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Weaning represents one of the most critical periods in pig production associated

with increase in disease risk, reduction in performance and economic loss.

Physiological changes faced by piglets during the weaning period have been

well characterised, however little is currently known about the underlying

molecular pathways involved in these processes. As pig meat remains one of

the most consumed sources of protein worldwide, understanding how these

changes are mediated is critical to improve pig production and consequently

sustainable food production globally. In this study, we evaluated the effect of

weaning on transcriptomic changes in the colon of healthy piglets over time using

an RNA-sequencing approach. The findings revealed a complex and coordinated

response to weaning with the majority of genes found to be rapidly differentially

expressed within 1 day post weaning. Multiple genes and pathways affected by

weaning in the colon were associated with immune regulation, cell signalling and

bacterial defence. NOD-like receptors, Toll-like receptor and JAK-STAT signalling

pathways were amongst the pathways significantly enriched. Immune activation

was evidenced by the enrichment of pathways involved in interferon response,

cytokines interactions, oxidoreductase activities and response to microbial

invasion. Biosynthesis of amino acids, in particular arginine, was also amongst

the most enriched KEGG pathways in weaned pigs, reinforcing the critical role of

arginine in gut homeostasis under stress conditions. Overall, transcriptomic and

physiological results suggest that pigs going through the weaning transition

undergo a transient period of inflammatory state with a temporary breakdown

of barrier functions in the gut. These findings could provide valuable tools to

monitor host response post weaning, and may be of particular relevance for the

investigation and development of intervention strategies aimed to reduce antibiotic

use and improve pig health and performance.
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Introduction

Livestock production is expected to produce more food than

ever before. As the expanding world population is getting

wealthier, the demand for safe and secure animal protein is

increasing (Henchion et al., 2017). The challenge is to meet this

demand in ways that are environmentally, socially and

economically sustainable. Together with poultry, pork is one

of the fastest growing livestock sectors and also one of the most

consumed meats world-wide (FAO, 2019). Pig production is also

widely recognised as one of the most efficient in terms of carbon

footprint and climate change potential compared to other animal

protein source (Macleod et al., 2013). Ensuring livestock animals

can fulfil their full genetic potential is essential for sustainable

food production.

As a result of abrupt dietary, social, and environmental

changes, weaning is recognised as the most critical period in

modern pig production associated with an increase in disease

risk, reduction in performance and welfare leading to significant

economic loss (Gresse et al., 2017; Nowland et al., 2019). At

weaning, the pigs gastrointestinal tract (GIT) undergoes rapid

changes in size, protein turnover rates, microbiome composition,

and detrimental alterations in digestive and barrier functions

(Pluske et al., 2018). Although the physiological changes faced by

piglets over weaning have been well characterised, little is known

about the underlying genes and pathways involved in these

processes. Understanding how these changes are regulated or

mediated is critical to improve pig production and consequently

sustainable food production globally.

Furthermore, due to similarities in anatomy and physiology,

the pig is widely recognised as a translational animal model to

study human gastrointestinal diseases and to understand

biological pathways related to mucosal function, development

and nutritional regulation (Zhang et al., 2013; Roura et al., 2016;

Sciascia et al., 2016). Previous studies have highlighted the

importance of improving the knowledge on molecular

mechanisms responsible for phenotypic differences especially

at an early age with the dual purpose of improving

production and providing adequate models for human studies

(Ayuso et al., 2015).

Recent advances in sequencing technologies now provides

novel opportunities to comprehensively explore the complex gut

ecosystem of humans and animals. RNA-sequencing (RNA-Seq)

is a powerful high-throughput approach to profile gene

expression that, in contrast with microarray-based

technologies, allows for the characterisation and quantification

of both known and unknown transcripts (Mach et al., 2014).

Fundamental understanding of the host response to stress is

paramount to develop tools or best practices to improve pig

health, productivity and welfare. To date, RNA-Seq has been

used to study production traits of livestock animals but

transcriptomic studies in pigs using this technology is

relatively scarce and have mainly focused on disease response

or regulation mechanism of fat deposition and muscle

development to evaluate growth and meat quality between pig

genotypes (Piórkowska et al., 2018; Xu et al., 2019).

