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Investigation and subsequent manipulation of the intestinal microbiota of pigs, 

 with a view to optimising feed efficiency 

 

Ursula Mary McCormack 

Abstract 

The objectives of this thesis were (1) to explore a possible link between the intestinal 

microbiota and feed efficiency (FE) in pigs and (2) to investigate microbiota-

modulating strategies to improve FE.  Two studies were conducted in pigs ranked on 

divergence in residual feed intake (RFI; a metric for FE); one in Ireland only and one 

across three geographical locations.  Microbial diversity, composition and potential 

functionality were assessed in faecal and digesta samples, using high-throughput 16S 

rRNA gene sequencing.  In both studies, RFI-associated microbes were identified, albeit 

most at low relative abundance, with increases in bacterial taxa associated with 

improved metabolism and health found in low RFI (highly efficient) pigs.  These 

bacterial taxa could potentially be exploited in the future as biomarkers for FE, targets 

for nutritional strategies, or probiotics, to improve FE.  However, no FE-associated 

microbial taxon was common to all geographical locations, highlighting the influence of 

rearing environment on the intestinal microbiome.  Manipulation of the microbiome 

with a view to improving FE was investigated in two studies.  Firstly, faecal microbiota 

transplantation (FMT) was performed in pregnant sows and/or their offspring.  

Although RFI tended to be lower (better FE), slaughter weight was reduced by FMT, 

and offspring harboured more potentially pathogenic and fewer beneficial microbes.  

Secondly, inulin was fed to weaner pigs born to sows in the FMT study.  No 

improvements in growth were observed, but RFI was lower in inulin-fed pigs from 

FMT sows, and decreases in potentially pathogenic microbes were observed.  While 

these findings have negative implications for the use of FMT to improve FE in pigs, 

they demonstrate the considerable impact of early life intestinal microbiota on pig 

growth.  In conclusion, the work from this thesis demonstrates a possible link between 

the intestinal microbiota and FE in pigs, but further work is needed to investigate 

causality.
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1.1 Introduction 

As feed costs account for ~70% of the total costs of producing a pig (Teagasc, 

2016), feed efficiency (FE) is critical to the profitability of pig production.  As a result, 

ways to improve FE in pigs are continually being sought.  However this is by no means 

an easy task, as FE is affected by a number of factors, both animal-related 

(genetics/breed, gender, health), and husbandry-related (diet, farming system/rearing 

environment, management) (Li et al., 2016).   

It is well known that the porcine intestinal microbiota plays a crucial role in 

utilising substrates otherwise indigestible to the host and is also involved in gut health 

and immunity (Fouhse et al., 2016, Mach et al., 2015, Willing, 2010).  However, while 

in humans and rodents, there is a body of evidence demonstrating how the intestinal 

microbiota affects energy metabolism, this has not yet been fully established in pigs.  

Nonetheless, it is likely that there is a link between the intestinal microbiota and FE in 

pigs.  Consequently, interventions targeting the intestinal microbiota could potentially 

improve FE and these may offer a number of advantages over traditional means of 

improving FE, e.g. genetic selection or re-design of farming systems which require 

extensive resources and are costly.  Ways of manipulating the microbiota in order to 

improve FE include probiotics, prebiotics and other feed additives that aim to increase 

beneficial bacterial populations.   

The aim of this literature review is to outline the factors that influence FE in pigs 

and to explore the potential contribution of the intestinal microbiota and intestinal 

microbiota-based strategies of improving FE in pigs.  
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1.2. Feed efficiency measures 

There are a number of different measures which are traditionally used for FE. 

Table 1.1 outlines those most commonly used in all livestock animals; a lower number 

indicates a better, more feed efficient animal. 

 

Table 1.1. Feed efficiency measures 

Measure Calculation Description Reference 

Feed Conversion 

Efficiency  

(FCE) 

Feed intake/ 

weight gain 

 

The amount of feed taken to 

produce one kg of gain 

 

(Bereskin, 

1986) 

 

Feed Conversion 

Ratio  

(FCR) 

Feed intake (ADFI)/ 

weight gain (ADG) 

 

The ratio of feed intake to 

product/kg gain (used 

interchangeably with FCE) 

(McPhee, 

1981) 

 

Gain to Feed ratio  

(G:F) 

 

Rate of feed conversion 

× feed + error 

(ADG/ADFI) 

 

Indicates how much the animal 

actually needs to be fed  

(Koch, 

1963) 

 

 

However, there are some limitations with these traditional FE measures, as these 

measures rely only on feed intake and growth rate, and so can be misleading, as a pig 

can have a low feed intake and a poor growth rate, but can have a ‘good’ FE as 

indicated by a low FCE/FCR value.  Table 1.2 shows some more modern FE measures, 

which are considered more accurate. 
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Table 1.2. Newer feed efficiency measures 

Term Calculation Description Reference 

Residual Feed 

Intake 

(RFI) 

 

Observed intake- 

expected intake 

Back fat, muscle depth 

and gender included in 

the model also 

Difference between actual 

feed intake and expected 

intake  

(lower number= more 

efficient) 

 

(Herd, 2009, 

Savietto et al., 2014, 

Patience et al., 

2015) 

Residual Feed 

Intake and Body 

Weight Gain 

(RIG) 

 

-1 × RFI and RG 

RIG= (RG/std. RG)-

(RFI/std. RFI) 

Residual gain (RG): difference 

between observed gain and 

that predicted by growth 

(higher number = more 

efficient) 

(Berry et al., 2012) 

 

Other less commonly used measures of FE are:  

- Carcass feed conversion efficiency (FCE), which calculates the amount of feed per 

kg of carcass weight  

- Energy FCE, which describes the amount of feed utilised for energy  

- Lean FCE, which is the amount of feed converted to lean meat 

- Edible FCR, which refers to producing more edible protein/energy than what is 

consumed  

(Harris, 1970, Patience et al., 2015) 
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1.3. Factors affecting feed efficiency in pigs 

There are numerous factors that determine how efficient an animal is in terms of 

growth and maintenance of baseline body requirements, but also in relation to 

producing a better quality carcass in order to meet consumer demands and market 

targets (Reese et al., 1985).  Many of these factors are well established including 

genetics, diet composition and feed form, as well as management factors, and these will 

be discussed here. 

 

1.3.1 Breed/genetics 

Breed /genetics has a strong influence on FE in pigs.  Numerous studies have 

been carried out to investigate the effect of breed on FE (Mrode, 1993, Saintilan et al., 

2013).  Each breed brings with it its own benefits and pitfalls; Duroc breeds will 

increase growth, but in order to increase the lean content of pig meat, the Large White 

(Yorkshire) should be included, and the Landrace can improve FCR (Mrode, 1993, 

Chen, 2002).  Genetics can be manipulated to suit the needs of both producers and 

consumers of pig meat.  Different breeding companies (e.g. Hermitage Genetics, PIC, 

DanBred) supply pig producers with semen from boars deemed optimal (based on FCE, 

lean meat %, reduced days to slaughter etc.) for artificial insemination (Hermitage, 

2017, PIC, 2017, DanBred, 2017).  This means that producers can make a decision 

based on the work performed by the breeding company so that they can produce the best 

possible offspring in terms of growth and carcass quality. 
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1.3.2. Diet 

Diet is a major factor contributing to varying FE in pigs, and in theory it can be 

easily altered to optimise feed intake and growth.  However, diet optimisation is a 

tedious process with uncertain results due to variability in composition, feed form, 

quality etc. (Just, 1984, Patience et al., 2015).  These will be further discussed below. 

 

1.3.2.1. Diet composition   

Diet composition is a hugely important component of pig production, where the 

main nutrients are protein, carbohydrates and lipids.  An improvement in the quality of 

ingredients, as well as changing the protein and fibre content, can improve average daily 

gain (ADG) and FE in weaner pigs (Wellock, 2009, Hermes, 2009), and the 

combination of a high fibre and low protein diet can improve feed intake and growth 

rate also (Bikker et al., 2006).  The addition of fat to the diet can reduce feed intake, and 

improve ADG and FE (Collins, 2009).  Diet formulation for pigs is an area that requires 

attention, due to the need to formulate based on least cost ingredients, the use of by-

products, amino acid balance etc.  However, the use of by-products/cheaper ingredients 

can have downfalls, including variability in composition, nutritional content, etc.  

Investigating the use of different nutrients and ingredients, and improving the quality 

and nutrient content of the diet in pig feed can affect growth performance and improve 

FE.  Nutrient utilisation for growth and production are essential in achieving better FE.  

 

1.3.2.2. Diet form 

Diet form (particle size, pelleting, extrusion, cooking, liquid/dry, etc.) plays a 

significant role in the optimisation of nutrient absorption and maximisation of pig 

growth.  Pelleting is a better choice for improving ADG and feed intake (Myers, 2013), 
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while reducing the particle size of feed by grinding improves FE (Choct, 2004).  

However, the incidence of stomach ulcers  can increase in feed that is too finely ground 

(Millet, 2012).  Processing (i.e. cooking) of dietary ingredients can improve FE, as it 

improves the availability of some nutrients (Wondra, 1995), but it can lead to burning 

and therefore a reduction in the nutritional quality of the diet.  Extrusion (heat 

treatment) can be used to improve the nutritional content of dietary ingredients that may 

contain anti-nutritional factors such as peas.  This may mean an improvement growth 

rate and FE, as increased nutrient utilisation from the diet and therefore a reduction in 

the amount of nutrients excreted may occur (Tuśnio et al., 2017).  If alternatives to more 

expensive ingredients can be used, this is of further benefit to the producer, given the 

high cost of feeding pigs   

Liquid feed is another form of feeding the diet and it is commonly used in 

Ireland, with ~70% of Irish pigs liquid-fed (Teagasc, 2015).  It involves mixing water 

with the feed in a ratio of ~2:1.  As liquid feed is more similar to the milk diet that 

newly weaned piglets are accustomed to, this can have huge benefits in terms of 

improving FE in weaners.  Studies have shown that ADG and FCE are improved in 

grow-finisher pigs (Canibe et al., 2003, Hurst et al., 2008, Dung et al., 2005) but 

conflicting results have also been found, where liquid feeding reduced ADG (Lawlor et 

al., 2002).  As liquid feeding results in microbial fermentation, good management 

practices are needed to ensure elimination of pathogenic bacteria that can build up in the 

mixing tanks and/or pipes used to transport feed (Missotten et al., 2015). 

 

1.3.3. Feeding to match requirements 

Feeding to match the requirements of pigs at particular growth stages can reduce 

the costs of production and potentially improve FE.  Precision feeding is used to deliver 
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the required amount of feed, with the correct nutrient composition at the right time in 

their productive life, in order to improve FE, while reducing the excretion (and therefore 

nutrient loss) of nitrogen and phosphorous from the pig (Yang, 2008).  Compensatory 

growth, where improved growth and FE are observed in pigs after a period of feed 

restriction, can be used to reduce the amount of feed given at all stages of the 

production cycle (Fabian, 2004).  Matching the nutrient requirements of pigs to 

optimise FE can be a useful way to reduce feed costs as well as increasing nutrient 

utilisation from the feed (Pomar, 2014).  These methods are quite useful as they can 

reduce the amount of feed, and therefore reduce the cost of production, as well as the 

pig potentially reaching slaughter weight faster.  However, these approaches can 

involve a higher level of labour. 

 

1.3.4. Management and microenvironment 

Optimal management practices are critical in pig production. Producers need to 

maintain correct management practices, as well as controlling and monitoring everyday 

production in order to optimise efficiency and profitability. Management factors that 

can affect FE include temperature, ventilation/humidity, space allowance and grouping, 

light, and feeder type.  

In nature, pigs display seasonal behaviours, but with domestication and 

intensification of productivity, requirements have changed. Temperature is one of these, 

for example; FE has improved but at the expense of dependency on an optimum 

microclimate. Pigs operate in a thermo-neutral zone (Kingma et al., 2012), where they 

require an optimum temperature to perform best, depending on age.  As pigs age, their 

temperature requirements change, as shown in Figure 1.1; and if the temperature is too 

high or indeed too low, maintenance and growth will be affected, thereby affecting FE.  
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Figure 1.1. Thermo-neutral zone of pigs [adapted from (King, 2006)] 

 

Temperature has a huge influence on growth, as does ventilation and stocking 

density. If the temperature is increased, growth can be reduced by as much as ~16% 

(Lopez, 1991).  Likewise, if the stocking density is too high (too many pigs per pen), a 

dis-improvement in G:F is observed (Potter, 2010).  These factors need to be considered 

when looking to improve FE, as they must be targeted in combination in order to 

achieve best management practices. 

There are different feeder types available for pigs, and these can influence FE.  

There is some conflicting research, but it would appear that wet-dry feeding systems are 

a better option compared to dry feeding (Gonyou et al., 2000, Bergstrom et al., 2008).  

Feeders that are able to record weight gain, entries, intake etc. can be useful as they can 

reduce the time spent checking daily growths and feed intake (Young et al., 1994).  

However, these feeders can be expensive, labour-intensive and have a high maintenance 

requirement, and so may not be practical on commercial pig units.  

18°C 25°C 
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1.3.5. Health status 

While a healthy pig is able to compensate for a sub-optimal microenvironment 

or feeding regime, disease poses a great threat to FE.  Pigs with good FE challenged 

with Porcine Reproductive and Respiratory Syndrome (PRRS) showed a better ability to 

cope with disease, compared to pigs of poorer FE (Dunkelberger et al., 2015).  

Furthermore, intestinal tissue from low RFI (more feed efficient) pigs challenged with 

lipopolysaccharide (LPS) responded better compared to high RFI pigs, indicating a 

better immune response, without diverting nutrients away from growth (Vigors et al., 

2016a).  Exposure to pathogens triggers an immune response, which will divert 

nutrients away from growth and maintenance in order to fuel the immune system 

(Patience et al., 2015), which will be discussed further in section 1.5.1.  

Diseases such as PRRS, Porcine Epidemic Diarrhoea (PED), parvovirus, leptospirosis, 

Ureaplasma and Actinobacillus can cause severe losses to the pig industry and have a 

huge impact on growth performance and FE on any farm (Giles et al., 2017).  The 

vaccination routine against these diseases is therefore an extremely necessary part of 

any pig herd health programme, in order to avoid performance issues and of course, 

mortalities (Johnson, 2008).  These include stock management where ensuring adequate 

quarantine periods for bought-in replacement stock and treatment protocols to ensure 

minimal disease transfer to the established herd are followed.  There are now strict 

biosecurity rules that farmers, producers and visitors should follow in order to keep 

diseases from entering the herd (Teagasc, 2014).  Biosecurity measures are also 

important in ensuring a high health status herd so as to improve and/or maintain FE at 

the highest possible level. 
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1.4. Benefits of improving feed efficiency in pigs 

Pig producers strive to improve FE in order to maximise growth, while reducing 

costs of production, and decreasing the emissions generated by pigs.  The benefits of 

improving FE include those discussed below. 

 

1.4.1. Lower production costs 

The goal of every successful farming enterprise is to optimise production, 

whereby input costs are reduced, production is optimised and losses are at a minimum 

(Wilkinson, 2011).  As feed currently accounts for ~70% of pig production costs 

(Teagasc, 2016), optimising FE should reduce this considerably, as less feed will be 

consumed per unit of saleable output.  Similarly, low RFI animals should consume less 

feed to reach the same growth rates as high RFI animals (Patience et al., 2015), and this 

will reduce feed costs, as well as possibly shortening the production cycle, with a higher 

throughput of animals/fewer days to reach target slaughter weight, thereby increasing 

profitability. 

 

1.4.2. Improved carcass quality  

One of the benefits of improving FE is the production of higher quality pig meat.  

Improving FE in pigs can lead to the production of a leaner carcass, and a higher quality 

meat, due to better nutrient utilisation during growth (Landgraf et al., 2006).  Improving 

meat quality is a major benefit of optimising FE, as at present, there is a high consumer 

demand and willingness to pay a premium for lean, tender and juicy meat.  
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1.4.3. Reduced environmental impact   

The main emissions from pig production systems are nitrogen, phosphorus, and 

ammonia, which when excreted by the animal, can be harmful in the environment.  It is 

estimated that up to 60% of nutrients are excreted undigested, and so by improving FE 

in pigs, more of these nutrients should be converted to (lean) meat, thereby reducing 

harmful emissions from pigs (Rotz, 2004).  

 

1.5. Potential biomarkers for feed efficiency 

Biomarkers for improved FE are physiological markers that are easily measured and 

can be used to show how an animal responds to various aspects affecting growth 

performance and efficiency.  Quantifying these responses can be of huge benefit to the 

pig industry as these can be targeted to further optimise FE (Holck et al., 1998).  A 

number of potential biomarkers for FE will now be discussed.  

 

1.5.1. Immune markers for feed efficiency 

The immune response includes two different types of immunity: 

 Innate: first line of defence, defends the host against foreign microbes 

 Adaptive: second line of defence, developed as the host is exposed to pathogens 

Cytokines are involved in regulating both the innate and adaptive immune 

response of the host and production is stimulated during times of infection and disease 

(Murtaugh et al., 1996).  The cytokines measured as part of this thesis are outlined in 

Table 1.3. Cytokines may be useful biomarkers for FE, as they can indicate 

inflammatory response and how well the host can respond to infection, and can be 

relatively easily measured from tissue and from blood.  Previous work has found that 
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cytokines can be useful indicators for gut barrier function in chickens (Chen et al., 

2015).  Furthermore, it has been found that cytokines are linked with protein 

fermentation and the production of volatile fatty acids (VFAs), which indicates the need 

to further investigate their use as biomarkers in pigs (Pié et al., 2007).  

 

Table 1.3. Cytokines involved in the immune response measured in this thesis [adapted 

from (Pond, 2001)] 

Cytokine Function Produced by 

Interleukin- 4  

(IL-4) 

Stimulates B-cell growth, inhibits 

secretion of other cytokines 

Th2 lymphocytes 

Interleukin- 6  

(IL-6) 

Promotes IL-2 production and T-cell 

differentiation. Stimulates acute phase 

response 

Macrophages, T and B lymphocytes, 

bone marrow stromal cells, 

fibroblasts and keratinocytes 

 

Interleukin- 8  

(IL-8) 

Activates neutrophils (chemokine), 

chemoattractant for neutrophils, 

basophils and some T-cells 

Macrophages, fibroblasts, 

lymphocytes, granulocytes, 

endothelial cells, hepatocytes, 

keratinocytes 

 

Tumour Necrosis 

factor α  

(TNF α) 

Key mediator of inflammation, co-

stimulant for lymphocyte proliferation 

Macrophages 

 

 Assessing the immune system in pigs can be quite costly, and so a less 

expensive and easier, albeit cruder, way of investigating the immune response is to look 

at the haematological profile. Some of the haematological parameters studied in this 

thesis as potential biomarkers for FE are outlined in Table 1.4.   
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Table 1.4. Haemtological parameters in pigs as indicators of immune status and feed 

efficiency [adapted from (Mpetile, 2014)] 

Parameter Measure of/function   Indicator of 

White blood cells Number of circulating leukocytes Response to infection 

 

Lymphocytes Previous pathogen invasion 

 

Adaptive immune response 

Monocytes Response to pathogenic invasion Innate immune response 

 

Granulocytes Immune response Innate immune response 

 

Red blood cells Carry haemoglobin around the body Disease/infection 

 

Haemaglobin Transport of oxygen Lung and tissue function 

 

Haemocrit  Ratio of red blood cells to total volume 

of blood 

Health status 

Platelets Responsible for blood clotting Low: bleeding 

High: blood clot in vessels 

 

All haematological parameters should be assessed together in order to get a clear 

understanding of the immune response in pigs.  A better understanding of the immune 

response in pigs may help to improve the health status of the pigs, as discussed in 

section 1.3.5., and therefore improve FE, as improved health will mean nutrients are 

utilised by the pig for growth, instead of fighting off disease.  Previous work looking at 

the peripheral blood cell profile in healthy pigs ranked on RFI have identified potential 

biomarkers, including lower white blood cells, and higher red blood cells and 

haemoglobin in low RFI compared to high RFI pigs (Mpetile et al., 2015).    
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1.5.2. Serum metabolites 

Metabolites present in blood can also be used to indicate health status/disease, as 

well as the activity of metabolic pathways in animals (Pond, 2001). Metabolites present 

in blood serum could also potentially be used as biomarkers for FE in pigs.  Recently, 

serum metabolites have been measured in weaner pigs, and higher abundances of 

proteins suggested to have a role in nutrient utilisation and immune response, and 

potentially FE were observed (Grubbs et al., 2016)  There are numerous tests that can be 

conducted on blood serum in order to measure other potential FE markers.  Those which 

were assessed as part of this thesis are shown in Table 1.5. 

