. Vet Immunol Immuno-
pathol. 2009;130(3-4):141-62.

Duffy D, Rouilly V, Libri V, Hasan M, Beitz B, David M, et al. Functional
analysis via standardized whole-blood stimulation systems defines the
boundaries of a healthy immune response to complex stimuli. Immu-
nity. 2014,40(3):436-50.

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y-V, Keilbaugh SA, et al.
Linking long-term dietary patterns with gut microbial enterotypes. Sci-
ence. 2011;334(6052):105-8.

Louis P, Flint HJ. Formation of propionate and butyrate by the human
colonic microbiota. Environ Microbiol. 2017;19(1):29-41.

La Reau AJ, Suen G. The Ruminococci: key symbionts of the gut ecosys-
tem. J Microbiol. 2018;56(3):199-208.

Ganzle M, Follador R. Metabolism of oligosaccharides and starch in
lactobacilli: a review. Front Microbiol. 2012;3:340.

Wang W, Hu H, Zijlstra RT, Zheng J, Gdnzle MG. Metagenomic recon-
structions of gut microbial metabolism in weanling pigs. Microbiome.
2019;7(1):1-11.

Zhang S, Chen F, Zhang Y, LvY, Heng J, Min T, et al. Recent progress of
porcine milk components and mammary gland function. J Anim Sci
Biotechnol. 2018;9(1):77.

LengY,YiM, Fan J, Bai Y, Ge Q, Yao G. Effects of acute intra-abdominal
hypertension on multiple intestinal barrier functions in rats. Sci Rep.
2016;6(1):1-9.

Fan P, Liu P, Song P, Chen X, Ma X. Moderate dietary protein restriction
alters the composition of gut microbiota and improves ileal barrier
function in adult pig model. Sci Rep. 2017;7:43412.

Biddle A, Stewart L, Blanchard J, Leschine S. Untangling the genetic
basis of fibrolytic specialization by Lachnospiraceae and Ruminococ-
caceae in diverse gut communities. Diversity. 2013;5(3):627-40.



Wen et al. anim microbiome

82.

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

(2021) 3:52

Umu OC, Frank JA, Fangel JU, Oostindjer M, Da Silva CS, Bolhuis EJ,

et al. Resistant starch diet induces change in the swine microbiome
and a predominance of beneficial bacterial populations. Microbiome.
2015;3(1):1-15.

Kageyama A, Benno Y. Catenibacterium mitsuokai gen. nov., sp. nov,, a
gram-positive anaerobic bacterium isolated from human faeces. Int J
Syst Evol Microbiol. 2000;50(4):1595-9.

Yan H, Potu R, Lu H, de Almeida VVV, Stewart T, Ragland D, et al. Dietary
fat content and fiber type modulate hind gut microbial community
and metabolic markers in the pig. PLoS ONE. 2013;8(4):e59581.

He B, Bai Y, Jiang L, Wang W, Li T, Liu P, et al. Effects of oat bran on nutri-
ent digestibility, intestinal microbiota, and inflammatory responses in
the hindgut of growing pigs. Int J Mol Sci. 2018;19(8):2407.

Luo L, Reimert |, Graat E, Smeets S, Kemp B, Bolhuis J. Effects of early life
and current housing on sensitivity to reward loss in a successive nega-
tive contrast test in pigs. Anim Cogn. 2020;23(1):121-30.

Bolhuis JE, Schouten WG, Schrama JW, Wiegant VM. Effects of rear-

ing and housing environment on behaviour and performance of

pigs with different coping characteristics. Appl Anim Behav Sci.
2006;101(1-2):68-85.

Douglas C, Bateson M, Walsh C, Bédué A, Edwards SA. Environmental
enrichment induces optimistic cognitive biases in pigs. Appl Anim
Behav Sci. 2012;139(1-2):65-73.

Vogel SC, Brito NH, Callaghan BL. Early life stress and the development
of the infant gut microbiota: implications for mental health and neuro-
cognitive development. Curr Psychiatry Rep. 2020;22(11):1-9.

Vo N, Tsai TC, Maxwell C, Carbonero F. Early exposure to agricultural soil
accelerates the maturation of the early-life pig gut microbiota. Anaer-
obe. 2017;45:31-9.

Kubasova T, Davidova-Gerzova L, Merlot E, Medvecky M, Polansky

O, Gardan-Salmon D, et al. Housing systems influence gut micro-
biota composition of sows but not of their piglets. PLoS One.
2017;12(1):e0170051.

Megahed A, Zeineldin M, Evans K, Maradiaga N, Blair B, Aldridge B,

et al. Impacts of environmental complexity on respiratory and gut

93.

94.

95.

96.

97.

98.

99.

100.

Page 18 of 18

microbiome community structure and diversity in growing pigs. Sci
Rep.2019;9(1):1-12.

Hornef MW, Torow N.’Layered immunity'and the ‘neonatal window of
opportunity’-timed succession of non-redundant phases to establish
mucosal host-microbial homeostasis after birth. Immunology.
2020;159(1):15-25.

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diver-
sity, stability and resilience of the human gut microbiota. Nature.
2012;489(7415):220-30.

Chen L, XuY, Chen X, Fang C, Zhao L, Chen F. The maturing develop-
ment of gut microbiota in commercial piglets during the weaning
transition. Front Microbiol. 2017,8:1688.

Ding H, Yu X, Feng J. Iron homeostasis disorder in piglet intestine.
Metallomics. 2020.

Zhang D, Li S, Wang N, Tan H-Y, Zhang Z, Feng Y. The cross-talk between
gut microbiota and lungs in common lung diseases. Front Microbiol.
2020;11.

Anand S, Mande SS. Diet, microbiota and gut-lung connection. Front
Microbiol. 2018;9:2147.

Han GG, Lee J-Y, Jin G-D, Park J, Choi YH, Kang S-K, et al. Tracing of the
fecal microbiota of commercial pigs at five growth stages from birth to
shipment. Sci Rep. 2018;8(1):1-9.

He M, Gao J,Wu J, Zhou Y, Fu H, Ke S, et al. Host gender and androgen
levels regulate gut bacterial taxa in pigs leading to sex-biased serum
metabolite profiles. Front Microbiol. 2019;10:1359.

Qertelt-Prigione S.The influence of sex and gender on the immune
response. Autoimmun Rev. 2012;11(6-7):A479-85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

K BMC




	Environmentally enriched housing conditions affect pig welfare, immune system and gut microbiota in early life
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Experimental design, animals and housing
	Behavioural observations, human animal interaction test, skin lesions and pig growth
	Selection of the piglets and sampling for further analysis
	Blood and broncho-alveolar lavage fluid (BALF) analysis
	Microbiota profiling
	Statistical analysis

	Results
	The effect of housing on animal behaviours, human animal relation test and skin score
	The effect of enrichments on blood cell counts, whole blood and BALF immune cell phenotyping, and whole blood stimulation assay
	Dynamic effect of enrichments on piglet gut microbiota colonization during early life development
	Association between housing and host-related parameters with pig faecal microbiota
	Gut location-dependent effect of housing condition and sex on luminal microbiota

	Discussion
	Conclusion

	Acknowledgements
	References