Much attention and focus has been given to the gut

microbiome and its taxonomic and metabolic changes

through pig development and weaning (Frese et al., 2015;

Bian et al., 2016; Guevarra et al., 2018a) but we are still lacking

understanding about the host gene expression change in

response to weaning. The current study aims to investigate

the transcriptomic changes in the pig gut through weaning

over time.

Material and methods

Animals and experimental design

All animals were treated in accordance with the University of

Nottingham ethical guidelines and codes of practice applying to

care and management of animals. Twelve litters (Landrace x

Large White) over three batches (4 litters per batch) were used in

the study and housed at the School of Biosciences, Sutton

Bonington Campus, University of Nottingham,

United Kingdom. For the phenotypic data, all 3 batches

(12 litters) were used. For the transcriptomic data, only one

batch (the first batch) was used (4 litters).

For prevention of iron deficiency and coccidiosis, all piglets

received a 1 ml IM injection of Gleptosil (Alstoe Ltd., York,

United Kingdom) 24 h after birth, and 0.7 ml of Baycox (Bayer,

Newbury, United Kingdom) orally 3 days after birth. At 21 days

of age, 6 weight-matched piglets per litter were randomly

allocated by random selection of coded balls to treatment

(baseline average weight at day 19: 6.77 ± 0.189 kg). Piglets

allocated to the weaned treatment were separated from their

dam, moved and mixed with non-littermates in pens of

4 individuals and received ad lib commercial diet (wheat,

whey powder and soya based) containing: 21.25% protein,

7.50% fat, 2.00% fibre, 5.00% ash, 1.70% lysine, 13.80%

moisture). Weaned piglets did not receive creep feed

supplementation before weaning. Piglets allocated to the

unweaned treatment as control remained with their dam and

littermate up to 35 days of age with access to creep feed from day

25 days of age (same commercial diet as above). No antibiotic or

anthelmintic treatment were used during the trial. At day 1, 4,

and 14 post weaning: one weaned and one unweaned piglet from

each litter were weighed euthanised by intraperitoneal injection

of Dolethal (1 ml.kg-1 body weight; 20% w/v Pentobarbitone

Sodium, Vétoquinol, Buckingham, United Kingdom). At

slaughter, body lesion was scored for each pig on a 3-point

scale with 1 for no lesion, 2 for moderate scratches on back, flank,

head, ear and tail, and 3 for intense, deep or bleeding scratches on

back, flank, head, ear and tail. Graphic visualisation of the trial

design can be found in Supplementary Figure S1.
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Intestinal measurements

All sample processing and analysis was blinded using

randomly generated numerical codes. Tissue samples from

the 0.5 section of the colon were immediately collected post-

slaughter, rinsed in sterile buffered saline solution and

preserved in RNA later (Ambion, CA United States ) at

4°C for 24–48 h to allow tissue penetration then stored

at −80°C.

Tissue samples of the 0.5 small intestine (as proportions)

along from the gastric pylorus to the ileocecal valve were fixed in

Bouin’s solution, embedded in paraffin and cut in 5 µm

transverse sections. Histological section were stained with

H&E for histometric measurement of villus length and crypt

depth, with Periodic Acid Schiff stain for goblet cell counts

(Matsuo et al., 1997) and with Toluidine Blue for

quantification of mast cells (Moeser et al., 2007).

Secretory IgA (sIgA) was measured in ileal flushes using the

methods previously described by Lessard et al. (2009). At

slaughter, a 20 cm segment of ileum taken upstream from the

cecum was flushed using 5 ml of sterile PBS, and centrifuged for

10 min at 500 g. The supernatant was collected and stored

at −80°C. Secretory IgA was measured in duplicate using a

sandwich Porcine IgA ELISA Quantitation Kit (Bethyl

Laboratories, TX, United States ) according to the

manufacturer protocol.

RNA-sequencing

Total RNA was extracted using NucleoSpin® RNA II kit

(Macherey-Nagel, Düren · Germany), briefly 10–30 mg of tissue

was placed in a 2 ml round bottomed tube (Fisher Scientific,

United Kingdom) with 350 µl of guanidine thiocyate buffer,

3.5 µl of 0.1 mM β-mercaptoethanol and a 5 mm stainless

steel bead for homogenisation for 2 × 2 min at 3,000 rpm

using a Retsch MM200 homogeniser (Retsch, Haan,

Germany). The extraction process was then followed

according to the manufacturer instruction until the last step

where final elution volume was 40 µl of RNAse-free water instead

of 60 µl. All samples were quantified and tested for RNA integrity

using the Nanodrop 1,000 spectrophotometer (NanoDrop

Technologies, DE, United States ) and Agilent

2,100 Bioanalyzer (Agilent Technologies, CA, United States ).