 

Table 1.5. Blood serum metabolites in pigs (Pond, 2001, Jackson, 2007) as potential 

biomarkers for feed efficiency 

Metabolite Test for Normal range
1 

Levels indicate
 

Total protein Protein absorption 

 

19-24 g/L ↓ =  kidney / liver 

dysfunction 

Blood urea 

nitrogen  

Protein digestion and utilisation 

 

10 – 30 mg/dL ↓ =  Protein digestion 

reduced 

Creatinine Muscle metabolism 90-240 µmol/L ↑ = kidney disease 

Creatine 

kinase 

Indication of muscle disease 

(cardiac and skeletal muscle) 

NR
2 

↑ = more body mass index 

 

Triglycerides Lipids in the blood, mobilisation of 

fat reserves 

 

NR ↓ = malnutrition 

Glucose Absorption of carbohydrates from 

the diet, and insulin sensitivity 

 

3.6-5.3 mmol/L ↑ = stress, hunger 

Cholesterol Synthesised in liver, adipose tissue, 

intestines and central nervous 

system 

3.05-3.10 mmol/L ↑ = fat content of diet 

1 
Normal range: grow-finisher pigs; 

2
NR: not reported  
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1.5.3. Salivary cortisol  

Cortisol is a corticosteroid secreted from the adrenal gland that affects 

metabolism of carbohydrates, lipids and protein. It follows a diurnal pattern, where 

concentrations are at a maximum in the morning and a minimum in the evening (Ruis et 

al., 1997). It has been suggested as a biomarker for FE, as animals with a higher level of 

serum cortisol are more likely to divert energy away from lean meat deposition and 

therefore have reduced FE (Richardson et al., 2004). However, in pigs, the opposite was 

true in one study in which pigs with low RFI (more feed efficient) had a higher level of 

serum cortisol (Lefaucheur et al., 2011), which may indicate that these pigs were more 

susceptible to stress, as suggested by the authors. 

 

1.5.4. Gut morphology 

Gut morphology in pigs can vary depending on numerous factors. Alterations 

are most commonly seen in weaned pigs due to the reduction in feed intake that occurs 

during the first few days post-weaning. Likewise, when piglets are challenged with 

disease, villi become shorter, as can be seen from Figure 1.2.   
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Figure 1.2. Intestinal villi of A. Healthy piglets and B. piglets challenged with 

lipopolysaccharide [adapted from (Parra et al., 2011)] 

 

Histological examination usually focuses on measuring villus height and crypt 

depth, as it is well known that pigs with longer villi in the small intestine (mainly in the 

ileum) have a better nutrient absorption capacity, and therefore a better utilisation of 

feed  (Pluske et al., 1997).  Another important measure that might impact FE is the 

number of goblet cells. Goblet cells are found on the villi and they produce mucin, 

which lines the digestive tract and prevents pathogenic bacteria from adhering to the 

intestinal wall (Goto et al., 2012).  Their presence could therefore indirectly improve FE 

by improving intestinal health.  However, over-production of mucin can also inhibit 

nutrient absorption due to decreased permeability of the intestinal wall (Deplancke et 

al., 2001, Montagne et al., 2004).  Gut morphological measures may be a useful 

biomarker for FE, but may be difficult to measure, as samples are usually collected after 

the animal has been slaughtered.  
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1.6. The intestinal microbiota of pigs  

As in humans and other animals, the intestinal microbiota of pigs is a complex 

ecosystem of micro-organisms, mainly bacteria located along the gastrointestinal tract 

(GIT), that are in constant interaction with the host (Zhang, 2013, Pajarillo et al., 2014, 

Mach et al., 2015, Fouhse et al., 2016).  Recently, with the advent of high-throughput 

sequencing techniques, numerous studies have been conducted to investigate the 

intestinal microbiome of pigs and, as a result, our knowledge of its composition and 

function is increasing (Mach et al., 2015, Zhao et al., 2015, Kim et al., 2015a).  These 

studies will be discussed in the next sections.  

 

1.6.1. Establishment, composition and diversity of the porcine intestinal microbiota 

The GIT in pigs is essentially sterile at birth, and colonisation begins with 

bacteria from the birth canal, maternal colostrum and faeces, and from the surrounding 

environment (Mach et al., 2015, Kelly et al., 2012).  The resultant intestinal microbiota 

comprises hundreds of different microbes that change and evolve with age, and along 

the length of the GIT, as shown in Figure 1.3. 
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Figure 1.3. Composition of bacterial phyla throughout the pig gastrointestinal tract and changes over time as the pig ages (Zhao et al., 2015, Yeoman et al., 

2014)   

Microbial density along GIT 

Stomach: 10
6
 

  

Duodenum: 10
8
 

 Jejunum: 10
10

 

Ileum: 10
10 

 

Caecum: 10
12

 

Colon: 10
12

 

Faeces 

  

Digesta 

 

Firmicutes  

Proteobacteria 

Bacteroidetes 

Acidobacteria  

Spirochaetes 

Synergistetes  



21 

 

 

Table 1.6. Predominant bacterial taxa present in the faeces and intestinal digesta of pigs throughout the lifetime 

Age
1 

Breed Gender Number Sample
4 

NGS
5 

Phyla Genera Reference 

60 Large white Both
3 

518 Faeces Roche 454 

GS FLX 

Titanium 

Firmicutes 

Bacteroidetes 

Prevotella 

Roseburia 

(Ramayo-

Caldas et al., 

2016) 

Various Danish 

French 

Chinese 

Both 100 

100 

87 

Faeces Illumina 

HiSeq 

Firmicutes 

Bacteroidetes 

Prevotella  

Bacteroides  

Clostridium  

Ruminococcus  

Eubacterium 

(Xiao et al., 

2016) 

63 Landrace x 

Yorkshire
2
 x 

Duroc 

Both 9 heavy 

 

9 light 

Faeces Illumina 

MiSeq 

Firmicutes 

Planctomycetes 

Bacteroidetes 

Prevotella 

Lactobacillus 

Faecalibacterium 

Prevotella 

Lactobacillus  

Bacteroides 

(Han et al., 

2016) 

300 Laiwu Both 4 high back fat 

 

4 low back fat 

Jejunum 

Ileum 

 

Caecum 

Illumina 

MiSeq 

Firmicutes 

Proteobacteria 

 

Bacteroidetes  

Clostridium  

Escherichia  

Prevotella 

Escherichia  

Lactobacillus 

Prevotella  

(Yang et al., 

2016) 
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Table1.6. Bacterial taxa present in the faeces and intestinal digesta of pigs throughout the lifetime (continued) 

Age
1 

Breed Gender Number Sample
4 

NGS
5 

Phyla Genera Reference 

28 

 

56 

84 

 

168 

 

 

Large White 

Male 

Female 

7 

3 

Faeces 

 

Jejunum 

Ileum 

 

Caecum 

Colon 

 

 

Illumina 

MiSeq 

Firmicutes 

Actinobacteria 

Proteobacteria 

Spirochaetes 

Proteobacteria 

Firmicutes 

Firmicutes 

Proteobacteria 

NR
6 

(Zhao et al., 

2015) 

0-21 

28-70 

 

Large White Male 

Female 

15 

16 

 

 

Faeces Roche 454 

GS FLX 

Titanium 

Firmicutes 

Bacteroidetes 

Proteobacteria 

Spirochaetes 

Fusobacteria 

Bacteroides 

Oscillibacter 

Prevotella Oribacterium 

Succinivibrio 

(Mach et 

al., 2015) 

Piglet 

Grower 

Finisher 

  5 

5 

5 

Faeces Illumina 

MiSeq 

Firmicutes 

Bacteroidetes 

Bacteroidetes   

Xylanibacter 

Lachnospiraceae IS
7
 

Prevotella 

(Kim et al., 

2015b) 

1
Age is given in days; 

2
yorkshire: large white; 

3
Both: male and female pigs; 

4
Sample type: faeces/digesta; 

5
NGS: next generation sequencing platform 

used to identify bacterial taxa; 
6
NR: not reported; 

7
IS: Incertae Sedis.  
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As shown in Table 1.6, numerous studies have been conducted in pigs in order 

to determine the composition of the intestinal microbiota at different phylogenetic levels 

(phylum, family, and genus usually) in pigs of different ages and from different samples 

collected. The most abundant bacterial phyla in pigs are Firmicutes and Bacteroidetes, 

and as the pig ages, fluctuations in bacterial taxa occur (Figure 1.3 and Table 1.6).  

Figure 1.3 and Table 1.6 also show that there are differences in the intestinal 

microbiota profile between the different intestinal segments. The profile of the small 

intestine (jejunum and ileum), for example, is very different to that of the caecum, colon 

and the faeces, even though data from faecal samples are commonly used as a proxy for 

what is present in the GIT. Differences between the faeces and the intestinal digesta are 

clear, with Proteobacteria more abundant than Bacteroidetes. At the genus level, there 

is much more variation in the composition, due to breed, age, environment etc. but 

many studies have reported Prevotella¸ Bacteroides, Lactobacillus and Oscillibacter as 

some of the most dominant genera present (Xiao et al., 2016, Kim et al., 2011, Mach et 

al., 2015, Yang et al., 2016). 

Another important factor in the intestinal microbiome of pigs is the diversity of 

the bacteria present. There are different ways to measure diversity, the two most 

common (and the two used in the experimental chapters of this thesis) are alpha (α) and 

beta (ß) diversity.  Alpha diversity is the measure of diversity within a sample i.e. how 

many different species of bacteria are present in a faecal or digesta sample (Ursell et al., 

2012).  It can be measured using different indices such as Shannon and Simpson, which 

indicate richness and abundance, and Chao1 which shows richness of bacterial species, 

with a focus on rare operational taxonomic units (OTUs).  In humans, a higher α-

diversity is linked with improved gut health (Le Chatelier et al., 2013). Although no 

such link has been confirmed in pigs, higher α-diversity has recently been associated 
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with reduced susceptibility to diarrhoea in the post-weaning period (Dou et al., 2017), 

and was observed in heavier body weight pigs (Han et al., 2016), which would indicate 

a possible link between a higher microbial diversity, and better FE.  On the other hand, 

ß-diversity shows how similar or different samples are to each other (Ursell et al., 

2012), and is a good way to see how useful faeces is as a proxy for the small and large 

intestine.  Principal component or co-ordinate plots are commonly used to depict ß-

diversity. As with α-diversity, ß-diversity of the porcine intestinal microbiota may differ 

due to growth, health and ultimately, FE.  The microbiota of heavier pigs clusters away 

from that of light body weight pigs, for example (Han et al., 2016), and clustering of 

samples from pigs of similar fatness was found (Yang et al., 2016), which would 

suggest that there may be differences between the intestinal microbiota of pigs of 

varying FE.  Studies have also found that there is distinct clustering by intestinal site; 

dis-similarity between the large and small intestine (Yang et al., 2016, Zhao et al., 

2015), and distinct clustering by age of pig/sampling time point (Kim et al., 2011, Kim 

et al., 2015b), indicate the importance of collecting samples throughout the lifetime, and 

from the various intestinal segments in order to get a more comprehensive 

understanding of the porcine intestinal microbiome.  

 

1.6.2. Role of the intestinal microbiota in pigs 

The intestinal microbiota present in pigs is known to play a role in nutrient 

absorption and digestion as well as development and regulation of the immune system, 

and prevent against pathogen colonisation (Mach et al., 2015, Vigors et al., 2016a, 

Schmidt et al., 2011, Willing, 2010), suggesting a possible role in regulating gut 

structure and function.  The bacteria present in the GIT work together to out-populate 

foreign microbes that could cause infection, by preventing their adhesion to the 
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epithelial lining (Fouhse et al., 2016).  Bacterial members within the GIT also produce 

VFAs by utilising components of the diet otherwise excreted by the pig. These can be 

used as an extra energy source for both the colonocytes and the host (this will be 

discussed further in section 1.6.6.1). 

 

1.6.3. Potential impact of the intestinal microbiota on feed efficiency in pigs  

As in humans and other animals, the intestinal microbiota of pigs is known to 

influence a range of processes in the host, including nutrient digestion, immunity and 

disease resistance (Mach et al., 2015, Niu et al., 2015, Fouhse et al., 2016), all of which 

can influence FE, as outlined in sections 1.4 and 1.5. As a result, the potential impact of 

the intestinal microbiota on porcine FE cannot be ignored. Previous work has shown a 

strong association between bacterial genera and growth; for example, Prevotella was 

linked with higher body weights and improved ADG in growing pigs (Ramayo-Caldas 

et al., 2016, Mach et al., 2015).  This may be attributed to the fact that Prevotella can 

produce xlyanases, mannases and ß-glucanases, enzymes necessary to break down 

polysaccharides present in the diet (Flint et al., 2008a). Furthermore, work conducted by 

Kim et al. showed that piglets had a higher relative abundance of Xylanibacter 

compared to older pigs, which plays a role in dietary fibre digestion (Kim et al., 2015b), 

and this may aid in digestion of ingredients in the post-weaning period, which may in 

turn improve FE if the pig can avoid the stunt in growth commonly associated with 

weaning. 

Studies in humans have shown a clear difference in the faecal microbiota 

profiles between obese and lean individuals, where healthier, leaner hosts have higher 

bacterial diversity, indicating better gut health (Clarke et al., 2014). Obese humans have 

a higher relative abundance of Firmicutes compared to Bacteroidetes.  Similarly, 
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Firmicutes was positively correlated with body weight, and negatively with 

Bacteroidetes  in cloned and non-cloned pigs, used as a model for obesity (Pedersen et 

al., 2013).  

Recently, many studies have been conducted looking at the influence of the 

microbiota on dietary components.  For example, Proteobacteria, Tenericutes, and 

Candidate Division TM7, along with Treponema, Methanobrevibacter and 

Campylobacter were positively correlated with crude fibre digestibility in pigs (Niu et 

al., 2015). Furthermore, wheat bran fibre increased Bifidobacterium, and soybean fibre 

decreased Lactobacillus but increased E. coli, although these were measured by qPCR 

(Chen et al., 2014). Therefore, altering the microbiota to increase/decrease specific 

bacterial populations may be a useful way of improving FE, which will be further 

discussed in section 1.7. 

A recent study conducted in pigs divergent in RFI, demonstrated that low RFI 

pigs (better FE) had higher numbers of Lactobacillus in the caecum compared to high 

RFI pigs, interpreted by the authors as an improvement in gut health (Vigors et al., 

2016a). The pigs with better FE also tended to have increased total volatile fatty acid 

(VFA) concentrations in the caecum and higher proportions of butyric acid, indicating 

improved energy utilisation and absorption from the diet. However, as only five 

bacterial groups were measured by qPCR and high-throughput sequencing was not 

performed, the complete microbial profiles of pigs divergent in FE is, as of yet, 

unknown.  

Further evidence that the intestinal microbiota influences obesity/leanness 

comes from faecal microbiota transplantation (FMT) studies (further discussed in 

section 1.7.2.) whereby transferring caecal microbiota from obese to germ-free mice  

resulted in an increase in the relative abundance of Firmicutes (Turnbaugh et al., 2006), 
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which have been shown to be higher in obese humans and pigs than in their lean 

counterparts. Interestingly, one group investigated the link between the microbiota and 

growth impairment in Malawian children, and found that when the gut of germ-free 

mice was colonised with faeces from growth impaired children, the mice grew 

significantly slower than their ‘healthy’ counterparts (Blanton et al., 2016). This study 

also found that two bacterial species Ruminococcus gnavus and Clostridium symbiosum 

promoted weight gain.  

Further discussion of microbiota transfer between donor and recipient will be 

presented in section 1.7.2. Taken together, data from the studies outlined above suggests 

that the microbiota plays a huge role in body composition and growth, and could 

therefore potentially be targeted in order to improve lean meat deposition and FE in 

pigs.  

 

1.6.4. Analysing the intestinal microbiota 

Analysis of the microbiota in the pig GIT can be conducted in various ways. 

Previously, methods have been limited to culturing bacteria, but due to advances in 

molecular techniques over the last number of years, methods have improved drastically 

(Loman et al., 2012). The following sections will outline the different techniques 

available for examination of porcine intestinal microbiota composition and 

functionality. 

 

1.6.4.1. Culture-based methods 

Historically, the composition of the intestinal microbiota has been assessed 

using culture-based methods (Stewart, 2012), which rely on the ability of bacteria to 
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grow on different synthetic media under laboratory conditions. However, this is 

laborious and time-consuming, and the majority of bacteria present in the GIT cannot be 

cultured due to the inability to recreate the exact and ideal growth conditions (nutrients, 

temperature, pH) necessary (Stewart, 2012). 

 

 1.6.4.2. Molecular methods 

Due to increased interest in the intestinal microbiota, novel, more accurate 

methods, which are DNA- and RNA-based, have been developed. Many of these are 

based on sequencing the 16S rRNA gene. Sequencing platforms began in the 1970’s 

with Sanger (Sanger et al., 1977), followed by the first next generation sequencing 

platform, Roche 454, which has been superseded more recently by Illumina MiSeq and 

HiSeq, which are more cost-effective and higher throughput.  Other sequencing 

platforms include Ion torrent (Life Technologies) and PacBio (Pacific Biosciences), 

with each platform having its own advantages and disadvantages (Loman et al., 2012). 

In this thesis, the V3-V4 region of the 16S rRNA gene was sequenced using the 

Illumina MiSeq platform.  

 

1.6.4.3. Functional analysis of the intestinal microbiota   

Assessing the functionality of the intestinal microbiota is central to 

understanding the potential effects that the microbiota can have on the host. There are a 

number of different approaches used in order to achieve this, some of which will be 

outlined here.  Compounds can be measured that are produced by the bacteria present in 

the GIT, and used as an indicator of functionality.  
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 Beneficial: VFAs are produced along the porcine GIT (mainly in the caecum) 

by microbial fermentation of undigested carbohydrates and fibre. The main 

VFAs produced are acetate, propionate and butyrate. These can supply the pig 

with 11-25% of the total energy requirements for maintenance and production, 

and are a source of energy for epithelial cells. Their production also results in 

reduced pH and therefore a potential reduction in colonisation of potential 

pathogens (Bergman, 1990, Williams, 2001). Specific bacterial members of the 

intestinal microbiota have been implicated in the production of certain VFAs; 

for example, species of Ruminococcus and Lachnospiraceae from Firmicutes 

produce butyric acid and members from Bacteroidetes such as Prevotella and 

Bacteroides produce propionic acid (Louis et al., 2017)  

 Harmful: toxic compounds, such as biogenic amines, NH3 (ammonia), volatile 

indoles and phenols, are produced by bacteria during protein fermentation. 

These are a source of nitrogen and can therefore affect FE of the animal, adding 

an energy cost to the host through the need to excrete the excess substances 

produced, such as urea (Karovicova et al., 2003). 

While determination of bacterial metabolites in the intestine provides valuable 

data, information can be limited due to the accuracy of the analyser and laborious 

detection methods. Other methods (e.g. metabolomics) can overcome this, and could 

therefore improve our knowledge of the intestinal microbiota and its potential link with 

FE.  

Other methods of assessing microbial functionality include: 

 Whole-genome analysis: this involves metagenomic analysis (down to species 

level) of the potential function/functional capacity of the microbiota. Large 

amounts of DNA can be sequenced using Shotgun sequencing (using e.g. the 
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Illumina HiSeq platform), but it is quite expensive.  This approach involves 

cleaving the DNA into smaller fragments to allow for successful sequencing of 

the genomes, and uses computer programming to overlap the reads in order to 

assemble them into a continuous sequence to use for analysis (Venter et al., 

2001) 

 Transcriptomics: measures RNA transcripts that are present in the bacterial cell 

at a certain time point. It involves the isolation of RNA from the microbiota 

followed by complementary DNA synthesis and sequencing. However, due to 

the unstable nature of RNA, this method can be complicated (Poroyko, 2012) 

 Proteomics: not sequence-based as with other methods above, but involves the 

study of proteins present in bacteria at a certain time point (Cox, 2007) and has 

been used in pigs to investigate gut health in pigs (Bendixen et al., 2011)  

Given that functional analysis can be very expensive, there are now a number of 

ways to predict the metabolic pathways that the intestinal microbiota are involved in 

using software tools such as  PICRUSt, FragGeneScan, MetaGeneMark and Glimmer-

MG. These databases are based on the data generated from sequencing the human 

metagenome, where the 16S rRNA gene sequencing data is used to give an indication of 

potential function. The KEGG database, among others, contains a list of biological 

functions which can be used to help identify possible functions of the bacteria present, 

where reference genomes are used to assign relative abundance. This database also 

applies to high-throughput sequencing platforms (Kim et al., 2015c). 
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1.7. Manipulating the intestinal microbiota, with a view to optimising feed 

efficiency in pigs 

Due to the important role that the intestinal microbiota plays in nutrient digestion 

and host health, as discussed in this review, optimisation of the intestinal microbiota is a 

very topical area. With this in mind, differences in the bacterial profile in pigs of good 

versus poor FE, mainly at genus or indeed species level, could be targeted to optimise 

FE e.g. the abundance of Bacteroides, which is known to aid carbohydrate digestion, 

and Oscillibacter¸ which provides health benefits to the host could be increased (Mach 

et al., 2015), among others.  However, targeted manipulation of the intestinal microbiota 

may prove challenging due to the limited knowledge of the “optimum” bacterial profile 

for FE.  

There are three main ways to alter the intestinal microbiota of pigs: 

- Antibiotic treatment i.e. in-feed medication used as growth promotor 

- Dietary intervention strategies i.e. administration of feed additives  

- Inoculation with live bacteria  

In the following section, prebiotics are the focus of the discussion on feed additives, as 

this was the type of additive used in one of the experimental chapters of this thesis. 

 

1.7.1. Feed additives, with a focus on prebiotics 

The use of feed additives can be an effective way of improving animal 

production and health status. As the main objective of this thesis is to improve FE, feed 

additives can be a useful way of achieving this. They have become increasingly popular, 

especially since the 2006 ban on the routine use of in-feed antibiotics in the European 

Union. Pigs fed diets containing antibiotics grew faster than animals without, and 

required around 10% less feed to achieve this (Chattopadhyay, 2014).  
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Enzymes, such as xylanase and ß-glucanase, are added to improve nutrient 

availability from the diet (de Lange et al., 2010, Garry et al., 2007, Torres-Pitarch et al., 

2017). Organic acids, mainly added to weaner diets, work by reducing the pH of the 

stomach, thereby reducing harmful bacteria present, and improving digestion (Partanen, 

1999, Mani-López et al., 2012). Essential oils such as thymol and cinnamaldehyde are 

added to the diet to improve gut health, as they enhance the immune system due to their 

antimicrobial capabilities (Li et al., 2012). Flavours (e.g. vanilla) and sweeteners (e.g. 

saccharin, talin) can be added to weaner diets also and by ingesting solid feed, the 

digestive system matures faster in terms of gut structure, digestive enzyme levels etc 

(Sterk, 2008, Sulabo, 2010). However, there have been inconsistent findings with regard 

to the efficacy of feed additives. 

Probiotics (live bacteria fed to the host), are another group of commonly used 

feed additives; however, these will be discussed in Section 1.7.2.1. 

A prebiotic was first defined as “a non-digestible food ingredient that beneficially affects 

the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the 

colon, and thus improves host health” (Gibson et al., 1995), but has been updated to “a 

selectively fermented ingredient that allows specific changes, both in the composition and/or activity in 

the gastrointestinal microbiota that confers benefits upon host well-being and health” (Roberfroid, 

2007). 

For an ingredient to be considered a prebiotic, it must be resistant to digestion in 

the upper GIT, a selective substrate for good bacteria, and induce health benefits to the 

host. All carbohydrates can be prebiotics, but there are only three “true” prebiotics; 

inulin and oligofructose, galactooligosaccharides, and lactulose (O'Sullivan et al., 

2010). As inulin was the prebiotic used in this thesis, it will be the only prebiotic 

discussed here. Inulin is a non-digestible dietary fibre derived mostly from chicory, 
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which belongs to a carbohydrate group called fructans. It is made up of several sugars 

linked together, i.e. it is an oligosaccharide (chemical structure shown in Figure 1.5). 

The structure of inulin can be either linear or branched, and chain length or degree of 

polymerisation (DP) can vary between 2 to 65 units (Yasuda, 2007). 

 
Figure 1.4. The chemical structure of inulin [adapted from (Yasuda, 2007)] 

 

Short-chain inulin (low molecular weight) is broken down more quickly 

compared to long chain inulin (high molecular weight), and both chain lengths should 

bypass the upper GIT undigested and be fermented in the large intestine by the 

microbiota present (Kelly, 2008).  However, some previous findings suggest that 

fermentation of short chain inulin can occur in the small intestine also (Yasuda et al., 

2007).  Table 1.7 outlines findings from studies that have included inulin in the diet of 

pigs. Results vary regarding improvements in intestinal microbiota profile, and FE. 
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Table 1.7. Studies conducted in pigs where inulin was included in the diet 

Growth phase Inclusion rate & 

duration 

Effect on 

growth 

Other effects Effect on intestinal microbiota Reference 

Suckling pigs  
20 g/Kg aqueous inulin 

20 g/Kg aqueous-

alcoholic inulin 

40 g/Kg dried artichoke  

40 g/Kg dried chicory  

10-84 days of age 

Artichoke or 

chicory root ↑ 

weight gain 

Plasma cholesterol ↓ in all groups vs. 

control  

Immunoglobulin A & G ↑ in aqueous 

inulin fed groups 

Not determined 
(Grela et al., 

2014) 

Weaners 
Iron-deficient diet 

+ 2% vs. 4% 

Synergy 1
1
 

5 wks 

No difference ↑ Hb
5
 in pigs fed 4% vs. 2% 

↓ sulfide concentration in colon of pigs fed 

4% (sulfide is a putrefactive agent) 

Not determined 

↓ sulfide in colon digesta suggests 

modified microbial population 

(Yasuda et al., 

2006 

Weaners 
Iron-deficient diet + 4% 

Synergy 1 

6 wks. (Exp. 1) 

8 wks. (Exp. 2) 

Not reported Inulin detected in stomach, jejunum & 

ileum, not in caecum or colon 

↑ fructose concentrations in stomach & 

upper jejunum – better iron absorption 

 

Not determined but  

higher enzyme activity in the 

caecum 

Yasuda et al., 

2007) 

Weaners 
Iron-deficient diet + 4% 

Synergy 1
 

6 weeks 

No difference ↑ Hb concentrations 

↑ mucin gene expression in duodenum but 

not colon 

↑ Bifidobacterium and 

Lactobacillus in caecum 

No effect on E. coli or Clostridium 

(Tako et al., 

2008) 

file:///F:/Literature%20review%20may%202015.docx%23_ENREF_94
file:///F:/Literature%20review%20may%202015.docx%23_ENREF_94
file:///F:/Literature%20review%20may%202015.docx%23_ENREF_93
file:///F:/Literature%20review%20may%202015.docx%23_ENREF_93


35 

 

 

Table 1.7. Studies conducted in pigs where inulin was included in the diet (continued) 

Growth 

phase 

Inclusion rate & 

duration 

Effect on 

growth 

Other effects Effect on intestinal microbiota Reference 

Weaners 
1.5 % inulin (no additional 

zinc) 

Long chain (HP
4
) 

2 weeks 

Not 

reported 

No effect on manganese & zinc 

absorption 

Liver copper ↑ in pigs fed inulin- higher 

absorption in inulin 

Not determined 
(Untea et al., 

2013) 

Finishers 
Low P

2
 diet 

High P diet 

Low P diet + 2% inulin 

High P diet +2% inulin 

51-95 kg 

Not 

reported 

Inulin: ↑ total VFAs
6
 & ↑ butyric acid in 

caecum & proximal colon 

& no effect on P or Ca
7
 metabolism 

Inulin: ↓ Enterobacteriaceae in 

colon 

No effect on digesta pH or ileal 

bacteria 

No difference in Lactobacillus or 

Bifidobacterium in LI
8 

(Varley et al., 

2010) 

Finishers 
High CP

3
 +1.25% inulin 

Low CP + 1.25% short 

chain 

74-105 kg 

Not 

reported 

Inulin: ↑ faecal Nitrogen(N) 

(better N utilisation) 

↑ Bifidobacterium in caecum with 

inulin 

↓ populations of E. coli in pigs fed 

high CP + inulin 

(Lynch et al., 

2007) 

1
Synergy1: 50:50 mixture of long and short chain inulin. 

2
P: Phosphorous. 

3
CP: Crude protein. 

4
HP: long chain inulin. 

5
Hb: Blood haemoglobin. 

6
VFAs: 

Volatile fatty acids. 
7
Ca: Calcium. 

8
LI: Large intestine. 
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With regard to the prebiotic inulin, other studies have been conducted apart from 

those detailed in Table 1.7, with most generating contradictory results (Awad et al., 

2013, Frantz et al., 2003, Grela et al., 2014, Huang et al., 2015, Loh et al., 2006, Pierce 

et al., 2005).  Interestingly, when inulin was fed to pregnant and lactating sows, 

bacterial populations of Enterobacteria were lower in the stomach and Clostridium 

leptum were higher in the caecum of subsequent offspring (Paßlack et al., 2015) 

highlighting the maternal influence on pig growth and the intestinal microbiota, which 

may be a useful way of manipulating subsequent microbiota in order to improve FE.  As 

inulin is not entirely degradable by the host, it has been suggested to increase the 

abundance of bacterial populations that play a central role in the fermentation of dietary 

polysaccharides in the hindgut (O'Sullivan et al., 2010).  This often results in increased 

production of VFAs, particularly butyric acid, which can be used by the host, as well as 

aiding the immune system by increasing beneficial bacteria and their immune 

stimulating products, which should lead to an improvement in intestinal health and 

growth in pigs (Kozłowska et al., 2016).   

 

1.7.2 Inoculation of live bacteria 

1.7.2.1. Probiotics 

Probiotics are “live microorganisms which when administered in adequate amounts confer a health 

benefit on the host” (FAO/WHO, 2001). There are a number of potential probiotics 

available for pigs e.g. strains of Bacillus, Lactobacillus, Enterococcus (Casey et al., 

2007, Prieto et al., 2014, Chaucheyras-Durand et al., 2010).  Improvements in FE, 

health status and VFA production have been observed, but are very much strain-

dependent (Prieto et al., 2014, Veizaj-Delia, 2010).  Probiotics can impact the porcine 

intestinal microbiota also, with reductions in potentially pathogenic bacteria, such as 

members of Proteobacteria, as well as enhancement of beneficial genera such as 
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Oscillibacter and Lactobacillus (Pajarillo et al., 2015, Riboulet-Bisson et al., 2012).  As 

with the other dietary additives discussed in section 1.7.1, there are some conflicting 

results with regard to improving FE and increasing the numbers of beneficial bacteria.  

Probiotics will not be discussed in depth in this review as they were not used in any of 

the experimental chapters. 

 

1.7.2.2 Faecal microbiota transplantation (FMT) 

 Faecal microbiota transplantation (FMT) or faecal bacteriotherapy involves 

altering the microbiota present in the GIT to a more beneficial profile by transferring 

desirable microbiota from a donor(s) to a recipient. It aims to add/supply microbes to 

the GIT that will improve gut health and function (Borody et al., 2012) or restore 

intestinal homeostasis. Intestinal disorders in humans, most notably recurrent 

Clostridium difficile infection, have been effectively treated using FMT. The first 

known faecal transplant was performed in humans in the 4
th

 century in China and was 

used for a variety of reasons to benefit the recipient (Nieuwdorp, 2014). Successful 

establishment of the new gut microbiome in the recipient following FMT may be of 

concern, but FMT could be a useful tool in pig production as it could provide the 

complete spectrum of “optimum” microbes needed for improved FE, especially when 

compared to additives such as pre/probiotics and antibiotics (Borody et al., 2014).  

There are two main ways to deliver faecal microbiota from donor to recipient: 

oral consumption and rectal administration, with the latter more commonly used in 

humans. Early intervention/transplantation of microbiota is necessary (due to the pig gut 

being almost completely sterile at birth) and multiple inoculations may be required to 

establish and maintain the microbiota in the GIT (Schmidt et al., 2011). While it may 

appear to be a promising technique, there are some limitations, such as lack of 
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established protocols, as well as issues with survivability of bacteria present in the 

inoculum and the transfer of pathogens or other undesirable microorganisms. 

Preparation and storage of the faecal inoculum is critical, as microbes present in the 

faecal material can be greatly affected when frozen and thawed, with potential for cell 

damage and death. The latter can be prevented with the use of cryoproctectants 

(glycerol, saline) which protect bacteria during cell freezing, and improve viability at 

thawing (Guerin-Danan, 1999, Waite et al., 2013, Borody et al., 2014).  Recently, it was 

found that that there were no differences between storage conditions in terms of the 

bacterial populations from human faecal samples (fresh, frozen at -80°C, snap frozen 

and then stored at -80°C), with the individual sample having more of an impact on the 

bacterial populations present than the storage method (Fouhy et al., 2015).  
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Table 1.8. Summary of faecal microbiota transplantation (FMT) studies performed to date where pigs were used either as the donor or the 

recipient 

Donor/recipient Numbers Treatments Results Reference 

Pig to pig 5 donor pigs per 

breed to 6 pigs 

per group 

Group 1 & 2: pigs receiving Yorkshire microbiota 

Group 3 & 4: pigs receiving Tibetan microbiota 

Group 5 & 6: pigs receiving sterile PBS
3 

10 mL given every day for 3 days, then every 

second day (days 4-15) and 20 mL every 5 days 

(days 16-48) 

Acute colitis induced via destran sulphate sodium
 

Successful implantation of donor 

microbiome in recipients.  

Yorkshire-associated recipients had a 

higher gene expression of colonic TLR4 

and 8 when acute colitis was induced.  

Tibetan breed may therefore have better 

disease resistant capabilities 

(Xiao et al., 

2017) 

Pig to pig 5 donors  

58 preterm pigs 

 

Homogenised colon content from 14 day old 

piglets (10
9
 CFU twice daily) on day 1 and 2 

Pigs euthanized on day 5  

Diarrhoea score tended ↓ in FMT piglets 

FMT ↓ necrotising enterocolitis lesions 

Lactase, maltase ↑ 

Higher mortality rate in FMT piglets 

(Martin et al., 

2015)
4 

 

Humans (10 yr old boy) to 

piglets
1 

 

1 boy 

28 piglets 

 

Faeces from boy given orally to piglets from 12 h 

old, 1 mL/day for 3 days & every other day until 

10 days old 

By 5 days old, human microbiota were 

established in the pig gut and became 

stable at 12 days old 

(Pang, 2007) 
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Table 1.8. Summary of faecal microbiota transplantation (FMT) studies performed to date where pigs were used either as the donor or the 

recipient (continued) 

Donor/recipient Numbers Treatments Results Reference 

Humans to 

piglets
2 

10 humans 

1 infant 

36 pigs 

Faecal inoculum 

administered orally  

Microbial population 

monitored for 35 days 

 

Human microbiota easily 

colonises  the pig GIT, 

indicating that pigs can be 

used as a model for the human 

GIT 

(Zhang, 2013) 

Pigs to germ free mice 5 pigs/breed 

8 mice/treatment 

Faeces from 5 pigs/breed 

and transplanted into mice 

(intra-gastric and on fur) for 

5 weeks 

Bacterial profile and intestinal 

structure detected in pigs are 

their mice recipients  

(Diao et al., 2016) 

Pigs to germ/pathogen-free 

mice 

-  Faecal samples taken from 

either 20 or 60 day old pigs 

given orally to germ-free 

mice  

Microbiota of pig successfully 

grafted into mice GIT 

(Hirayama, 1999) 

1
germ-free: born by caesarean; 

2
born via caesarean into sterile environment; 

3
Sterile phosphate buffered saline (PBS) given as a control treatment; 

4
Conference 

abstract. 
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Studies where pigs were used either as the donor or recipient of FMT are 

outlined in Table 1.8, with the latter being more commonly evaluated to date. All of the 

studies agree that the faecal inoculum given was easily established in the recipient, and 

that the bacterial profile of the recipient matched that of the donor.   There have been 

many studies conducted in humans and rodents that have proven that FMT will transfer 

traits from donor to recipient, including obesity (Alang et al., 2015, Ridaura et al., 2013) 

and behaviour (Collins et al., 2013)  This indicates the potential to deliver a faecal 

inoculum containing bacteria deemed optimal for improved FE, as a novel means of 

improving FE in pigs.  

To date, FMT has not been conducted in pigs with the aim of improving FE, and 

in fact, only one conference abstract has reported pig-to-pig FMT; it successfully treated 

necrotising entero-colitis, but resulted in increased mortality in piglets (Martin et al., 

2015).  



42 

 

 

1.8. Conclusions  

As feed accounts for >70% of the costs of pig production, ways are continuously 

being sought by which to improve FE in pigs.  Genetics, diet, health and management 

factors, as well as rearing environmental all have an influence on FE.  While all of these 

are contributing factors, we cannot forget the impact that the gut microbiota has on the 

pig.  The intestinal microbiota is considered an organ in itself, and makes a huge 

contribution to growth and performance, as well as regulating nutrient utilisation, and 

the immune response, and potentially FE.  Ways of manipulating the microbiota in 

order to establish a more optimal microbial profile (e.g. feed additives, FMT) may be a 

useful means of improving FE.  

The literature reviewed here, indicated a gap in the knowledge in certain areas 

relating to improving FE in pigs through intestinal microbiota-based approaches.  With 

this in mind, the aims of this PhD thesis are to further the knowledge of the intestinal 

microbiota present in pigs of varying FE, and to investigate strategies to manipulate the 

microbiota present in order to improve FE. 
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1.9. Overall objectives of the research  

 

 To characterise the intestinal microbiota, intestinal structure and function, 

immunology and blood parameters in pigs divergent in FE, across different 

rearing environments 

 

 To evaluate the use of FMT as a strategy to alter the intestinal microbiota in 

pigs, in order to improve FE  

 

 To investigate dietary strategies, i.e. feeding a prebiotic, inulin, to promote the 

proliferation and persistence of the optimum microbial profile in pigs, in relation 

to improved FE 
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2.  Exploring a possible link between the intestinal microbiota and feed efficiency 

in pigs  

 

UM. McCormack, T. Curião, SG. Buzoianu, ML. Prieto, T. Ryan, P. Varley, F. Crispie, 

E. Magowan, BU. Metzler-Zebeli, D. Berry, O. O’Sullivan, PD. Cotter, GE. Gardiner, 

PG. Lawlor. 2017. Exploring a possible link between the intestinal microbiota and feed 

efficiency in pigs.  