Mean (±SE) of RNA concentration was 306.5 ± 29 ng/ml and

RNA integrity number was 9.21 ± 0.13.

RNA samples were sent to ARK Genomics (Edinburgh,

United Kingdom) for library preparation and sequencing of

the whole transcript expression. Illumina TruSeq mRNA

library prep kit was used, and paired end sequencing was

performed on an Illumina HiSeq2000 sequence analyser

(Illumina, Inc. San Diego, United States ). Animal details and

metadata are provided in Supplementary Table S3 and

Supplementary Table S4. Mean number of raw reads per

sample was 101.4 M (min = 66.1M, max = 133.6 M),

equivalent to 5,139 Mbp per sample on average. Reads in fastq

format are available at the European Nucleotide Archive (ENA)

with the accession number PRJEB54752 https://www.ebi.ac.uk/

ena/browser/view/PRJEB54752.

Raw fastq reads were processed with Cutadapt (Version 1.12)

(Martin, 2011) to remove adapters and low-quality bases (3′
quality cutoff of 10, -q 10), paired reads with a minimum length

of 20 bases were retained prior to quantitation (−m20). Sequence

alignment and read quantification was performed using the

pseudo-alignment-based tool Kallisto v0.43.0 (Bray et al.,

2016). Differential expression of transcripts between weaned

and unweaned animals was determined using Sleuth v0.28.1

(Pimentel et al., 2017). Identification of genes enriched in

specific functions were determined with reference to the

Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene

ontology (GO), using “NIPA” software available on https://

github.com/ADAC-UoN/NIPA to conduct hypergeometric

tests for enrichment with Benjamini-Hochberg multiple

testing correction.

Statistical analysis

For phenotypic data, statistical analysis was performed in

IBM SPSS v24 to determine the effect of weaning treatment at

different time point treatment on pig weight, intestinal and blood

measurement using linear mixed model analysis. In the mixed

model, time point*treatment was used as the fixed effect and trial

batch and litter as random effects.

Gene expression cluster analysis was performed and revealed

that sex was the only factor that showed a grouping effect.

Therefore sex was included in the model as a confounder for

the gene expression analysis. Sequence alignment and read

quantification was performed using the pseudo-alignment-

based tool Kallisto v0.43. (Bray et al., 2016). Differential

expression was determined using the Wald test in Sleuth

v0.28.1 (Pimentel et al., 2017) with sex as a confounder in the

model. Transcripts with a false detection rate corrected p-value <
0.1 and a log2 fold change (log2FC) greater than 1 and less than

minus 1 were considered to be differentially expressed. False

detection rate correction was performed using the Benjamini-

Hochberg method (Benjamini and Hochberg, 1995).

Results

Phenotypic data

All piglets were found in good health during the trial and

displayed no clinical signs of disease or scour. As expected,

weaning caused a number of physiological changes which

Frontiers in Genetics frontiersin.org03

Le Bon et al. 10.3389/fgene.2022.961474

https://www.ebi.ac.uk/ena/browser/view/PRJEB54752
https://www.ebi.ac.uk/ena/browser/view/PRJEB54752
https://github.com/ADAC-UoN/NIPA
https://github.com/ADAC-UoN/NIPA
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.961474


were found to be time-dependant. Significant differences were

observed in pig weight, blood and plasma measurements, body

lesion scores and intestinal measurement (Table 1). These results

also indicate the significant effect of time on almost all variables

measured between day 1 and day 14 post weaning. This

highlights that the pigs are undergoing rapid period of

development at this age and the importance of designing

studies using age-matched controls when evaluating the effect

of weaning in pigs as opposed to using pre-weaning values as

controls.

Plasma analysis revealed that cortisol levels remained stable

over time in the unweaned group but increased almost 4-fold at

day 1 and 2-fold at day 4 post weaning in the weaned pigs

suggesting an activation of the HPA axis under weaning stress.