Appl Environ Microbiol doi:10/1128/AEM.00380-17. 
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2.1. Abstract 

Feed efficiency (FE) is critical in pig production for both economic and environmental 

reasons.  As the intestinal microbiota plays an important role in energy harvest, it is 

likely to influence FE.  Therefore, our aim was to characterize the intestinal microbiota 

of pigs ranked as low, medium and high residual feed intake (RFI; a metric for FE), 

where genetic, nutritional and management effects were minimized, in order to explore 

a possible link between the intestinal microbiota and FE.  Eighty one pigs were ranked 

on RFI between weaning and day 126 post-weaning, and 32 were selected as the 

extremes in RFI (12 low, 10 medium, 10 high).  Intestinal microbiota diversity, 

composition and predicted functionality were assessed by 16S rRNA gene sequencing.  

Although no differences in microbial diversity were found, some RFI-associated 

compositional differences were revealed, principally among members of Firmicutes, 

and predominantly in faeces at slaughter (albeit mainly for low abundance taxa).  In 

particular, microbes associated with a leaner and healthier host (e.g. 

Christensenellaceae, Oscillibacter, Cellulosilyticum) were enriched in low RFI (more 

feed efficient) pigs.  Differences were also observed in the ileum of low RFI pigs; most 

notably Nocardiaceae (Rhodococcus) were less abundant.  Predictive functional 

analysis suggested improved metabolic capabilities in these animals, especially within 

the ileal microbiota.  Higher ileal isobutyric acid concentrations were also found in 

more efficient pigs.  Overall, differences observed within the intestinal microbiota of 

low RFI pigs compared to their high RFI counterparts, albeit relatively subtle, suggest a 

possible link between the intestinal microbiota and FE in pigs.  
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2.2. Importance 

This study is one of the first to show that differences in intestinal microbiota 

composition, albeit subtle, may, at least in part, explain improved FE in low RFI pigs.  

One of the main findings is that, although microbial diversity did not differ among 

animals of varying FE, specific intestinal microbes could potentially be linked with 

porcine FE.  However, as the factors impacting FE are still not fully understood, 

intestinal microbiota composition may not be a major factor determining differences in 

FE.  Nonetheless, this work has provided a potential set of microbial biomarkers for FE 

in pigs.  Although culturability could be a limiting factor, and intervention studies are 

required, these taxa could potentially be targeted in the future, in order to manipulate the 

intestinal microbiome so as to improve FE in pigs.  If successful, this has the potential 

to reduce both production costs and the environmental impact of pig production.    
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2.3. Introduction 

Feed accounts for ~70% of the total cost of producing a pig (Teagasc, 2016).  

Therefore, improving feed efficiency (FE) will increase profitability, while also 

reducing the environmental impact of pig production (Rotz, 2004).  The porcine 

intestinal microbiota is considered an important “organ” with a crucial role to play in 

nutrient processing and harvesting of ingested energy (Ramayo-Caldas et al., 2016, 

Xiao et al., 2016, Fouhse et al., 2016).  It is therefore plausible to suggest that the 

porcine intestinal microbiota could potentially be targeted to improve FE.  Indeed, 

porcine metabolism is impacted by the complex interplay between the resident intestinal 

microbes, their metabolites e.g. volatile fatty acids (VFAs), and enterocyte function 

(Willing, 2010, Kennelly et al., 1981, Liu, 2015, Shirkey et al., 2006).  Microbial 

mechanisms of potential relevance to FE include positive feedback between certain 

microbes and mucin production, by goblet cells along the villi, and through up-

regulation of butyric acid production (Wlodarska et al., 2015, Burger-van Paassen et al., 

2009).  Interestingly, studies in cattle have shown differences in the intestinal 

microbiota in animals differing in FE (Myer et al., 2015, Carberry et al., 2014).  

However, very few studies to date have explored the possible link between the intestinal 

microbiota and FE in pigs.   

In recent years, the pig microbiome has become the focus of much attention (Vigors 

et al., 2016a, Pedersen et al., 2013, Frese et al., 2015, Buzoianu et al., 2012b, Metzler-

Zebeli et al., 2015b).  The porcine intestinal microbiota is dominated at the phylum 

level by Firmicutes, Bacteroidetes and Proteobacteria (Ramayo-Caldas et al., 2016, 

Xiao et al., 2016, Kim and Isaacson, 2015a, Zhao et al., 2015).  Differences within the 

intestinal microbiota have explained variability in body weight in pigs; for example, at 

the phylum level, Firmicutes and Planctomycetes have been found at higher relative 

abundance in heavier pigs, while Bacteroidetes were more abundant in lighter pigs (Han 
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et al., 2016).  In the same study, body weight-associated differences were found at the 

genus level (Han et al., 2016) and a study by Mach et al. (2015) showed that Prevotella 

was positively correlated with body weight (Mach et al., 2015).  Intestinal microbiota 

composition has also been shown to vary between lean and obese pigs, with an 

increased abundance of Firmicutes found in obese pigs (Pedersen et al., 2013).  In 

addition, bacterial diversity within the intestinal tract has been found to be higher in 

pigs with heavier body weights and improved growth rates (Ramayo-Caldas et al., 2016, 

Han et al., 2016).  However, to our knowledge, only one study to date has investigated 

the association between FE in pigs and the intestinal microbiota (Vigors et al., 2016a).  

It demonstrated an increased abundance of Lactobacillus in the caecum of more feed 

efficient pigs; however, only Firmicutes, Bacteroidetes, Bacteroides, Lactobacillus and 

Enterobacteriaceae were measured (by quantitative PCR).  Pigs with better FE also 

tended to have higher concentrations of total VFAs in the caecum and butyric acid in 

the colon, which may be explained by differences in microbial composition and 

function (Vigors et al., 2016a, Vigors et al., 2016b).   

Characterizing the intestinal microbiota of highly feed efficient pigs could help to 

define an “optimal” microbial profile for improved FE.  Shifts in microbial community 

structure associated with FE might suggest opportunities to modulate the intestinal 

microbiota composition in order to improve FE.  In particular, the enrichment of 

specific microbes, supported by beneficial functionality could pinpoint prospective 

microbial biomarkers for FE within the porcine intestinal microbiota.  “Optimization” 

of the microbiota could then potentially be achieved through the use of these specific 

bacterial taxa as probiotics, or alternatively by increasing their abundance via the use of 

prebiotics or other dietary supplements (Wlodarska et al., 2015, Hou et al., 2015, Prieto 

et al., 2014) or by faecal microbiota transplantation (de Vos, 2013).  
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Therefore, in the present study, we investigated the hypothesis that the composition 

and potential functionality of the intestinal microbiota is linked with FE in pigs.  The 

objective was to determine if there were any differences in microbial diversity and/or 

relative abundance of bacterial taxa, at the phylum, family and genus level, within the 

faecal microbiota throughout the life of the pig, and in the ileal and caecal microbiota at 

slaughter (at ~166 days of age), in pigs ranked based on residual feed intake (RFI; a 

metric for FE).   
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2.4. Materials and Methods  

 

2.4.1. Ethical approval 

The pig study was approved by the animal ethics committees of Teagasc 

(TAEC9/2013) and Waterford Institute of Technology (13/CLS/02) and performed 

according to European Union regulations outlining minimum standards for the 

protection of pigs (91/630/EEC) and concerning the protection of animals kept for 

farming purposes (98/58/EC).  An experimental license (number AE1932/P004) was 

obtained from the Irish Health Products Regulatory Authority (HPRA).  

 

2.4.2. Animal management and sample collection 

A schematic illustration depicting animal management, selection and sample 

collection is shown in Figure 2.1.  Multiparous F1 sows (Large White x Landrace; 

Hermitage Genetics, Kilkenny, Ireland) were selected at weaning and randomly 

inseminated using semen from one of five Hylean Maxgro boars (Hermitage Genetics).  

At farrowing, piglets were tagged for identification purposes and weighed.  Litters were 

kept intact between farrowing and weaning but, when necessary for welfare reasons, 

surplus/non-thriving pigs were fostered to non-trial sows.  At weaning, 7 litters 

comprising male and female pigs, each with 11 to 12 pigs were selected, so that a total 

of 81 pigs (44 males and 37 females) were blocked by litter ancestry and randomly 

assigned to individual weaner pens (1.2 m × 0.9 m) with plastic slats (Faroex, Manitoba, 

Canada) and solid plastic dividers between pens.  On day 42 post-weaning (pw), pigs 

were transferred to individual finisher pens (1.81 m × 1.18 m; fully slatted with solid 

plastic panel partitions) and remained there until the end of the study.  Feed was 

available ad-libitum as dry pellets via stainless steel dry feed hoppers, 30 cm in length 

(O’Donovan Engineering, Co. Cork, Ireland).  The ingredient and chemical composition 
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of the diets fed are shown in Table S2.1.  Any pigs treated with antibiotics were 

removed from the study.   

Individual faecal samples were collected following rectal stimulation at weaning 

and at days 42 pw and 138 pw (day prior to slaughter at the end of the finishing period), 

immediately snap- frozen in liquid nitrogen and stored at -80 °C for microbiota and 

VFA analysis.Individual body weight and feed disappearance were manually recorded 

every 2 weeks from weaning up to day 126 pw and used to calculate performance 

indicators [average daily feed intake (ADFI), average daily gain (ADG) and feed 

conversion efficiency (FCE)].  Ultrasonic back fat and muscle depth measurements 

were recorded using a Piglog 105 ultrasound scanner (Carometec, Herley, Denmark) on 

the same day as weighing, between days 42 and 126 pw.  Back fat and muscle depth 

were measured between the 3
rd

 and 4
th

 last lumbar vertebrae, 7 cm from the midline for 

calculation of lean meat content. 

On day 126 pw, extremes for RFI (the metric used for FE in the present study) 

were selected on the basis of measurements calculated from weaning for each pig.  

Residual feed intake measures the difference between actual and expected feed intake, 

where the expected feed intake is based on live-weight, rate of gain, body fat and 

muscle content of the individual pig (Patience et al., 2015).  It was calculated as the 

residuals from a least squares multiple-regression model of ADFI on ADG, metabolic 

live weight, sex and all relevant two-way interactions, as well as the effects of back-fat 

and muscle depth.  Pigs were ranked, within litter, on RFI (low, medium and high, 

where low RFI pigs are the most feed efficient), so that a minimum of two standard 

deviations in RFI existed between the mean of the low and high RFI pigs within litter.  

Thirty-two pigs were selected [low RFI (n= 12), medium RFI (n= 10), and high RFI 

(n=10)], and samples from these ranked pigs were used in all subsequent analyses.  
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As outlined above, pigs were on test between weaning and day 126 pw (to 

represent the normal productive life of the pig in Ireland).  However, mean live weight 

at day 126 pw was ~129 Kg which was higher than originally predicted for this age.  

Following the test period, selection of extremes in RFI was undertaken, as outlined 

above, and, as this took time, all pigs were slaughtered two weeks later, on day 139 pw 

(corresponding to ~166 days of age) by CO2 stunning followed by exsanguination.  Hot 

carcass weight was recorded immediately following slaughter and was multiplied by 

0.98 to obtain cold carcass weight.  Kill-out percentage was calculated as [(carcass 

weight/body weight at slaughter) × 100].  Back-fat and muscle depth were measured at 

6 cm from the edge of the split back at the third and fourth last ribs using a Hennessy 

Grading probe (Hennessy and Chong, Auckland, New Zealand).  Lean meat yield was 

estimated according to the following formula: Lean meat yield = 60.30 – 0.847 X1 + 

0.147 X2 [where X1= back-fat depth (mm) and X2= muscle depth (mm)].  Immediately 

after slaughter, the heart, kidneys, liver, and lungs were collected, trimmed of fat, blood 

clots removed, blotted dry and weighed.  The stomach was emptied of contents, flushed 

with water and blotted dry before being weighed.  Digesta samples were collected from 

the 32 selected pigs from the terminal ileum (15 cm proximal to the ileo-caecal 

junction) and from the terminal tip of the caecum.  Samples were immediately snap-

frozen in liquid nitrogen and stored at -80 °C for subsequent microbiota and VFA 

analysis.  Ileal tissue samples (~3 cm sections) were collected, rinsed in phosphate 

buffered saline (PBS) and placed in No-Tox fixative (Scientific Device Lab, Des 

Plaines, IL, USA) on a shaker for 48 h.  The samples were then stored at room 

temperature until histological analysis.  After sampling, the small intestine was emptied 

of contents, flushed with water, trimmed of connective tissue, blotted dry and weighed.  
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2.4.3. Salivary cortisol analysis 

Cortisol concentrations were determined in saliva samples collected in the days 

prior to slaughter (days 135 and 138 pw) in duplicate using a high sensitivity enzyme 

linked immunosorbent assay (ELISA) kit (Salimetrics, Europe Ltd, Suffolk, UK) 

according to the manufacturer’s instructions.  

 

2.4.4. Histological analysis of ileal tissue 

Fixed ileal tissue samples were dehydrated through a graded alcohol series, 

cleared with a Sub-X clearing agent (Surgipath, Richmond, IL, USA) and embedded in 

paraffin wax.  Tissue samples were sliced using a microtome (Leica RM2235, Wetzlar, 

Germany), mounted on a microscope slide and stained with haematoxylin and eosin 

(Sigma-Aldrich, St. Louis, MO, USA) for histological analysis.  Ten villi per slide were 

examined for villus height, villus width, crypt depth and number of goblet cells under a 

light microscope at ×400 magnification. 

 

2.4.5. 16S rRNA gene amplicon sequencing of faecal and intestinal microbiota  

Total DNA was extracted from faecal, ileal, and caecal samples using the 

QIAamp DNA stool minikit (Qiagen, Crawley, United Kingdom) according to the 

manufacturer’s instructions, apart from adding a bead beating step after sample addition 

to the InhibitEX buffer, and increasing the lysis temperature to 95 °C to increase DNA 

yield (Buzoianu et al., 2012a).  

Microbial profiling was performed using high-throughput sequencing of the V3-

V4 region of the 16S rRNA gene (paired-end reads of 300 bp or 250 bp) on an Illumina 

MiSeq platform following the standard Illumina protocol, except that the PCR mix 

volume was doubled in the first PCR step, and 30 cycles were used instead of 25 (Fouhy 

et al., 2015).  Any samples with less than 40,000 post-quality reads were removed from 

the analysis.  Raw sequences were merged using Flash (with a minimum overlap of 30 
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bp and minimum read length of 460 bp) and quality checked using the split libraries 

script (with default parameters) from the QIIME package version 1.9.1.  Reads were 

clustered into operational taxonomic units (OTUs) using de novo picking, with a 97% 

sequence identity threshold and chimeras and singletons removed with the 64-bit 

version of USEARCH (version 7) (Edgar, 2010).  Subsequently, OTUs were aligned to 

the SILVA rRNA specific database (version 111) to assign taxonomy and a 

phylogenetic tree was generated within QIIME.  Alpha-diversity indices i.e. Chao1 

(which measures richness based on rare OTUs) and Shannon and Simpson (which 

measure richness and evenness) and ß-diversity analyses were also calculated within 

QIIME, again using a rarefaction level of 97% identity.  Principal coordinate analysis 

(PCoA) plots, based on unweighted Unifrac distances, were visualized using EMPeror 

v0.9.3-dev.  Further downstream images were generated with the R package Phyloseq 

(McMurdie et al., 2013). 

 

2.4.6. Prediction of microbial function  

Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

Species (PICRUSt), a tool that employs the 16S rRNA gene as a marker (Langille et al., 

2013) using the 13_5 version of the Greengenes database for taxonomy and OTU 

assignments, was used to predict the functionality of the faecal/intestinal microbiota of 

the low, medium and high RFI pigs.  Prediction of functions was inferred based on 

Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations for level 3 pathways.  

Pathways for which the relative abundance was <0.001% were dismissed. 

 

2.4.7. Total bacterial quantification using quantitative PCR  

Quantification of the 16S rRNA gene was performed by quantitative PCR 

(qPCR) for all faecal and digesta samples collected in this study.  A standard curve was 

prepared using 10-fold serial dilutions (10
9
 to 10

2
 copies of 16S rRNA gene/µL cloned 
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into the pTOPO plasmid).  The plasmid was first linearized and purified and the number 

of copies of the plasmid determined.  Reactions for standards and samples were run in 

triplicate on a Light Cycler 480 (Roche, Mannheim, Germany) using the following 

conditions: denaturation at 95 °C x 3 min, followed by 45 amplification cycles of 95 °C 

x 10 s, 60 °C x 20 s and 72 °C x 1 s.  The reactions were performed in a final volume of 

20 µL using 10 µL of Kapa SYBR fast mastermix (KapaBiosystems, London, UK) and 

0.4 µM of each primer (16S rRNA forward ACTCCTACGGGAGGCAGCAG and 16S 

rRNA reverse ATTACCGCGGCTGCTGG), 7.2 µL of water and 1 µL of DNA.  

Averages were calculated and the values were then converted to number of copies/µL of 

total DNA extracted. 

 

2.4.8. Volatile fatty acid analyses of faecal and intestinal digesta samples 

Volatile fatty acid concentrations were measured in triplicate in faecal, ileal and 

caecal digesta samples.  Approximately 8 g of sample was weighed and pH-recorded, 

diluted with 5 % TCA (2.5 × weight of sample) and centrifuged at 1,800 × g for 10 min 

at 4 °C.  One and a half mL of the resultant supernatant and 1.5 mL internal standard 

were mixed gently, and filtered through a 0.45 µm Whatman filter (VWR International 

Ltd, Dublin, Ireland) into a labelled 8 mm amber GC vial (Antech Solutions Ltd., 

Waterford, Ireland).  Extracts were stored at -80 °C until analysis.  Analysis was by gas 

chromatography, as previously described (Prieto et al., 2014, Lynch et al., 2008).  

 

2.4.9. Statistical analysis 

Residual feed intake was calculated between weaning and day 126 pw as the 

residuals from a least squares multiple-regression model of ADFI on ADG, metabolic 

live weight, sex and all relevant two-way interactions, as well as the effects of back-fat 

and muscle depth, using PROC GLM in SAS 9.3. (SAS, 2011). 
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Growth performance parameters (weight, ADG, ADFI, FCE) were analysed 

using a fixed effects linear model with sex, RFI rank, time period (bi-weekly weight and 

feed intake recordings; repeated measure), and a two-way interaction between RFI rank 

and time period considered as fixed effects.  Body weight at weaning (initial weight) 

was included as a covariate in the analysis.  Sow was used as the random effect and a 

repeated measures model was used to describe correlations between time periods.  

Physiological parameters measured at only one time point (i.e. ileal histology and 

salivary cortisol concentrations assessed at and prior to slaughter, respectively) were 

analyzed using a mixed linear model also; with the aforementioned fixed effects 

included in the model.  Body weight at slaughter was used as a covariate in the analysis 

of organ (liver, lungs, heart, kidney), stomach and small intestine weights and carcass 

cold weight as a covariate for carcass traits (muscle depth, fat and lean meat 

percentage).  The full model was fitted using the Mixed procedure of SAS 9.3.  Detailed 

comparisons of means were carried out using a Tukey correction for multiplicity to 

adjust P-values for the pairwise comparisons using t-tests.  Residual checks were made 

to ensure that the assumptions of the analysis were met.  

Statistical differences for microbiota composition between high, medium and 

low RFI were calculated in R using the SILVA 16S specific database (version 111), and 

were estimated using the Kruskal-Wallis test for independent samples and the 

Wilcoxon-Rank test for paired samples.  Corrections for multiple comparisons were 

made using the Benjamini-Hochberg method.  The qPCR data (following log10 

transformation) and VFA concentrations were analysed using a generalised linear mixed 

model (PROC GLIMMIX) in SAS, with the same fixed effects used in the model, as 

described above (faeces: repeated measures analysis).   

For all data, only significant differences between high and low RFI pigs are 

discussed and in addition for microbial composition data, only those significantly 



57 

 

different bacterial taxa which were present at >0.001 % median relative abundance are 

discussed. 

Spearman rank-order correlations were performed between physiological 

measures found to be significantly different between low and high RFI pigs (i.e. ileal 

isobutyric acid concentrations and ileal goblet cell numbers) and RFI value and 

taxonomic relative abundances at the phylum and genus level for each sample type.  

Correlations were calculated using the PROC CORR procedure in SAS 9.3, and 

multiple comparisons were corrected for using the Stepdown Bonferroni test. A 

heatmap showing correlations was produced in R (Heatmap3 package). 

 

2.4.10. Sequence data accession number 

The 16S rRNA gene sequence data were deposited in the European Nucleotide 

Archive (ENA) under the study accession number PRJEB19324. 
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2.5. Results 

 

2.5.1. Growth performance of pigs ranked by residual feed intake 

  The mean growth performance between weaning and day 126 pw is presented 

according to RFI rank in Table 2.1.  Selected pigs in the low, medium and high RFI 

ranks had distinct RFI values, with RFI reduced by 127 g/day for pigs ranked as low 

compared with that of pigs ranked as high RFI (P<0.001).  Pigs with low RFI were the 

most feed efficient, as indicated by a reduction in ADFI of 219 g/day (P<0.001), but 

showed an improvement in FCE of 0.12 g/g (P<0.01) compared to high RFI pigs.  

However, medium RFI pigs had statistically similar ADFI and FCE to both the high and 

low RFI ranks.  No differences between RFI ranks were observed for ADG (P>0.05) or 

for any of the carcass quality measures (Table 2.1) or organ weights (P>0.05; Table 

S2.2).   

 

2.5.2. Salivary cortisol and ileal histology in pigs ranked by residual feed intake  

Cortisol concentrations were measured, as cortisol has been suggested as a 

biomarker for FE, with more feed efficient animals having lower serum concentrations 

(Richardson et al., 2004).  However, in the present study, salivary cortisol 

concentrations, measured in pigs at the end of the finishing period, were unaffected by 

RFI rank (P>0.05; Table S2.2).   

As intestinal structure is another factor which can potentially influence FE, ileal 

histology measurements were determined in the present study (i.e. villus height and 

width, crypt depth and villus height to crypt depth ratio, as well as the number of goblet 

cells; Table S3).  However, only the number of goblet cells were affected by RFI rank, 

with low RFI pigs having 7.5 fewer goblet cells per villus and 0.02 fewer goblet 

cells/µm of villus height compared to high RFI pigs (P<0.05; Table S2.3). 
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2.5.3. Microbial load and diversity in pigs ranked by residual feed intake  

The total bacterial load was quantified in all faecal and digesta samples.  No 

differences were observed between high and low RFI pigs in the faeces at any time 

point, nor in the ileal and caecal digesta collected at slaughter (P>0.10; Table S2.4).  

Likewise, no significant differences for any of the indices of α-diversity measured i.e. 

richness based on rare OTUs (Chao1) or richness and evenness (Shannon and Simpson) 

were observed between RFI ranks (Figure S2.1).  Furthermore, ß-diversity analyses 

showed that samples did not cluster based on RFI rank, but clustering on the basis of 

sample type was observed, with ileal samples distinctly different from faecal and caecal 

samples (Figure 2.2).  Faecal samples also clustered according to age, with the greatest 

variance detected for weaning samples.  No sex-associated differences were observed 

for intestinal microbial diversity (data not shown). 

 

2.5.4. Intestinal microbiota composition in pigs ranked by residual feed intake  

From a taxonomic perspective, 21 phyla, 161 families and 295 genera were 

identified across all pig faecal/intestinal samples.  Phylum profiles differed depending 

on sample type (Figure 2.3).  For example, Firmicutes and Bacteroidetes were the most 

abundant phyla in the faeces and caecal digesta.  However, a distinct profile was 

observed in the ileum, where Firmicutes and Actinobacteria predominated.  Other 

general observations at phylum level included the fact that Proteobacteria were more 

relatively abundant in the caecal and ileal digesta than in the faeces.  Also, 

Spirochaetaes increased in relative abundance in the faeces as the pigs aged, and was 

present in the caecal, but not in the ileal digesta.  However, no sex-associated 

differences were observed for intestinal microbial composition (data not shown). 
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Certain taxa were identified as differentially abundant according to RFI rank 

(Figure 2.3 and 2.4).  Differences between low and high RFI pigs were detected for two 

phyla; candidate division TM7, which was 2.5-fold lower in relative abundance in the 

faeces of low RFI pigs at day 138 pw (P<0.05) and Fusobacteria which was 14-fold 

higher in the ileum of low RFI pigs (P<0.05); Actinobacteria also tended to be almost 3-

fold lower in abundance in the ileum of low RFI pigs (P=0.06; Figure 2.3).  Six 

bacterial families and 12 genera also differed in relative abundance between high and 

low RFI pigs (P<0.05), the details of which are outlined below, with five of the genus-

level differences reflecting differences at the family level (i.e. relative abundances were 

identical; Figure 2.4).  Relative abundance differences were observed across all sample 

types, but mostly in the faeces at day 138 pw (Figure 2.4C).  Biological variation in 

microbial composition occurred between individuals, as evidenced by outliers in the 

relative abundance plots (Figure 2.4), although only four pigs (one low RFI and three 

high RFI) had outlying data for more than one taxon (but not for all taxa). 

At the family level, Erysipelotrichaceae was 2-fold lower in the faeces collected 

at weaning and Streptococcaceae (Streptococcus spp.) was 1-fold lower in the faeces 

collected at day 42 pw, in low compared to high RFI pigs (P<0.05, Figure 2.4A and B).  

At day 138 pw (Figure 2.4C), differences occurred mainly within the Firmicutes 

phylum, and mostly for members of the Clostridiales.  Within this order, median 

relative abundance of the genus Clostridium sensu stricto1 (belonging to the 

Clostridiaceae family) was 2-fold lower, an uncultured member of the vadinBB60 

family, an uncultured genus from the Christensenellaceae family, and the 

Cellulosilyticum genus were respectively 1-fold. 2.5-fold, and 6-fold higher in low RFI 

pigs than in their high RFI counterparts (P<0.05).  Within the Bacteroidetes phylum, 

Bacteroides spp. was 4.5-fold higher in low versus high RFI pigs, while the genus 

“candidatus Saccharimonas” was 2-fold lower in low compared to high RFI pigs 
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(P<0.05, Figure 2.4C), with the latter accounting for the difference observed at the 

phylum level (i.e. relative abundances were identical).  In the caecum, low RFI pigs had 

a >3-fold lower abundance of Solobacterium spp. but a 4.5 fold higher abundance of 

Actinobacillus spp. (P<0.05, Figure 2.4D). 

In the ileum of low RFI pigs, the tendency for a lower relative abundance of 

Actinobacteria (Figure 2.3) was reflected by a concomitantly lower relative abundance 

(3-fold) of the Nocardicaceae family and the Rhodococcus genus (P<0.05; Figure 

2.4E).  Of all the taxa that differed between low and high RFI pigs, these were at the 

highest relative abundance.  The genus Methanosphaera from Archaea was also lower 

in the ileum of low RFI pigs.  However, low RFI pigs had a higher abundance of 

Oscillibacter spp. (from Clostridiales), although one pig in the low RFI rank appears to 

have skewed the data (P<0.05, Figure 2.4E). 

The RFI-associated differences outlined above were generally mirrored at the 

OTU level (Figure S2.2, Table S2.5).  However, there were some discrepancies; for 

example, at weaning and day 42 pw no differences between RFI ranks were found 

(Table S2.5).  Furthermore, in the ileum, Treponema berlinense from Spirochaetaceae 

was found at higher relative abundance in low RFI pigs and in the caecum, an 

uncultured Clostridiales bacterium from Ruminococcaceae was present at lower relative 

abundance in low RFI pigs while Actinobacillus porcinus was higher in the low RFI 

pigs (Table S2.5). 

Eighty percent of the OTUs in the faeces collected at weaning were common 

between high and low RFI pigs, 85% were common at day 42 pw, and 82% at day 138 

pw and in the caecal digesta and 66% in the ileal digesta.  On the other hand, a number 

of OTUs (belonging to 17 phyla) were found exclusively in either low or high RFI 

ranked pigs (Figure S2.2).  Low RFI pigs harboured more of these OTUs compared to 

high RFI pigs, in particular in the ileum, where 60 OTUs were found to be exclusive to 
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low RFI pigs versus 28 in their high RFI counterparts.  Some of the OTUs exclusively 

found in low RFI pigs represent potentially beneficial microbes; for example 

Akkermansia found in the faeces at weaning and in the ileum, Bifidobacterium in the 

faeces at day 138 pw, uncultured bacteria from Prevotellaceae in the faeces at weaning 

and day 138 pw, Mucispirillum in the faeces at day 42 pw and in the caecum, and 

Butyricimonas in the ileum.  Most of the RFI-specific OTUs were members of 

Firmicutes, especially the uncultured microorganisms and those from the Clostridiales 

order.  

 

2.5.5. Intestinal microbiota correlations with RFI value  

 A correlation analysis was performed between the intestinal microbiota 

composition, at the phylum and genus levels, and RFI value, and although no significant 

RFI-associated correlations were found at the phylum level, 13 genera correlated with 

RFI value (P<0.05; Figure 2.5); eight with low RFI (negative correlation) and five with 

high RFI (positive correlation) across the different sample types.  An uncultured 

organism of the vadinBB60 family, was correlated with a low RFI value i.e. with better 

FE, in the faeces at day 138 pw (P<0.05), and was the only RFI-correlated genus 

previously identified as RFI-associated from the relative abundance data (Figure 2.4C).  

Butyrivibrio, from which two uncultured OTUs were found exclusively in the faeces of 

low RFI pigs at day 42 pw, was strongly correlated with a low RFI value at weaning 

(P<0.05).  Furthermore, Prevotella, in the faeces collected at weaning, Corynebacterium 

and Defluviitaleaceae Incertae Sedis in the faeces collected prior to slaughter (day 138 

pw), Lactobacillus in the caecal digesta, and Brevibacterium and Anaeroplasma in the 

ileal digesta, were also correlated with a low RFI value, although not differing in 

relative abundance between high and low RFI pigs.  On the contrary, Anaeroplasma 
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was strongly correlated with a high RFI value in the faeces on day 42 pw and other 

weaker correlations were found with microbes in the caecum and ileum.   

 

2.5.6. Predictive functional analysis of the intestinal microbiota of pigs ranked 

by residual feed intake 

PICRUSt was employed in order to gain some insight into the functional 

capacity of the intestinal microbiota (Langille et al., 2013) of the pigs in the present 

study in order to explore any potential links with FE.  Between 47 and 93% of the 

sequences were taxonomically assigned in the Greengenes database with 97% 

homology.  Most of the predicted pathways identified were at very low median relative 

abundance (0.001% to 0.99%; Figure 2.6).  Nine predicted microbial pathways differed 

significantly in abundance between low and high RFI pigs; two in the faeces at day 138 

pw and one in the caecal digesta, but most (i.e. six) were in the ileal digesta, where 

another two pathways also tended to be different (P≤0.10).  The differentially abundant 

predicted pathways at highest relative abundance were mostly related to metabolic 

function in the ileum of low RFI pigs.  These were enriched in low RFI pigs and 

included pathways involved in the biosynthesis of amino acids (phenylalanine, tyrosine, 

tryptophan, valine, leucine and isoleucine) and metabolism of C5-branched dibasic acid, 

terpenoids and polyketides as well as restriction enzyme processing.  Higher restriction 

enzyme activity in the faecal microbiota of low RFI pigs on day 138 pw was also 

inferred.  Furthermore, translation factors tended to be higher in relative abundance in 

low compared to high RFI pigs (P=0.06).  Contrary to this, some of the bacterial 

pathways inferred were at lower relative abundance in low RFI pigs; for example those 

involved in the biosynthesis of secondary metabolites in the faeces at day 138 pw, 

thiamine metabolism in the caecum, and the phosphotransferase system (PTS) in the 
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ileum.  A pathway involved in bacterial invasion of epithelial cells also tended to be less 

abundant in the ileum of low RFI pigs (P=0.08).  

 

2.5.7. Volatile fatty acid concentrations in the faeces and digesta of pigs ranked 

by residual feed intake  

Volatile fatty acid concentrations measured in the faeces collected throughout 

the lifetime of the pigs, and in the caecal and ileal digesta collected at slaughter are 

presented in Tables S2.6 and S2.7.  Only one difference was found between low and 

high RFI pigs; low RFI pigs had a 2.3-fold higher concentration of isobutyric acid in the 

ileal digesta compared to high RFI pigs (P<0.05; Table S2.7).   

 

2.5.8. Correlations between microbial composition and physiological traits in 

pigs ranked by residual feed intake 

Correlations were examined between bacterial taxa (at both the phylum and 

genus levels) and those physiological measures found to differ significantly between 

low and high RFI pigs (Figure 2.5).  In the ileum, the concentration of isobutyric acid 

was positively correlated with the relative abundance of Asteroleplasma.  The number 

of goblet cells in the ileum (both per villus and per µm villus height) was negatively 

correlated with Proteobacteria and an uncultured bacterium from Christensenellaceae 

(P<0.05).  The phylum Synergistetes, an uncultured genus from Veillonellaceae, as well 

as the genera Cellulosilyticum and Parvimonas were positively correlated with goblet 

cell number per µm villus height (P<0.05).  Of these, both the uncultured member of 

Veillonellaceae and the Cellulosilyticum genus were also positively correlated with the 

number of goblet cells per villus (P<0.05). 
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2.6. Discussion 

The advent of high-throughput sequencing has facilitated comprehensive 

profiling of the resident bacteria in the digestive tract of pigs (Buzoianu et al., 2012b, 

Mach et al., 2015, Buzoianu et al., 2013, Kim et al., 2015b).  However, this study is one 

of the first to exploit this technology to examine the intestinal microbiota among pigs of 

varying FE.  The metric used for FE was RFI, and ranking pigs according to this 

measure was particularly useful as it allowed the selection of pigs that consume less 

feed to achieve the same weight gain, in agreement with previous findings for pigs 

divergent in RFI (Vigors et al., 2016a, Patience et al., 2015).  In order to minimize the 

variability in FE due to external factors, pigs were ranked on RFI within litter (to 

control for genetic influences) and all pigs were subjected to the same management, 

environmental, and nutritional conditions.  When considering reasons why pigs may 

differ in FE, it is interesting to note that the energy-related physiological parameters 

measured in the present study were not associated with RFI.  For example, there was no 

difference in stress levels, as determined by salivary cortisol concentrations, despite 

serum cortisol having previously been suggested as a biomarker for FE in cattle 

(Richardson et al., 2004).  Furthermore, low RFI pigs tended to have higher plasma 

cortisol concentrations in a previous study (Lefaucheur et al., 2011), albeit no 

differences in salivary concentrations were found, in agreement with our findings.  In 

addition, there were no differences in carcass weight, leanness or organ weights among 

animals divergent in RFI in the present study, although previous work has found that 

low RFI pigs have lower back fat (Cai et al., 2008).  However, there are likely 

unmeasured attributes contributing to FE. 

When looking at the intestinal microbiota, similar to previous findings in cattle, 

the overall intestinal bacterial diversity did not cluster by RFI rank, but rather RFI-
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associated variations in community membership were detected (Myer et al., 2015, 

Jewell et al., 2015).  Interestingly, in our study, microbial diversity as well as 

composition, was impacted by both the age and intestinal site.  Furthermore, in faeces 

taken at three time points, clusters converged with age, indicating that the intestinal 

microbiota became more homogenous among pigs over time.  In agreement with 

previous studies (Xiao et al., 2016, Zhao et al., 2015, Mach et al., 2015), the core phyla 

within the faecal and caecal microbiota were Firmicutes and Bacteroidetes.  However, 

the ileal microbiota composition differed to that previously found in pigs (Yang et al., 

2016), with Actinobacteria replacing Bacteroidetes as the second most abundant 

phylum.   

The hypothesis that the composition and potential functionality of the intestinal 

microbiota is linked with FE in pigs was supported by the differences in faecal/intestinal 

bacterial profiles found between RFI ranks throughout the lifetime of pigs.  However, 

these differences can be considered subtle, as of all the taxa detected, relatively few 

differed and most that did were present at low relative abundance (<2%).  Nonetheless, 

these taxa may still influence FE, as ultimately, it is the complex interplay within the 

intestinal community that would have the most influence on host homeostasis and FE.  

On the other hand, we cannot disregard the fact that biological variation in microbial 

composition between pigs could account for some of the differences found.  It may also 

be that FE is influencing the intestinal microbiota, meaning that pigs with low RFI are 

more feed efficient for a number of reasons and because of this they have a somewhat 

different microbiota; but further studies are needed to elucidate such causality.  

Furthermore, as sex influences FE in pigs, one might expect differences in the 

microbiota profile due to sex, as previously reported (Zhou et al., 2015).  However, no 

association with sex was observed in the present study.   
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As outlined above, most of the differences in the composition and predicted 

functionality of the faecal and intestinal microbiota observed between RFI ranks were 

subtle.  Several members of the Clostridiales order previously associated with 

carbohydrate degradation and better metabolic efficiency (i.e. a leaner phenotype in 

humans and less fatness in pigs) were enriched in low RFI pigs in the faeces 

immediately pre-slaughter e.g. uncultured Christensenellaceae and Cellulosilyticum  

(Yang et al., 2016, Miller et al., 2011, Goodrich et al., 2014, Mao et al., 2015).  

Additionally, OTUs exclusively found in low RFI (more feed efficient) pigs are from 

this order, including those that were higher in abundance in these pigs; for example, an 

unknown genus belonging to the vadinBB60 family.  Previously, an unclassified genus 

belonging to this family was increased in relative abundance in rats fed a high-fat diet 

for 4 weeks i.e. during the pre-obese state, indicating its possible role in metabolism 

(Lin et al., 2016).   

At weaning, the butyrate producer, Butyrivibrio, was strongly correlated with 

low RFI which could also be linked to an enhanced ability to ferment complex 

carbohydrates (Hespell et al., 1987).  Moreover, Prevotella, a member of Bacteroidetes 

considered another key microbe capable of fermenting complex carbohydrates (Umu et 

al., 2015, Flint et al., 2008b), was correlated with a low RFI value at weaning.  The fact 

that this was observed at weaning, may  be due to the introduction of a cereal-based diet 

and its likely role in enhancing growth rate post-weaning (Mach et al., 2015).  These 

findings indicate that more feed efficient pigs are likely to have an intestinal microbiota 

that is more competent in terms of digesting the carbohydrate component of the diet.  

Some of these microbes could also have a role in influencing ileal morphology as 

indicated by a negative correlation between an uncultured Christensenellaceae OTU 

(enriched in low RFI pigs) and the number of goblet cells per µm of villus height (lower 

in low RFI pigs).  Furthermore, increases in members of Bacteroidetes have been 
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reported as a driver for leaner phenotypes (Yang et al., 2016, Turnbaugh et al., 2009, 

Torok et al., 2011, Wu et al., 2011), which was substantiated in the present study by an 

enrichment of Bacteroides spp. in low RFI pigs.  On the contrary, some other members 

that may have a role in carbohydrate utilisation, such as the genus Candidatus 

Saccharimonas (Niu et al., 2015) or Methanosphaera, were less abundant in low RFI 

pigs, albeit they were present at very low median relative abundance.  Actinobacillus 

spp. was present at a higher abundance in the caecum of low RFI pigs, but despite this, 

some species are potentially pathogenic for pigs (OTUs of A. pleuropneumoniae, A. 

porcitonsillarum and A. rossii) which were found, albeit at very low abundance, in the 

ileum of both low and high RFI pigs.  Potentially undesirable bacteria that were less 

abundant in more feed efficient pigs included the Erysipelotrichaceae family, associated 

with intestinal inflammation in humans (Kaakoush, 2015).  In addition, genera with a 

possible negative effect on FE, as they contain potentially pathogenic members e.g. 

Streptococcus and Solobacterium  (Goyette-Desjardins et al., 2014, Pedersen et al., 

2011), were less relatively abundant in more feed efficient pigs in the faeces at day 42 

pw and in the caecum at slaughter, respectively, albeit they were at low relative 

abundance in all groups.   