Interestingly, while most parameters showed a rapid spike

followed by a progressive return to the unweaned level by day

14, cortisol level still remained significantly higher at 14 days post

weaning but to a lesser magnitude.

Haematology and biochemistry profiles are used as

indicators of health status to evaluate the metabolic,

nutritional and energy state of the pig. In blood, circulating

granulocyte levels, haemoglobin and haematocrit were

significantly increased in weaned pigs, while platelet counts

decreased. In plasma, cholesterol, triglycerides and globulin

levels decreased at day 4 and day 14 in the weaned group

compared to unweaned pigs.

Measurement of intestinal architecture were also affected by

weaning, with significant reduction in jejunal villus height and

TABLE 1 Phenotypic measurements between weaned and unweaned pigs at 1, 4, and 14 days post weaning. Data shown are means and the pooled
SEM for weaned and unweaned pigs for each time points.

Time point (days post weaning) 1 4 14 p values

Treatment unwean wean unwean wean unwean wean SEM time weaning time*weaning

n 12 12 12 12 12 12

Pig performance

Pig weights (kg) 7.16 6.60 8.31 7.20 12.68 12.41 0.37 <0.001 0.002 0.238

Body lesion scores 1.3 2.4 1.7 2.0 1.6 1.4 0.2 0.007 <0.001 <0.001
Blood and plasma measurement

RBC (106/µl) 5.83 5.92 6.04 6.15 6.78 6.67 0.12 <0.001 0.726 0.432

HCT (%) 35.56 35.78 34.32 37.16 35.14 39.89 1.06 0.035 <0.001 0.019

HGB (g/dl) 11.43 11.55 11.19 12.00 11.16 12.61 0.37 0.309 <0.001 0.045

PLT (103/µl) 552.6 551.9 579.4 491.0 595.5 436.0 28.8 0.356 <0.001 0.009

WBC (103/µl) 9.41 9.40 10.08 12.33 13.40 13.30 0.84 <0.001 0.202 0.152

Granulocytes (103/µl) 2.650 3.854 3.504 4.958 4.096 4.933 0.38 0.003 <0.001 0.722

Total plasma protein (g/l) 45.700 48.688 46.937 45.420 45.663 43.875 0.74 0.005 0.860 0.002

Plasma globulin (g/l) 16.254 17.418 16.528 15.757 14.693 13.262 0.47 <0.001 0.368 0.018

Plasma cholesterol (mmol/l) 3.925 3.687 3.910 2.441 3.681 2.432 0.13 <0.001 <0.001 <0.001
Plasma triglyceride (mmol/l) 0.848 0.872 0.971 0.470 0.939 0.511 0.06 0.001 <0.001 <0.001
Plasma cortisol (ng/ml) 15.886 57.744 16.125 30.884 10.999 17.767 4.18 <0.001 <0.001 <0.001

Intestinal measurement

Villus length (µm) 0.372 0.293 0.373 0.341 0.403 0.418 0.018 <0.001 0.023 0.026

Crypt depth (µm) 0.151 0.145 0.155 0.171 0.175 0.192 0.005 <0.001 0.018 0.013

Villus width (µm) 0.100 0.098 0.115 0.114 0.128 0.135 0.004 <0.001 0.572 0.217

V/C ratio 2.508 2.106 2.500 2.054 2.368 2.276 0.137 0.944 0.005 0.355

Mast cells (/mm2 submucosa) 100.0 109.8 96.4 89.6 182.3 161.2 13.6 <0.001 0.582 0.517

Mast cells (/mm2 mucosa) 138.2 167.3 188.3 106.2 222.3 204.7 20.0 <0.001 0.089 0.005

Goblet cells in villus (/100µm2) 1931.1 2087.6 763.8 993.0 863.5 908.5 152.8 <0.001 0.260 0.831

Goblet cells in crypt (/100µm2) 4,204.1 3,959.8 1,699.4 1,684.0 1815.0 1770.1 601.4 <0.001 0.643 0.899

Goblet cells total (/100µm2) 6,136.7 6,047.4 2,463.2 2,677.0 2,678.5 2,678.5 451.4 <0.001 0.898 0.925

Ileal flush sIgA (µg/ml) 596.3 22.3 169.6 10.8 72.5 12.7 88.9 0.007 <0.001 0.011

RBC, red blood cells; HCT, haematocrit; HGB, Haemoglobin; PLT, platelet; WBC, white blood cells; V/C, Villus/Crypt; sIgA, Secretory Immunoglobulin A
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villus/crypt ratio. However, villus width remained unaffected by

weaning and crypt depth was increased. Goblet cell numbers in

crypt and in villus remained unaffected by weaning. Mucosal

mast cells decreased at day 4 with an overall statistical trend for

weaned pigs to show reduced mast cell count compared to

unweaned controls.

Ileal sIgA was also greatly reduced at all time points post

weaning, suggesting a decrease in immune protection from

maternal milk. sIgA is considered one of the first line of

defence and a critical factor for piglet growth and survival.

Removal of the piglets from the sow at weaning causes

dramatic drop in gut IgA levels increasing the immune

vulnerability of piglets post weaning.

Transcriptomic analysis

RNAseq (HiSeq) was used to identify differentially expressed

transcripts (DET) between weaned and unweaned pigs in colonic

tissue. An average of 52.3 million trimmed paired reads were

obtained for each sample. Reads mapped as pairs (83.0%–85.3%)

to the porcine genome ref sequence (sus scrofa 10.2). The Wald

test was used on TPM to establish the total number of DET

between weaned and unweaned pigs for each time point and

identified a total of 239 transcripts at q value ≤0.1 and FC ≥ 2.

The volcano plots visually represent significant DET for each

time point and show an even distribution between up- and down-

regulated genes (Figure 1).

The majority of transcripts 171 (71.6%) were found to be

differentially expressed after 1 days post weaning. After 4 days

and 14 days post weaning only 67 (28.0%) and 1 (0.4%) genes

were differentially expressed between weaned and unweaned

pigs, respectively (Figure 2). Among DET with the cut off

values of Qval ≤0.1 & FC ≥ 2, two transcripts were identified

in common between day 1 and day 4 post weaning:

ENSSSCT00000014128 and ENSSSCT00000017308 which are

of unknown function (Figure 3). They were no DET common

at all three time point or shared between day 4 and 14 or day

1 and 14 post weaning. Transcription according to time point

and weaning treatment are shown in PCA plots and revealed

distinct clusters between weaned and unweaned pigs across time

points (Figure 4).

The full list of differentially expressed transcripts at Qval ≤0.1
& FC ≥ 2 is provided in Supplementary Table S1. DETs with FC >
2 across all time points were subject to Gene Ontology (GO) and

KEGG pathway analysis using NIPA https://github.com/

richarddemes/NIPA to identify significantly enriched pathways

between weaned and unweaned pigs at Qval ≤0.05 andminimum

number of gene in term of two (Supplementary Table S2). Top

10 significantly enriched GO terms and KEGG pathways are

shown in Figure 5.

Discussion

In this study, the typical characteristics previously reported in

other studies were observed validating our weaning model. Piglet

weights were negatively affected by weaning at day 1 and day

4 but recovered at day 14. Post weaning growth check is a

commonly reported problem in pigs with detrimental impact

FIGURE 1
Volcano plots of differentially expressed transcripts betweenweaned and unweaned pigs at 1, 4, and 14 days post weaning. Red points indicates
genes significant at Qval ≤0.1.
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on life-time growth performances representing a large economic

loss to the industry (Collins et al., 2017). Evidence of stress was

also observed in this study with elevated plasma cortisol and

increased lesion scores in the weaned pigs.

Measurements of intestinal structures such as villus and crypt

have been commonly used to evaluate gut health as a measure of

absorptive capacities for nutrients (Bontempo et al., 2006; Le Bon

et al., 2010). As reported by others, the current study shows that

villus morphometry is impaired by weaning. Villus atrophy

during the first few days post weaning has been commonly

reported and is often associated with loss in barrier function,

decreased enzyme activities and decreased performance as

observed in this study (Lallès, 2008).

This study has revealed a large number of genes up and down

regulated as consequences of weaning in the pig colon

highlighting the profound physiological impact of weaning on

healthy pigs. The large majority of differentially expressed

transcripts were found to peak on day 1 post weaning and

progressively returned to unweaned level by day 14,

emphasising the abrupt response of pigs to weaning (Lallès

et al., 2007). There was little overlap in transcripts between

time points suggesting a coordinated regulation of the host in

response to weaning. These findings could inform selection of

appropriate time points for further trials in weaned pigs.