The ileal microbiota was notable by virtue of the number of unique FE-

associated OTUs harboured, and by the fact that the bacterial metabolite isobutyric acid 

was found at a higher concentration in the ileum of more feed efficient pigs, albeit at a 

relatively low concentration in both groups.  Isobutyric acid is an end-product of protein 

fermentation, and increased concentrations could be indicative of better utilisation of 

dietary protein by the microbiota (Walsh et al., 2013).  Furthermore, the predicted 

higher relative abundance of the valine, leucine and isoleucine biosynthesis pathway in 

low RFI pigs may be linked to the higher concentration of isobutyric acid in the ileum 

of these animals, as isobutyric acid is the end product of microbial deamination of 
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valine (Zarling et al., 1987).  On the other hand, it could also mean that these pigs are 

less efficient at digesting protein, leaving more available for microbial fermentation.  

This is especially noteworthy as it occurred in the ileum.  However, poorer protein 

utilization would not be expected in more feed efficient pigs.  As regards the ileal 

microbiota, the most notable difference in relative abundance across RFI-ranked pigs 

occurred for Rhodococcus spp., a genus containing species known to cause disease in 

pigs [specifically infections of the submaxillar and mesenteric lymph nodes (Lara et al., 

2011, Komijn et al., 2007)], which was substantially lower in the low RFI pigs.  This 

provides evidence that the microbiota of more feed efficient pigs could potentially be 

“healthier”.  In addition, the high relative abundance of this genus is remarkable, as, to 

our knowledge, it has not previously been reported as abundant in pigs. 

In addition, ileal histology is important when considering FE.  For example, 

longer villi and shorter crypts enhance absorptive capacity (Chen et al., 2014, Pluske, 

2002, Lalles, 2007).  However, while we found no differences in these parameters 

between pigs of varying FE, we did find fewer goblet cells along the villi of more feed 

efficient pigs.  This suggests reduced mucin secretion in these animals, perhaps 

indicating increased nutrient absorptive capacity, as excess mucin can act as a physical 

barrier to absorption (Montagne et al., 2004).  It may also indicate less diversion of 

energy away from growth, as the animals are producing less mucin.  Both of these 

hypotheses may help to explain the better FE in these animals.  In agreement with the 

potentially lower mucin production in low RFI pigs, the Clostridium sensu stricto 1 

genus, less abundant in the faeces of these animals, is a mucin promoter (Wlodarska et 

al., 2015), while Mucispirillum, an opportunistic mucin degrader, previously found to 

play a role in active colitis in murine models, was more abundant in the caecum (Rooks 

et al., 2014).  Within the Clostridiales order, butyric acid-producing bacteria, and mucin 

degraders, for which a greater number of OTUs were found in low RFI pigs, have been 
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associated with improved gastrointestinal health in humans and other animals, including 

pigs (Berni Canani et al., 2016, Levine et al., 2013), likely through increased mucin 

production in the colon, which enhances epithelial barrier function (Burger-van Paassen 

et al., 2009).  It is noteworthy that Akkermansia, among other OTUs exclusively found 

in the ileum of more feed efficient pigs, is also linked with mucin degradation, and can 

indicate better/healthier intestinal function, as it has been inversely correlated with 

metabolic disorders and intestinal inflammation (Schneeberger et al., 2015).  The 

involvement of different metabolic pathways, predicted to be either more or less 

relatively abundant in more feed efficient pigs, could further justify differences in the 

host phenotype.  For instance, genes encoding the PTS, a bacterial sugar transport 

system, were predicted to be more relatively abundant in the small intestine of pigs with 

poor FE.  This could be linked with a higher bacterial energy uptake, leaving less sugar 

available for growth of the animal (Yang et al., 2016, Goodrich et al., 2014, Deutscher 

et al., 2006).  



71 

 

2.7. Conclusion 

In conclusion, this study has revealed FE-related compositional differences 

within the intestinal microbiota throughout the life of the pig, but mostly at the end of 

the finishing period, suggesting that the intestinal microbiota has a possible link with FE 

in pigs.  Specifically, a higher relative abundance of potentially beneficial bacteria, most 

notably members of Clostridiales and Bacteroidetes, and a lower relative abundance of 

potentially undesirable bacteria, such as Rhodococcus, and Erysipelotrichaceae, were 

found in more feed efficient animals.  However, it should be borne in mind that many of 

the FE-associated compositional differences were relatively subtle, occurring for taxa 

present at low relative abundance.  Nonetheless, the differentially abundant intestinal 

taxa identified could potentially be exploited as biomarkers for FE or manipulated by 

dietary means in order to improve FE.  Although, when examined at the genus and OTU 

level, some members of these taxa were uncultured, advances in culturing techniques 

may facilitate their exploitation in the future.  However, additional research is needed in 

order to investigate the reliability of the FE-associated microbial taxa identified here i.e. 

across batches of pigs/rearing environments.  Furthermore, intervention studies are 

required in order to confirm the insights provided so as to improve FE in pigs.
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2.8. Tables and Figures 

 

Table 2.1. Effect of ranking pigs on residual feed intake (between weaning and day 126 

post-weaning) on growth performance parameters and carcass traits 

Parameter
1
 High RFI Medium RFI Low RFI S.E.M

2 
P-value 

RFI (g/day) 76.0
a 

6.0
b 

-51.0
c 

15.40 <0.001 

ADG (g/day) 910 877 855 28.4 0.38 

ADFI (g/day) 1850
a 

1732
a,b 

1631
b 

51.2 <0.01 

FCE (g/g) 1.91
a 

1.86
a,b 

1.79
b 

0.025 <0.01 

Slaughter weight (Kg) 150.3 147.2 141.0 2.50 0.51 

Carcass cold weight (Kg) 113.4 113.1 108.1 3.59 0.48 

Kill out (%) 79.2 78.9 77.9 0.53 0.19 

Muscle depth (mm) 61.7 61.0 63.2 1.78 0.66 

Fat (mm) 17.2 17.9 16.4 0.79 0.56 

Lean meat (%) 54.9 54.1 55.5 0.69 0.49 

High RFI (n=10), medium RFI (n=10), low RFI (n=12).  

 
1
RFI: Residual Feed Intake, ADG: Average Daily Gain; ADFI: Average Daily Feed Intake; FCE: Feed 

Conversion Efficiency.  

2
Least squares means and pooled standard errors of the means are presented.  

 a,b,c 
Within each row, values that do not share a common superscript are significantly different (P≤0.05). 
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Figure 2.1. Flow chart depicting animal management, selection and sample collection 
1
RFI: residual feed intake; 

2
pw: post-weaning 
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Figure 2.2. Principal coordinate analysis (PCoA) plot (based on OTUs) according to 

residual feed intake (RFI) rank and sample type (n=150)
 

Low RFI: faeces (n=36), digesta (caecal n=12, ileal n=9); medium RFI: faeces (n=30), digesta (caecal 

n=10, ileal n=9); high RFI: faeces (n=30), digesta (caecal n=8, ileal n=6).  Plot is based on the 

unweighted UniFrac distances.  The amount of variance is depicted by the percentages in parentheses on 

each axis.  Ellipses denote clustering according to faecal sample time points and intestinal location.   
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Figure 2.3. Median relative abundance (%) of bacterial phyla present in pigs ranked by 

residual feed intake (RFI) across all faecal time points (n=96) and both intestinal locations 

(n=54) 

1
No blast hits/uncultured; 

*
Indicates significant differences (Candidate Division TM7 in the faeces at day 

138 post-weaning and Fusobacteria in the ileum; P≤0.05) and † indicates tendencies towards significant 

differences (Actinobacteria in the ileum; P=0.06) observed between high and low RFI pigs within each 

sample type. 
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Figure 2.4. Median relative abundance (%) of microbial taxa found to be differentially abundant between pigs ranked on low and high residual feed intake 

(RFI) (P<0.05) in A. faeces at weaning (n=32), B. faeces at day 42 pw (n=32), C. faeces at day 138 pw (n=32), D. caecal digesta (n=30) and E. ileal digesta 

(n=24) 

Low RFI: faeces (n=36), digesta (caecal n=12, ileal n=9); medium RFI: faeces (n=30), digesta (caecal n=10, ileal n=9); high RFI: faeces (n=30), digesta (caecal n=8, ileal n=6).  F_: 

family; G_: genus.  Horizontal lines in the plots indicate median values of the distribution.
  
The Fusobacteria phylum was also differentially abundant and this is illustrated in Figure 

3.  Some genus-level differences shown in the plots reflect differences at a higher taxonomic level which are not shown here as follows. 
1
Streptococcaceae family,

 2
Clostridiaceae1 

family, 
3
Christensenellaceae family,

 4
Bacteroidaceae family, 

5
Candidate division TM7 phylum and

 6
Nocardiaceae family.  Some of the animals for which the highest variance from 

the median values of the taxa distribution was seen had outlying data for more than one taxon i.e. one low RFI pig had a higher relative abundance than the median value for 

uncultured Christensenellaceae, Actinobacillus and Oscillibacter and three high RFI pigs had a higher relative abundance than the median value for Rhodococcus and 

Methanosphaera. 
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Figure 2.5. Heat map showing Spearman correlations between bacterial taxa and 

physiological measures in pigs ranked by residual feed intake (RFI)  

Low RFI: faeces (n=36), digesta (caecal n=12, ileal n=9); medium RFI: faeces (n=30), digesta (caecal 

n=10, ileal n=9); high RFI: faeces (n=30), digesta (caecal n=8, ileal n=6).  
1
pw: post-weaning.  

Correlations were examined between bacterial taxa (at both the phylum and genus levels) and those 

physiological measures found to be significantly different between low and high RFI pigs. *Denotes 

significant correlation (P≤0.05).  
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Figure 2.6. Comparison of predicted functional pathways for the faecal and intestinal 

microbiota of pigs ranked by residual feed intake (RFI)  

Low RFI: faeces (n=12), digesta (caecal n=12, ileal n=9); medium RFI: faeces (n=10), digesta (caecal 

n=10, ileal n=9); high RFI: faeces (n=10), digesta (caecal n=8, ileal n=6).  Pathways are from the KEGG 

database and level 3 pathways are presented.  Only 11 of 23 differences between all RFI ranks are shown 

in the graphic, as 6 were pathways present at <0.001% median relative abundance and another 6 were 

differences observed for medium RFI pigs. 
a,b,c 

Within each predicted pathway, bars that do not share 

lowercase letter (a,b,c) are significantly different (P≤0.05), whereas those that do not share uppercase 

letters (A,B,C)
 
tended to be different (P≤0.10).  
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2.9. Supplementary Information 

Table S2.1. Composition and chemical analysis of diets used in the study (on an as-fed 

basis; g/kg) 

Diet Type Starter Link Weaner Finisher Pregnant 

sow 

Lactating  

sow 

Barley   248.0 385.4 897.4 349.5 

Wheat 220.0 399.0 431.4 404.0  432.4 

Maize 80.0      

Soya 163.5 229.2 200.0 175.0 70.0 150.0 

Full fat soya 100.0 70.0 50.0    

Lactofeed 70
1 

200.0 200.0     

Skim milk powder 125.0 50.0     

Soya oil 78.1 25.0 40.0 10.0 10.0 40.0 

Lysine HCl (78.8) 4.73 3.70 4.6 4.0 1.0 3.5 

DL-Methionine 3.22 2.33 1.7 1.0  1.0 

L-Threonine (98) 2.41 1.62 2.0 1.5  1.0 

L-Tryptophan 0.95 0.54 0.2 0.0   

Vitamin and mineral 

mix
 

3.0
2 

3.0
2 

3.0
2 

1.0
3 

1.5
4 

1.5
4 

Natuphos 5000 

FTU/g
5 

0.10 0.10 0.1 0.1 0.1 0.1 

Salt feed grade 3.00 3.00 3.0 3.0 4.0 4.0 

Dicalcium phosphate 5.00 1.52 5.0 2.0 5.0 5.0 

Limestone flour 11.00 11.0 11.0 13.0 11.0 12.0 

Chemical analysis (g/kg dry matter) 

Crude protein 235.9 252.8 211.0 205.4 195.7 172.1 

Crude fibre 19.8 23.4 34.8 37.5 38.9 31.7 

Crude ash 66.2 63.5 48.3 45.4 44.6 49.8 

Ether extract 114.7 57.9 70.7 27.2 33.2 63.4 

Digestible energy 

(MJ/kg)
6 

17.9 17.0 16.9 16.0 15.9 16.3 

Net energy (MJ/kg)
6
 11.4 10.3 10.6 9.8 9.5 10.5 

Amino acids (g/kg)       

Lysine 16.2 15.0 13.0 11.1 6.4 9.9 

Methionine 6.8 5.7 4.5 3.6 2.1 3.4 

Methionine + cysteine 9.7 9.0 7.9 6.8 4.7 6.4 

Threonine 10.5 9.8 8.7 7.5 4.5 6.5 

Tryptophan 3.6 3.3 2.6 2.2 1.6 2.0 
1
Lactofeed 70 contains 70% lactose, 11.5% protein, 0.5% oil, 7.5% ash and 0.5% fibre (Volac, 

Cambridge, UK).   
2
Premix provided per kg of complete diet: Cu, 155 mg; Fe, 90 mg; Mn, 47 mg; Zn, 120 mg, I, 0.6 mg; Se, 

0.3 mg; vitamin A, 6000 IU; vitamin D3, 1000 IU; vitamin E, 100 IU; vitamin K, 4 mg; vitamin B12, 15 μg; 

riboflavin, 2 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; choline chloride, 250 mg; vitamin B1, 2 

mg; vitamin B6, 3 mg; Endox, 60 g.
  

3
Premix provided per kg of complete diet: Cu, 15 mg; Fe, 24 mg; Mn, 31 mg; Zn, 80 mg, I, 0.3 mg; Se, 

0.2 mg; vitamin A, 2000 IU; vitamin D3, 500 IU; vitamin E, 40 IU; vitamin K, 4 mg; vitamin B12, 15 μg; 

riboflavin, 2 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; vitamin B1, 2 mg; vitamin B6, 3 mg.
  

4
 Premix provided per kg of complete diet: Cu, 15 mg; Fe, 70 mg; Mn, 62 mg; Zn, 80 mg, I, 0.6 mg; Se, 

0.2 mg; vitamin A, 1000 IU; vitamin D3, 1000 IU; vitamin E, 100 IU; vitamin K, 2 mg; vitamin B12, 15 μg; 

riboflavin, 5 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; choline chloride, 500 mg; Biotin, 200 

mg; Folic acid, 5 g; vitamin B1, 2 mg; vitamin B6, 3 mg.
  

5
Phytase; 5000 FTU/g equal to 500 FTU per kg finished feed. 

6
Digestible energy and net energy were calculated from book values.  

 Acetivibrio  
  Lachnospiraceae (unc)  
    Ruminococcus  
       Eremococcus (unc)  
         Facklamia (unc)  
          Enterococcus (unc)  
            Lactobacillus (unc)  
             Jeotgalicoccus (unc) 
              Staphylococcus 
               swine fecal bacterium 
                Succiniclasticum (unc) 
                 Veillonella (unc) 
                 Bacteroides (unc) 
                  Alistipes  
                 ratAN060301C 
                Lawsonia 
               Haemophilus 
             Aeromonas 
           Campylobacter 
         Candidatus Captivus (unc) 

        Mycoplasmataceae (unc) 
      Gaiellales 
    Fusobacterium (unc)              

 

 

 

  

 

                 Syntrophomonadaceae (unc) 
                               Ruminococcus (unc) 
   Hydrogenoanaerobacterium (unc)   
                 Defluviitaleaceae (2 unc) 
                Planococcaceae (2 unc) 
                      Solobacterium (unc) 
           Erysipelotrichaceae (unc) 
                  Veillonellaceae (unc) 
                           BS11.gut.group 
                    Rickettsiales (2 unc) 
                                       Sutterella 
                                      TA18 (unc) 
                                Bilophila (unc) 
                         Rhodococcus (unc) 
                             Corynebacterium 
                                                 Slackia   

                                   Paraeggerthella     

E. Caecal digesta 
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Table S2.2. Effect of ranking pigs on residual feed intake (between weaning and day 126 

post-weaning) on salivary cortisol concentrations
1
 and organ weights 

Measure High RFI Medium RFI Low RFI S.E.M
2 

P 

Salivary cortisol (ng/ml) 4.8 4.1 4.5 1.38 0.74 

Heart (g) 476.5
A
 522.2

B
 482.3

A,B
 15.54 0.08 

Kidneys (g) 426.9 514.5 482.9 34.40 0.26 

Liver (g) 2001.7 2054.4 2105.6 66.14 0.55 

Lungs (g) 1152.6 1236.2 1130.7 56.01 0.38 

Stomach (g) 595.3 615.0 661.1 26.85 0.22 

Small intestine (g) 1453.5 1631.1 1595.7 112.73 0.54 

High RFI: n=10, medium RFI: n=10, low RFI: n=12.  

1
Mean of data from days 135 and 138 post-weaning; 

2
Least square means and pooled standard error of 

means are presented. 
A,B,C 

Within each row, values that do not share a common superscript tend to be 

different (P≤0.10).
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Table S2.3. Effect of ranking pigs on residual feed intake (between weaning and day 126 post-weaning) on ileal morphology
1
  

Measure High RFI Medium RFI Low RFI S.E.M
2 

P 

Villus height (μm) 302.2 298.5 302.7 18.26 0.98 

Villus width (μm) 116.8 117.6 153.3 15.89 0.18 

Crypt depth (μm) 283.1 308.9 287.8 36.55 0.88 

Villus height : crypt depth 1.13 0.94 1.37 0.16 0.18 

No. of goblet cells/villus 19.6
a 

12.8
b 

12.1
b 

1.81 0.01 

No. of goblet cells/μm villus height 0.06
a 

0.04
b 

0.04
b 

0.006 0.02 

High RFI: n=10), medium RFI: n=10, low RFI: n=12.  

1
Ten villi were measured for each pig and the means were used for statistical analysis.  

2
Least square means and pooled standard error of means are presented.

 
 

a,b,c 
Within each row, values that do not share a common superscript are significantly different (P≤0.05). 
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Table S2.4. Effect of ranking pigs on residual feed intake (between weaning and day 126 

post-weaning) on total bacterial number (log10 copies/ng total DNA) in faecal and intestinal 

samples 

Time point High RFI Medium RFI Low RFI S.E.M
1 

P 

Faeces weaning  5.82 5.81 5.81 0.062 0.99 

Faeces day 42 pw 6.22
 

6.18
 

6.19
 

0.066 0.91 

Faeces day 138 pw  6.14 6.23 6.18 0.061 0.67 

Ileal digesta  5.06 5.14 5.27 0.158 0.66 

Caecal digesta 5.99 5.79 5.75 0.163 0.18 
Low RFI: faeces (n=36), digesta (caecal n=12, ileal n=9); medium RFI: faeces (n=30), digesta (caecal 

n=10, ileal n=9); high RFI: faeces (n=30), digesta (caecal n=8, ileal n=6). 