Due to the large number of DET identified in this study,

this discussion will mainly focus is on pathways significantly

affected by weaning rather that individual genes. Metabolic,

immune and barrier function activities have previously been

FIGURE 2
Number of up and downregulated transcripts between weaned and unweaned pigs at 1, 4, and 14 days post weaning (Qval ≤0.1 & FC ≥ 2).

FIGURE 3
Venn diagram of the number of differentially expressed
transcripts between weaned and unweaned pigs for each time
point (Qval ≤ 0.1 & FC ≥ 2).
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implicated with weaning response in both the small and large

intestine but the underlying mechanism for these changes

have not been previously identified. In the current study, we

found several pathways related to microbial response and

immune functions activated post weaning; specifically,

NOD-like receptors, Toll-like receptor and JAK-STAT

FIGURE 4
Principal Component Analysis (PCA) of gene expression data from pigs labelled as time point (left panel) and weaning status (right panel).

FIGURE 5
Gene ontology (GO) and KEGG pathway enrichment analysis showing top 10 enriched terms between weaned and unweaned pigs (all time
points). Size of circles represents number of gene in each term. (A)GOBiological Process, (B)GOMolecular Function, (C)GOCellular Compartment,
(D) KEGG.
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signalling pathways are shown to be significantly activated.

These signalling pathways indicate a cellular response to

Microbial Associated Molecular Patterns (MAMPs) that

drives the activation innate immune response. As such, we

also observe positive regulation of Interferon alpha

production and Interferon gamma mediated pathways.

In agreement with these results, Wang et al. (2008) also

reported that weaning at 21 days of age showed an increase in

expression of genes associated with oxidative stress and immune

activation but decreased expression of genes related to nutrient

utilisation and cell proliferation in the jejunum of pigs using

microarray analysis. A previous study also reported that pigs

weaned at a later age (28 days) showed increase in pro-

inflammatory cytokines expression in the small intestine and

colon during the first 2 days post weaning before returning to

pre-weaned level after 8 days post weaning (Pié et al., 2004). The

interferon response following weaning stress in pigs has

previously been characterised and showed that weaning causes

the release of IFN-α and the transient shut-off of the

corresponding gene transcriptions in PBMC (Razzuoli et al.,

2011).

In addition, Moeser et al. (2017) demonstrated that

colonic and jejunal transepithelial resistance was increased

resulting in impaired permeability of the gut barrier as a result

of weaning, which may facilitate infiltration of luminal

component such as bacteria or bacterial products. Here we

see at least two GO biological terms that would agree with this

hypothesis: “cellular responses to LPS” and “response to

bacterium” where genes such as NOS2, CD274, IRF3,

CXCL11, and ACOD1, are upregulated.

The immune regulation observed through our

transcriptomic results also reflects the significant increase

in granulocyte levels found in blood, suggesting both a

local and systemic activation of immunity in response to

weaning. The combined effect of immune and stress

activation can lead to an energy cost whereby growing

animals divert their energy resource towards these

responses instead of growth which can explain reduced

performance observed in weaned pigs. In growing pigs,

transcriptomic multi-tissue analysis revealed that activated

immune response, protein metabolism, defence against

pathogens and oxidative stress were the main biological

pathways associated with feed efficiencies (Gondret et al.,

2017). The authors suggested that dietary intervention with

anti-inflammatory or antioxidant properties could be

evaluated to improve efficiencies in growing pigs. As feed

accounts for more than 60% of the cost of food production,

improving feed efficiency is a major target to improve

profitability of the pig industry (Jing et al., 2015).

The colon also harbours the richest and most diverse

microbial population of the gut. In recent years, a large

number of studies have documented the development of the

gut microbiota of the pig over time (Frese et al., 2015; Mach et al.,

2015; Guevarra et al., 2018b; Han et al., 2018; Ke et al., 2019;