1
Least square means and pooled standard error of means are presented. 

A,B,C 
Within each row, values that do not share a common superscript tend to be different (P≤0.10). 
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Table S2.5. Relative abundance of OTUs statistically different
1
 among RFI ranks 

Sample 

type 
OTU Taxonomy 

Median relative abundance [confidence interval]
2
 P-value

3
 

High RFI  

(n=10) 

Medium RFI  

(n=10) 

Low RFI  

(n=12) 

High 

vs Low 

High vs 

Medium 

Low vs 

Medium 

Faeces 

weaning 

Firmicutes;Clostridia;Clostridiales;Family.XIII; 

Mogibacterium;uncultured.bacterium 

0.0 

[0.0;1e-05] 

3e-05 

[1e-05;8e-05] 

0.0 

[0.0;0.0] 
0.53 0.06 0.04 

Firmicutes;Bacilli;Lactobacillales;Streptococcaceae; 

Streptococcus.;uncultured.bacterium 

1e-05  

[0.0;1e-04] 

0.0 

[0.0;0.0] 

4e-05 

[2e-05;6e-05] 
0.46 0.16 0.02 

Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae; 

dgA.11.gut.group;uncultured.bacterium 

0.00133  

[0.00084;0.00397] 

0.00018 

[0.00005;0.00035] 

0.00145 

[0.00045;0.00448] 
0.79 0.03 0.03 

Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae; 

Parabacteroides;uncultured.bacterium 

0.00896  

[0.00401;0.01362] 

0.01522 

[0.01102;0.02123] 

0.00721 

[0.00305;0.01178] 
0.74 0.12 0.02 

Firmicutes;Clostridia;Clostridiales;Peptococcaceae; 

Peptococcus;uncultured.organism 

0.00006  

[0.0;0.00013] 

0.0  

[0.0;0.0] 

0.00000 

[0.00;0.00002] 
0.17 0.05 0.18 

Faeces 

day 42 

pw
4 

Firmicutes;Clostridia;Clostridiales;Ruminococcaceae; 

Intestinimonas;uncultured.bacterium 

0.00001 

[0.0;0.00003] 

0.00005 

[0.00004;0.00014] 

0.00002  

[0.0;0.00009] 
0.39 0.01 0.23 

Bacteroidetes;Bacteroidia;Bacteroidales;Rikenellaceae; 

Alistipes;.bacterium 

0.0 

[0.0;0.00003] 

0.00006 

[0.00002;0.00014] 

0.00001  

[0.0;0.00004] 
0.38 0.03 0.16 

Faeces  

day 138 

pw 

Firmicutes;Clostridia;Clostridiales;Lachnospiraceae; 

uncultured;uncultured.Firmicutes.bacterium 

2e-05  

[0e+00;3e-05] 

0.0 

[0.0;0.0] 

0.0  

[0e+00;1e-05] 
0.12 0.01 0.12 

Firmicutes;Clostridia;Clostridiales;Clostridiaceae.1; 

Clostridium.sensu.stricto.1;uncultured.Clostridiaceae.bacterium 

0.00017  

[0.00011;0.00026] 

0.00003 

[0.00002;0.00008] 

0.00007 

[0.00004;0.00015] 
0.20 0.02 0.21 

Candidate.division.TM7;Unknown.Class;Unknown.Order; 

Unknown.Family;Candidatus.Saccharimonas;uncultured.bacterium 

0.00045  

[0.00026;0.00077] 

0.00044 

[0.00027;0.00060] 

0.00015 

[0.0;0.00028] 
0.03 0.82 0.09 

Firmicutes;Clostridia;Clostridiales;Lachnospiraceae; 

Cellulosilyticum;uncultured.bacterium 

0.00014  

[0.00008;0.00026] 

0.00064 

[0.00038;0.00092] 

0.00060 

[0.00026;0.00105] 
0.05 0.05 0.92 

Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae;Bacteroides; 

uncultured.bacterium 

0.00041  

[0.00018;0.00108] 

0.00142 

[0.00104;0.00363] 

0.00175 

[0.00062;0.00431] 
0.04 0.07 0.79 

Firmicutes;Clostridia;Clostridiales;Clostridiaceae.1; 

Clostridium.sensu.stricto.1;uncultured.bacterium 

0.08039  

[0.05077;0.11418] 

0.07249 

[0.06478;0.08706] 

0.03572 

[0.03190;0.06637] 
0.04 0.82 0.10 

Firmicutes;Clostridia;Clostridiales;vadinBB60;uncultured.organism; 
0.00229 

[0.00132;0.00317] 

0.00209 

[0.00115;0.00271] 

0.00513 

[0.00302;0.00628] 
0.05 0.82 0.08 

Firmicutes;Clostridia;Clostridiales;Christensenellaceae;uncultured; 

uncultured.bacterium 

0.02067 

[0.01509;0.03598] 

0.03442 

[0.01922;0.06740] 

0.05353 

[0.03997;0.06825] 
0.04 0.30 0.32 
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Table S2.5. Relative abundance of OTUs statistically different
1
 among RFI ranks (continued) 

Sample 

type 

OTU Taxonomy Median relative abundance [confidence interval]
2 

P-value
3 

High RFI  

(n=10) 

Medium RFI  

(n=10) 

Low RFI  

(n=12) 

High vs. 

Low 

High vs. 

Medium 

Low vs. 

Medium 

Caecal 

digesta 

Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;uncultured; 

uncultured.Clostridiales.bacterium 

0.00013  

[0.00009;0.00034] 

0.00011 

[0.00004;0.00022] 

0.0  

[0.0;0.00003] 
0.002 0.33 0.02 

Firmicutes;Erysipelotrichia;Erysipelotrichales;Erysipelotrichaceae; 

Solobacterium;uncultured.bacterium 

0.00002  

[0.0;0.00013] 

0.0  

[0.0;0.0] 

0.0  

[0.0;0.0] 
0.01 0.07 0.27 

Proteobacteria;Gammaproteobacteria;Pasteurellales; 

Pasteurellaceae;Actinobacillus;Actinobacillus.porcinus 

0.0  

[0.0;1e-05] 

4e-05  

[0.0;6e-05] 

3e-05 

[1e-05;8e-05] 
0.04 6.80E-02 0.89 

Ileal  

Digesta 

Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;uncultured; 

uncultured.Clostridiales.bacterium 

0.0  

[0.0;0.0] 

0.0  

[0.0;0.0] 

2e-05  

[0.0;1e-04] 
0.08 0.22 0.02 

Euryarchaeota;Methanobacteria;Methanobacteriales; 

Methanobacteriaceae;Methanobrevibacter;uncultured.methanogenic. 

archaeon 

1e-05  

[0.0;2e-05] 

5e-05 

[3e-05;9e-05] 

0.0 

[0.0;1e-05] 
0.15 0.15 0.02 

Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Oscillibacter; 

uncultured.bacterium 

0.00002  

[0.00001;0.00004] 

0.00009 

[0.00006;0.00011] 

0.00010 

[0.00005;0.00022] 
0.03 0.01 0.93 

Actinobacteria;Actinobacteria;Corynebacteriales;Nocardiaceae; 

Rhodococcus;unidentified 

0.37417  

[0.24461;0.54878] 

0.42184 

[0.09561;0.54106] 

0.11800 

[0.03774;0.29465] 
0.04 0.91 0.04 

Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Incertae.Sedis; 

Eubacterium.fissicatena 

2e-05  

[1e-05;2e-05] 

0.0  

[0.0;0.0] 

1e-05  

[0e+00;2e-05] 
0.32 0.05 0.07 

Spirochaetae;Spirochaetes;Spirochaetales;Spirochaetaceae; 

Treponema;Treponema.berlinense 

0.0  

[0.0;0.0] 

0.0  

[0.0;4e-05] 

3e-05  

[1e-05;4e-05] 
0.02 0.30 0.30 

Euryarchaeota;Methanobacteria;Methanobacteriales; 

Methanobacteriaceae;Methanosphaera;uncultured.archaeon 

1e-05  

[0.0;4e-05] 

0.0  

[0.0;0.0] 

0.0  

[0.0;0.0] 
0.05 0.18 0.18 

Firmicutes;Clostridia;Clostridiales;Lachnospiraceae; 

Anaerosporobacter;uncultured.bacterium 

1e-05  

[0.0;4e-05] 

0.0  

[0.0;0.0] 

0.0  

[0.0;2e-05] 
0.77 0.03 0.03 

Firmicutes;Bacilli;Bacillales;Planococcaceae;uncultured; 

uncultured.bacterium 

0.00005  

[<0.00001;0.00036] 

0.0  

[0.0;0.0] 

0.0  

[0.0;<0.00001] 
0.11 0.07 0.42 

1 
Statistical significance at P≤0.05; 

2
The values presented are not percentages; differentially abundant OTUs for which median relative abundance was less than 0.00001 are not 

presented; 
3
P-values in bold correspond to statistical differences between high and low RFI pigs; 

4
pw: post-weaning. 
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Table S2.6. Effect of ranking pigs on residual feed intake (between weaning and day 126 post-weaning) on pH and volatile fatty acid (VFA) concentrations 

(µmol/g) in faeces at weaning, day 42 and day 138 post-weaning 

High RFI: n=10, medium RFI: n=10, low RFI: n=12.  

1
Least square means and pooled standard error of the mean are presented. 

2
Total: Sum of measured acids.  

a,b,c 
Within each row, values that do not share a common superscript are significantly different (P≤0.05).   

 

 

Weaning   Day 42 post-weaning   Day 138 post-weaning  

Measure  High RFI
 

Medium RFI Low RFI S.E.M
1 

P  High RFI
 

Medium RFI Low RFI S.E.M P  High RFI
 

Medium RFI Low RFI S.E.M P 

pH 6.7 6.9 6.8 0.081 0.67  6.3 6.4 6.4 0.09 0.81  6.6 6.4 6.7 0.08 0.56 

Total
2
  

94 79 104 12.7 0.25  114 133 102 13.2 0.19  98 101 100 11.3 0.97 

Acetic 
26.3 23.2 30.9 3.59 0.24  36.9 44.4 33.9 4.20 0.17  35.0 36.6 39.2 4.02 0.73 

Propionic 
27.2

A,B 
22.0

B 
33.3

A 
4.19 0.09  34.2 42.2 30.9 4.51 0.14  30.0 31.3 29.9 3.82 0.94 

Butyric 
13.0 10.3 12.2 2.27 0.67  23.2 24.5 19.7 3.42 0.53  15.2 15.8 15.1 2.35 0.97 

Valeric 
7.0 6.0 8.2 1.12 0.25  7.2 7.6 6.0 0.92 0.28  5.0 5.3 4.9 0.67 0.87 

Isovaleric 
13.3 9.8 10.8 1.83 0.39  7.6 8.8 7.1 1.03 0.42  7.7 7.5 7.1 0.98 0.88 

Isobutyric 
7.1 6.3 7.8 1.15 0.57  4.4 5.1 4.1 0.62 0.42  4.5 4.4 4.2 0.59 0.93 
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Table S2.7. Effect of ranking pigs on residual feed intake (between weaning and day 126 post-weaning) on pH and volatile fatty acid (VFA) concentrations 

(µmol/g) in ileal and caecal digesta at slaughter (day 139 post-weaning) 

 

 

 

 

 

 

 

 

 

High RFI: caecal n=8, ileal n=6; medium RFI: caecal n=10, ileal n=9; low RFI: caecal n=12, ileal n=9.  
1
Least square means and pooled standard error of the mean are presented. 

 
2
Total: sum of measured acids. 

a,b,c
 Within each row, values that do not share a common superscript are significantly different (P≤0.05).  

Measure 

Ileal digesta  Caecal digesta 

High 

RFI
 

Medium 

RFI 

Low 

RFI 
S.E.M

1 
P 

 
High RFI 

Medium 

RFI 

Low 

RFI 
S.E.M P 

pH 6.8 6.7 6.7 0.09 0.55  6.6 6.7 6.7 0.09 0.37 

Total
2 

47 45 53 8.1 0.73  111 96 86 14.5 0.50 

Acetic 25.9 21.0 31.1 4.37 0.22  40.0 33.6 33.6 5.39 0.65 

Propionic 7.4 9.2 10.8 2.24 0.51  38.8 32.6 31.1 7.16 0.73 

Butyric 3.8 5.4 8.3 1.51 0.14  18.5 17.2 12.6 3.36 0.46 

Valeric 2.3 2.5 2.6 0.46 0.84  5.2 5.0 3.9 0.78 0.40 

Isovaleric 4.8
a,b 

3.4
b 

7.2
a 

0.96 0.02  5.5 4.7 3.9 0.81 0.34 

Isobutyric 1.5
b 

2.6
a,b 

3.5
a 

0.55 0.04  3.2 2.8 2.4 0.57 0.57 
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Figure S2.1. α-diversity indices of the pig intestinal microbiota according to residual feed intake (RFI) rank and sample type (n=150) (colour coded by RFI 

rank)  

1
RFI: residual feed intake; 

2
pw: post-weaning. Low RFI: faeces (n=36), digesta (caecal n=12, ileal n=9); medium RFI: faeces (n=30), digesta (caecal n=10, ileal n=9); high RFI: 

faeces (n=30), digesta (caecal n=8, ileal n=6). 

C
a
e
ca

l 
d
ig

e
st

a
   

D
a
y
 4

2
 p

w
2
 f

a
e
ce

s   

D
a
y
 1

3
8
 p

w
 f

a
e
ce

s   

W
e
a
n
in

g
 f

a
e
ce

s 
 

  

Il
e
a
l 
d
ig

e
st

a
 

C
a
e
ca

l 
d
ig

e
st

a
   

D
a
y
 4

2
 p

w
 f

a
e
ce

s   

D
a
y
 1

3
8
 p

w
 f

a
e
ce

s   

W
e
a
n
in

g
 f

a
e
ce

s 
 

  

Il
e
a
l 
d
ig

e
st

a
 

C
a
e
ca

l 
d
ig

e
st

a
   

D
a
y
 4

2
 p

w
 f

a
e
ce

s   

D
a
y
 1

3
8
 p

w
 f

a
e
ce

s   

W
e
a
n
in

g
 f

a
e
ce

s 
 

  

Il
e
a
l 
d
ig

e
st

a
 

A
lp

h
a
-d

iv
e
rs

it
y
 m

e
a
su

re
  

  
Low RFI1  

Medium RFI  

High RFI  



89 

 

 

 

 

 

 

 

 

 

 

 

 

vadinBB60 (unc)     
    Family.XIII (unc)  
      Clostridium sensu stricto 1 (unc)  
         Papillibacter (unc)  
           Anaerotruncus (unc)  
             Staphylococcus.sp..J33  
              Aerococcus  
               Lactobacillus  
                Erysipelotrichaceae bacterium 21   
                Sharpea  
                Phascolarctobacterium 
                Selenomonas 
               RC9.gut.group/wallaby gut metagenome 
              Prevotellaceae, Porphyromonadaceae (3; unc) 
             Actinobacillus minor 
           Campylobacter (2) 
         Helicobacter mastomyrinus (unc) 
      Paraeggerthella 
   Akkermansia (unc) 

    Mogibacterium (unc
1
) 

                          Peptostreptococcaceae (unc)     
                                       Lachnospira (unc)  
                           Lachnospiraceae (unc) 

                               Butyrivibrio (unc) 
                           Parvimonas (unc) 

                    Eubacterium (unc)  
       Ruminococcaceae (unc) 

    Lachnospiraceae bacterium (unc) 
                 Clostridium (unc) 
              Christensenellaceae 
        Enterococcus faecium 
       Clostridiales.bacterium 

                 Veillonellaceae (unc) 
                               Alloprevotella 

                               Mucispirillum (2) 
                            Unidentified Helicobacter 
                                             Corynebacterium 

                                               Collinsella (unc) 
                                             Synergistaceae (unc) 

A. Weaning faeces B. Day 42 pw
2 

faeces 

      Ruminococcaceae (unc)  
          Peptostreptococcaceae (unc)  
            Christensenella (unc)  
              Anaerovorax (unc)  
                Anaerosporobacter  
                 Butyrivibrio (unc)  
                  Syntrophococcus  
                    Turicibacter (unc) 
                    Solobacterium (unc)  
                    Erysipelotrichaceae (unc)  
                     Ignatzschineria 
                    Helicobacter 
                  Corynebacterium 
                 Synergistetes bacterium MFA2 
                Mucispirillum (unc) 
              Firmicutes.bacterium.CAG.822 
            Elusimicrobium 
          WCHB1.25 (unc) 
       RFP12 gut group (unc) 
    Methanoculleus 

                         Streptococcus (2) 
             Escherichia Shigella (unc) 
            Anaerobiospirillum (unc) 
                       Burkholderia (unc) 
                             Sutterella (unc) 
                               Paraeggerthella 
                                            RF9 (unc) 
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                 Syntrophomonadaceae (unc) 
                               Ruminococcus (unc) 
   Hydrogenoanaerobacterium (unc)   
                 Defluviitaleaceae (2 unc) 
                Planococcaceae (2 unc) 
                      Solobacterium (unc) 
           Erysipelotrichaceae (unc) 
                  Veillonellaceae (unc) 
                           BS11.gut.group 
                    Rickettsiales (2 unc) 
                                       Sutterella 
                                      TA18 (unc) 
                                Bilophila (unc) 
                         Rhodococcus (unc) 
                             Corynebacterium 
                                                 Slackia   

                                   Paraeggerthella     

 Acetivibrio  
  Lachnospiraceae (unc)  
    Ruminococcus  
       Eremococcus (unc)  
         Facklamia (unc)  
          Enterococcus (unc)  
            Lactobacillus (unc)  
             Jeotgalicoccus (unc) 
              Staphylococcus 
               swine fecal bacterium 
                Succiniclasticum (unc) 
                 Veillonella (unc) 
                 Bacteroides (unc) 
                  Alistipes  
                 ratAN060301C 
                Lawsonia 
               Haemophilus 
             Aeromonas 
           Campylobacter 
         Candidatus Captivus (unc) 

        Mycoplasmataceae (unc) 
      Gaiellales 
    Fusobacterium (unc)              

  Mucispirillum(unc) 

  Ruminococcaceae (2 unc)  
     Ruminococcus (2 unc)  
         Papillibacter  
            Lachnospiraceae (unc)  
              Finegoldia (unc)  
               Family.XIII (unc)  
                vadinBB60 (unc)  
                 Asteroleplasma (unc)  
                  Veillonella (unc) 
                  Succiniclasticum (unc) 
                  Prevotellaceae (unc) 
                 Butyricimonas (2 unc) 
                Desulfovibrio 
              Campylobacter 
             Escherichia Shigella (unc) 
           Bifidobacterium 
         Corynebacterium 
       Synergistaceae (2 unc) 
     NB1.n 
Chlamydia 

                              Pelospora (unc) 
    Peptostreptococcaceae (unc) 
              Peptococcaceae (unc) 
      Ruminococcaceae (2 unc) 
          Lachnospiraceae (unc) 
                           Anaerofustis 
          Christensenella (unc) 
      Defluviitaleaceae (unc)  
                        Geobacillus 
        + Enterococcus faecium 

     Erysipelotrichaceae (unc) 
                  Rickettsiales (2unc) 
                           Sutterella (unc) 
                    Anaeroplasma (unc) 
                            Synergistes (unc) 

C. Day 138 pw faeces  E. Caecal digesta 
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Peptococcaceae (Peptococcus 2 unc)  
  Lachnospiraceae (Epulopiscium, Blautia, Dorea,  
     Shuttleworthia, Howardella, Anaerostipes, 5 unc) 
          Clostridium.sensu.stricto (2)  
            Defluviitaleaceae (2 unc)  
               Oscillospira (2 unc), Ruminococcaceae (4 unc)  
                 Family.XIII (unc)  
                  Erysipelotrichaceae (unc)  
                   Acidaminococcus, Selenomonas (2 unc), 2 unc 
                   Weissella , Sporosarcina 
                   Alloprevotella, Alistipes (unc) 
                   Parabacteroides (2), Butyricimonas (unc),  
                   Paludibacter 
                  Paracoccus, Sutterella (2), Lawsonia,  
                 Anaerobiospirillum (unc), Acinetobacter,  
                Morganella, Oxalobacter (unc), Alcaligenaceae (unc) 
              Helicobacter 
            Corynebacterium (2),  
          Enterorhabdus, Atopobium 
        Tessaracoccus, Bifidobacterium 
      boneC3G7, CFT112H7 (unc) 
    Treponema 
 Akkermansia 

                                       

                                 Clostridium.sensu.stricto.2 
                                              Defluviitaleaceae (unc) 
                                                Intestinimonas (unc) 
                                               Asteroleplasma (unc) 
           Staphylococcaceae, Salinicoccus (2 unc) 
                                                    Bacillus (2 unc) 
                                                   Acinetobacter 
                                                 Pseudomonas 
                                      Actinobacillus (unc) 
                            Stenotrophomonas (unc) 
                                                       B38 (unc) 
                                                        Bilophila 
                                                 Helicobacter 
                                              Campylobacter 
                                                 Arthrobacter 
                                Actinomycetaceae (unc) 
                                              Leucobacter (unc) 
                                                         Actinomyces 
                                         Corynebacterium (unc) 
                                                     Brachybacterium 
                                                        Methanosphaera 
                                                                          Thermus 
                                                                Chloroplast (unc) 

D. Ileal digesta 

Firmicutes   Bacteroidetes   Proteobacteria   Actinobacteria   Verrucomicrobia   Deferribacteres  

Synergistetes   Tenericutes   Elusimicrobia   Lentisphaerae   Euryarchaeota   Chlamydiae   Fusobacteria  

Candidate division TM7   Spirochaetae   Cyanobacteria   Deinococcus Thermus 

 Clostridia/Clostridiales      Bacilli/Lactobacillales     

Erysipelotrichia/Erysipelotrichales 
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Figure S2.2. OTUs found exclusively in either high or low residual feed intake (RFI)-ranked pigs across all faecal time points (A-C) and for both intestinal 

locations (D, E), as well as those shared across RFI ranks (80% of the OTUs were shared at weaning, 85% at day 42 pw, 82% at day 138 pw and in the 

caecal digesta and 66% in the ileal digesta) 
Low RFI: faeces (n=36), digesta (caecal n=12, ileal n=9); medium RFI: faeces (n=30), digesta (caecal n=10, ileal n=9); high RFI: faeces (n=30), digesta (caecal n=8, ileal n=6).