Wang et al., 2019). Weaning is typically associated with a

decrease in gut microbial diversity and major shifts in

bacterial taxa composition (Guevarra et al., 2019). In the

current study, we observe activation of immune signalling

pathways and pro-inflammatory cytokines in the early days

post weaning, and we also observe regulation of pathways

involved in oxido-reducatase activity. Amongst the activated

pathways related to anti-microbial defence, genes involved in

oxidative burst such as NOS2 (Nitric oxide synthesase 2) and

NOX1 (NAPDH oxidase 1) are upregulated which are involved

in the production of nitic oxide and superoxide radicals. These

nitrogen rich compounds are rapidly converted into nitrate

(NO3-) in the lumen providing favourable condition for the

growth and proliferation of gut bacteria that carry nitrate-

reductase genes such as Enterobacteriaceae (Winter et al.,

2013). In addition, inflammatory conditions provide increased

level of luminal oxygen due to elevated blood flow and

haemoglobin, this favours aerobic respiration of

Enterobacteriaceae while inhibiting the growth of obligate

anaerobes such as Bacterioides and Clostridia (Zeng et al.,

2017). Enterobacteriaceae have a detrimental effect on pig

health and growth and is one of the leading cause of

diarrhoea in pig production (Rhouma et al., 2017). E. coli is

highly prevalent post weaning and can lead to mortality and

zoonosis (Luppi, 2017). As a result, antibiotic usage is commonly

used around weaning and have led to increasing reports in

colistin-resistant E. coli in pigs (Rhouma et al., 2017).

Tackling post weaning inflammatory response could represent

a step towards reduction in antimicrobial use in pig production.

At weaning, pigs are abruptly transitioned from sow’s milk to

a complex plant-based diet with distinct nutritional profile and as

such transcriptomic modulation of pathways involved in

nutritional metabolism would be expected. In the current

study, biosynthesis of amino acids, in particular arginine

biosynthesis was the second most significant KEGG pathway

enriched in weaned pigs via the up regulation of

argininosuccinate synthase 1 gene (ASS1). Young mammals,

including piglets, have a particularly high requirement of

arginine for growth and metabolic function (Flynn and Wu,

1997). L-Arginine is also the biological precursor of nitric oxide

(NO), and alteration of arginine uptake and metabolism has been

found to be associated with inflammatory bowel diseases,

(Stuehr, 2004; Luiking et al., 2012; Coburn et al., 2016). A

number of studies have reported that arginine administration

significantly attenuate intestinal inflammation associated with

down-regulation of the JAK-STAT signalling pathway and

increased growth performance and survival in pigs (Wu et al.,

2010; Zheng et al., 2018; Che et al., 2019: Luiking et al., 2012;

Zhang et al., 2019). Reports of reduced arginine availability in

conditions of acute and chronic stress, often associated with

increase in NOS2 activity, aligns with the results observed in the

current study. The specific mechanisms of regulation and
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interaction between cortisol, NOS, immune response, and

arginine metabolism remain unknown, but could provide

further evidence to suggest that arginine requirement should

be carefully evaluated when designing diets to support pigs

during the weaning transition.

Finally, although the current study has identified a large

number of transcripts and pathways regulated at themRNA level,

post transcriptional and post translational mechanisms could

also regulate the host response to weaning and should be

investigated in future studies as a complementary approach to

transcriptomic methods.

Conclusion

Weaning is a multifactorial event that results in complex

interactions between gut, brain and metabolism. Understanding

these responses and themolecular mechanisms that underpins these

changes is critical to improve sustainable pig production. This study

has identified multiple genes and pathways differentially regulated

by weaning. These results revealed that pigs going through the

weaning transition undergo a transient period of inflammatory state

with temporary breakdown of barrier functions in the gut. The

condition of the inflamed gut have been previously shown to provide

favourable growth advantage for the expansion of

Enterobacteriaceae, a leading cause of enteric disease in pigs.

Under the experimental and controlled conditions of this trial,

differential gene expression returned to unweaned control levels

by day 14 post weaning. However, the translation of the study results

to commercial production setting remains to be explored.

Indicators of weaning stress and response have previously been

used including histology, systemic markers of immunity and

characterisation of the microbiota composition. Here, we have

identified a number of target genes and pathways that could also

be used as biomarkers of intestinal inflammation to complement

these measures. Together, these could provide valuable tools to

monitor host response post weaning, especially in context of

intervention strategies aimed to reduce antibiotic use and

improve pig health and performance. Finally, as weaning in pigs

have been used as a model for stress-related bowel dysfunction in

humans, it would be of interest to investigate if the similar

transcriptomic changes are involved in these disorders.
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