 
 

1
unc: uncultured; 

2
pw: post-weaning.  Numbers in parentheses denote the number of OTUs present for a given taxon where there was more than one.   
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3.1. Abstract 

Achieving optimal feed efficiency (FE) is important in pig production for both 

economic and environmental reasons.  The intestinal microbiota contributes to nutrient 

utilization, and previous research from our group has identified FE-associated taxa 

within the intestinal microbiota of growing pigs.  The present study aimed to investigate 

whether FE-associated enterotypes and selected FE-associated physiological traits in 

pigs were consistent across the Republic of Ireland [two batches of pigs; ROI1 (medium 

health) and ROI2 (high health)], Northern Ireland (NI), and Austria (AT), where 

differences in genetic, dietary and management factors were minimized.  Pigs (n=369) 

were ranked on divergence in residual feed intake (RFI, a metric for FE) and 100 

extremes were selected in total (50 high RFI and 50 low RFI) across geographical 

locations for analysis of the intestinal microbiota and a range of FE-associated traits.  

Intestinal microbial diversity, determined by 16S rRNA amplicon sequencing, varied 

due to geographical location, health status and intestinal site, but not by RFI.  For the 

high health batch of pigs (ROI2), low RFI (more feed efficient) animals had greater 

species diversity in the ileal and caecal digesta.  In addition, Lentisphaerae, 

Mucispirillum, Methanobrevibacter, Ruminococcaceae, RF16 and two uncultured 

bacterial taxa were more abundant within the faecal and caecal microbiota of low RFI 

pigs in two geographical locations and / or the two ROI batches.  These taxa are major 

contributors to carbohydrate metabolism, which was reflected in the functional 

predictions.  Low RFI pigs had lower faecal concentrations of total, butyric, propionic, 

valeric and isovaleric volatile fatty acids.  None of the other physiological traits 

measured varied according to RFI, except salivary cortisol, which tended to be lower in 

low RFI pigs.  
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 The geographical location, intestinal site, and health status greatly impacted the pig gut 

microbiome, which in turn presents challenges when identifying consistent reliable 

microbial biomarkers for FE in pigs.  However, seven FE-associated enterotypes were 

common across geographical locations and batches, and related to a potentially 

“healthier” and metabolically more capable microbiota.  These taxa could therefore be 

employed as biomarkers for FE and may merit consideration for use as probiotics or 

targeting by dietary means as a strategy for improving FE in pigs in the future.
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3.2. Introduction 

Feed efficiency (FE) is critical in the pig industry, as feed accounts for up to 

75% of production costs (Teagasc, 2016).  As a result, in recent years considerable 

attention has been focused on finding biomarkers for FE in pigs.  Those that have been 

suggested include cortisol, a hormone which is secreted in response to stress and low 

blood-glucose levels, affecting metabolism of carbohydrates, lipids and protein 

(Hillmann et al., 2008).  Animals with a higher level of serum cortisol are more likely to 

divert energy away from lean meat deposition, resulting in poorer FE (Richardson et al., 

2004).  Haematological parameters and blood markers (e.g. protein, triglycerides, 

cholesterol) are functional indicators of metabolic pathways, that ultimately denote 

homeostasis or dysfunction (Pond, 2001), and some of these have also been linked with 

FE in pigs (Mpetile et al., 2015, Grubbs et al., 2016).  Immune status is another 

important factor associated with FE; it has been suggested, for example, that pigs with 

enhanced FE might have a more effective immune response without diverting energy 

away from growth and lean meat deposition (Vigors et al., 2016a, Mpetile, 2014).  More 

feed efficient pigs were previously shown to produce lower, but sufficiently high levels 

of white blood cells (e.g. lymphocytes and monocytes) (Mpetile et al., 2015), and an 

increased expression of antigen processing related genes (Liu et al., 2016).  

The resident intestinal microbiota (specifically its diversity, composition and 

function), is another factor that is likely to influence FE in pigs, considering its role in 

host metabolism and immunity, as in Chapter 2 and other published studies (Ramayo-

Caldas et al., 2016, Vigors et al., 2016a).  Recently, there have been an increasing 

number of studies aimed at characterizing the swine intestinal microbiome, identifying 

major populations of bacteria associated with intestinal site, age of the pig and diet 

(Mach et al., 2015, Zhao et al., 2015, Kim and Isaacson, 2015a, Buzoianu et al., 2012a, 

Yang et al., 2016).  Studies have also uncovered a major role for the intestinal 
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microbiota and microbial metabolites in the regulation of the immune system (Levy et 

al., 2016).  However, very few studies to date have explored the possible link between 

FE in pigs and the intestinal microbiota.  The work from Chapter 2 demonstrated an 

association between porcine intestinal microbiota composition and residual feed intake 

(RFI; used as a metric for FE) but was limited to one batch of pigs at a single 

geographical location. 

Previous work in humans observed that people living in different environments 

have dramatically different microbial profiles (Yatsunenko et al., 2012), whereas work 

in cattle found that management practices appear to be more influential than 

geographical location (Shanks et al., 2011).  Therefore, following on from Chapter 2, 

where a first set of FE-associated enterotypes were provided, the current study sought to 

determine if FE-associated microbiota are consistent in pigs raised in different 

environments.  The objective was to investigate the intestinal microbiota composition of 

pigs ranked on RFI, reared at three geographical locations, using common animal 

breeding, diet specifications and management protocols.  Other physiological 

parameters were also assessed and correlated with intestinal microbial composition and 

metabolites, in an attempt to elucidate their role in influencing FE in pigs.
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3.3. Materials and methods 

3.3.1. Ethical approval 

The pig trials in the Republic of Ireland (ROI) were approved by the animal ethics 

committees of Teagasc (TAEC9/2013) and Waterford Institute of Technology 

(13/CLS/02) and an experimental license (number AE1932/P004) was obtained from 

the Irish Health Products Regulatory Authority (HPRA).  The pig trial in Northern 

Ireland (NI) was conducted under project licences PPL 2751 and PPL 2781 obtained 

from the Department of Health, Social Services and Public Safety (DHSSPS) which 

adhere to the Animals (Scientific Procedures) Act 1986.  The pig trial in Austria (AT) 

was approved by the institutional ethics committee and the national authority according 

to paragraph 26 of Law for Animal Experiments, Tierversuchsgesetz 2012 – TVG 2012 

(GZ 68.205/0058-WF/II/3b/2014).  All animal procedures were performed according to 

European Union regulations outlining minimum standards for the protection of pigs 

(91/630/EEC) and concerning the protection of animals kept for farming purposes 

(98/58/EC). 

 

3.3.2. Animal management, performance records and sampling 

Four trials were conducted across three geographical locations; ROI, NI and AT.  

A total of 39 sows, across all three locations (25 in ROI, 8 in NI and 6 in AT), were 

blocked by body weight and randomly inseminated with semen from individual boars 

(Hermitage Genetics, Kilkenny, Ireland).  One common boar was used across the three 

locations, with an additional 10 boars specific to ROI, three specific to NI and another 

three specific to AT.  

Subsequent offspring comprised 369 piglets: 218 in ROI [(two batches, one 

medium herd health [ROI1; n=80] and one high herd health [ROI2; n=138]), 87 in NI 

and 64 in AT].   All pigs were weaned at ~28 days of age and were housed in groups of 
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intact litters and fed via Feed Intake Recording Equipment (FIRE) feeders (Schauer 

Agrotronic, Austria).  Pigs were fed the same sequence of diets (starter, link, weaner 

and finisher), with the same diet specifications across all three geographical locations.  

Water and feed were provided on an ad libitum basis.  The ingredient and chemical 

composition of all experimental diets are shown in Table S3.1. 

Individual body weight, back-fat (BF) depth and muscle depth (MD) were 

recorded every week and feed disappearance was recorded daily between day 42 and 

day 91 post-weaning (pw).  This data was used to calculate performance indicators 

[average daily feed intake (ADFI), average daily gain (ADG) and feed conversion 

efficiency (FCE)].  Ultrasound measurements (i.e. BF and MD) were taken at the 3
rd

 

and 4
th

 last rib using Piglog 105 (Carometec, Herlev, Denmark) for ROI; Sonoscope A5 

(Keebomed, Mount Prospect, IL) for NI; and Renoco lean meater (Renoco Corporation, 

Minneapolis, MN) for AT.  All pigs were checked at least twice daily and any showing 

signs of illness were treated as appropriate and the details recorded.  Any pigs that were 

treated with antibiotics were removed from the study. 

After day 91 pw, RFI for each pig was calculated and extremes for RFI were 

selected within litter and gender.  The RFI is a measure of FE that assesses the 

difference between the actual feed intake and the expected feed intake, which is based 

on live-weight of the animal, rate of gain and body fat content (Patience et al., 2015), 

with low RFI animals deemed to be the most feed efficient.  The RFI was calculated as 

the residuals from a least squares regression model of ADFI on ADG, metabolic live-

weight, gender and all relevant two-way interactions, as well as the effects of back-fat 

and muscle-depth.  Pigs were ranked as either high or low RFI, with a minimum spread 

of 2 standard deviations from the mean (within location and batch) between the two RFI 

ranks.  A total of 100 pigs [60 from ROI (ROI1: 20, ROI2: 40), 24 from NI and 16 from 
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AT] were selected for sampling.  A schematic depicting the selection of pigs is shown 

in Figure 3.1. 

Individual faecal samples were collected following rectal stimulation at day 42 

and 105 pw for all pigs selected across all geographical locations, immediately snap-

frozen in liquid nitrogen and stored at -80 °C for subsequent microbiota and volatile 

fatty acid (VFA) analysis.  Two weeks after selection for RFI extremes (~day 105 pw), 

pigs were slaughtered by CO2 stunning followed by exsanguination.  Hot carcass weight 

was recorded immediately following slaughter and was multiplied by 0.98 to obtain 

cold carcass weight.  Kill-out percentage was calculated as [(carcass weight/body 

weight at slaughter) x 100].  Back-fat and muscle depth at slaughter were measured at 6 

cm from the edge of the split back at the third and fourth last ribs using a Hennessy 

Grading probe (Hennessy and Chong, Auckland, New Zealand).  Lean meat yield was 

estimated according to the following formula: Lean meat yield = 60.30 – 0.847 X1 + 

0.147 X2 [where X1= back-fat depth (mm) and X2= muscle depth (mm)].  Digesta 

samples were collected from the terminal ileum (15 cm before the ileo-caecal junction) 

and the caecum (terminal tip) from the selected pigs in ROI and AT.  Samples were 

immediately snap-frozen in liquid nitrogen and stored at -80 °C for subsequent 

microbiota and VFA analysis.  

 

3.3.3. Salivary cortisol analysis 

On day 100 pw, saliva samples were collected from the pigs in ROI1 by 

allowing them to chew on a cotton bud (Salivette, Sarstedt, Wexford, Ireland).  Cortisol 

concentrations were determined in the saliva samples in duplicate using a high 

sensitivity enzyme linked immunosorbent assay (ELISA) kit (Salimetrics, Europe Ltd, 

Suffolk, UK) according to the manufacturer’s instructions.  
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3.3.4. Haematology and blood biochemistry analyses 

Blood was collected during exsanguination at the slaughter plants for 

haematology and biochemistry analyses from pigs in ROI and AT.  For haematological 

analysis, blood was collected in vacuette tubes (ROI: Labstock, Dublin, Ireland; AT: 

Sarstedt, Nürnbrecht, Germany) containing EDTA to prevent clotting, and analyzed 

within 4 h using a Beckman Coulter Ac T Diff analyzer (Beckman Coulter Ltd., High 

Wycombe, UK) for ROI pigs and a ProCyte dx Hematology Analyzer (IDEXX 

Laboratories, Inc., Westbrook, Maine, USA) for AT pigs. 

 For biochemical analysis, blood was collected from ROI pigs in vacuette tubes 

(Labstock, Dublin, Ireland) and allowed to clot at room temperature prior to 

centrifugation at 1,500 × g for 10 min.  The serum was then collected and stored at -80 

°C for subsequent analysis.  Serum samples were analysed using an ABS Pentra 400 

clinical chemistry analyser (Horiba, ABX, North Hampton, UK) for total protein, blood 

urea nitrogen, cholesterol, glucose, triglycerides, creatinine, and creatine kinase.  The 

analyzer was calibrated according to the manufacturer’s instructions and every fifth 

sample was run in duplicate to determine analyser accuracy.  For pigs in AT, blood was 

collected in serum collection tubes (Sarstedt, Nürnbrecht, Germany) and placed on ice 

prior to centrifugation at 1,811 × g for 10 min.  Serum was then collected and stored at -

80 °C for subsequent analysis of blood urea nitrogen, glucose, triglycerides and 

cholesterol which were determined by standard enzymatic colorimetric analysis using a 

clinical chemistry auto analyser, as outlined previously (Metzler-Zebeli et al., 2015a). 

 

3.3.5. Immunological analyses 

Ileal tissue (2-3 cm) was collected 15 cm before the ileo-caecal junction from 

ROI1 pigs at slaughter, placed in Hank’s balanced salt solution (HBSS; Sigma Aldrich, 

Wicklow, Ireland) and put on ice.  Lamina propria lymphocytes (LPL) and intra-
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epithelial lymphocytes (IEL) were isolated from the ileal tissue as previously described 

(Walsh et al., 2011) and pooled.  Briefly, cells were isolated from the mucosa and 

submucosa of the porcine ileal tissue samples, suspended at 10
6
 cells/mL in complete 

medium [IMDM plus Glutamax (Invitrogen), 20 % heat-inactivated fetal bovine serum 

(FBS), 100 U/mL penicillin, 100 mg/mL streptomycin] and transferred into 24 well 

plates (Sarstedt, Numbrecht, Germany) in quadruplicate.  Cells were then pooled and 

treated with phosphate buffered saline (PBS, control) or stimulated with phorbol 

myristate acetate [(PMA, 25 ng/mL; Sigma-Aldrich) plus ionomycin (I; 1 μg/mL; 

Sigma-Aldrich), mitogen-stimulated] at 37 °C in a 5 % (v/v) CO2 humidified 

atmosphere for 4-5 h and incubated for 18 h.  Cells were centrifuged at 1,230 x g for 20 

min and supernatants were stored at -80 °C until cytokine analysis as outlined below.  

Immunophenotyping was then performed on the pooled LPL and IEL that were 

washed and re-suspended in 2 % FBS/PBS using a BD FACSCanto II™ flow cytometer 

(BD Biosciences, Devon, UK), with at least 50,000 events acquired and analyzed.  Data 

were analyzed using FACSDIVA™ software (BD Biosciences).  Primary and secondary 

antibodies were added at concentrations determined by previous titration and 

incubations were performed in the dark at room temperature for 15 min.  Antibodies 

used were CD45 fluorescein isothiocyanate [FITC (lymphocyte marker); AbD 

Serotec/BioRad; Kidlington, UK] to verify white blood cell population identified by 

light scatter, anti-porcine B cell marker PE (Abcam, Cambridge, UK), CD3 

phycoerythrin/cyanine 5 (PE/Cy5 T cell marker; Abcam), anti-porcine CD14 PE/Cy7 

(monocyte marker; Abcam), mouse anti-porcine CD4a FITC (BD Biosciences), mouse 

anti-porcine CD8a (BD Biosciences), purified rat anti-pig γδ T lymphocytes (BD 

Biosciences) and goat anti-rat FITC (AbD Serotec/BioRad).  Proportions of B cells, 

total T cells and monocytes were calculated as percentages of the total white blood cells 

that were identified by light scatter and verified with CD45 antibody to be 63.51±24.49 
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% positive in high RFI pigs, and 51.53±16.45 % positive in low RFI pigs.  The T cell 

subsets were calculated based on the percentage of CD3 positive cells. 

Concentrations of IL-4, IL-6, IL-8 and TNFα were subsequently determined in 

the supernatants from pelleted immune cells treated with PBS and PMA+ I by multiplex 

ELISA (R&D systems, Minneapolis, MN) in triplicate following the manufacturer’s 

instructions.  

 

3.3.6. Haptoglobin in serum  

The concentration of haptoglobin was determined in serum samples collected 

from ROI1, AT and NI pigs using a porcine-specific commercial ELISA kit (Genway, 

San Diego, CA, USA) according to the manufacturer’s instructions.  Serum samples 

were diluted 7,000 to 12,500-fold, depending on the actual haptoglobin concentrations 

in samples.  Haptoglobin concentrations were determined in duplicate and the intra-

assay coefficient of variation was below 10%. 

 

3.3.7. Lipopolysaccharides in caecal digesta  

Concentrations of cell-free lipopolysaccharides (LPS) in caecal digesta collected 

from all pigs were determined using the pyrochrome Limulus amebocyte lysate (LAL) 

assay (Associates of Cape Cod Inc., East Falmouth, MA) as previously described 

(Metzler-Zebeli et al., 2013).  After dilution and de-proteinisation by heating, the 

supernatants were used in the assay.  Changes in optical density of samples at 405 nm 

were measured against calibration curves using Pyros EQS software (Associates of 

Cape Cod Inc.) after addition of pyrochrome LAL reagent and incubation at 37 °C.  

Reactions were run in duplicate and the intra-assay coefficient of variation was <10 %. 
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3.3.8. Microbiota profiling  

Total DNA was extracted from faecal, ileal and caecal samples using the 

QIAamp DNA stool minikit (Qiagen, Crawley, United Kingdom) according to the 

manufacturer’s instructions, apart from adding a beat beating step, and increasing the 

lysis temperature to 95 °C, to increase DNA yield (Buzoianu et al., 2012a).  

Microbial profiling was performed using high-throughput sequencing of the V3-

V4 region of the 16S rRNA gene (paired-end reads of 2x250 bp) on an Illumina MiSeq 

platform.  The Illumina-recommended 16S-metagenomic library preparation (Nextera) 

protocol was followed, except that the PCR mix volume was doubled in the first PCR 

step, and amplification cycles were increased to 30 instead of 25.  Any samples with 

less than 40,000 post quality reads on the MiSeq were removed from the analysis.  Raw 

sequences were merged using Flash (with a minimum overlap of 30 bp and a minimum 

read length of 460 bp) and quality checked using the split libraries script (with default 

parameters) from the QIIME package version 1.9.1.  Reads with a 97 % sequence 

homology were clustered into operational taxonomical units (OTUs) by de novo OTU 

picking and chimeras removed with the 64-bit version of USEARCH (Edgar, 2010).  

Subsequently, OTUs were aligned to the SILVA rRNA specific database (version 111) 

and a phylogenetic tree was generated within QIIME.  Alpha and beta diversity analyses 

were also performed using QIIME.  Principal coordinate analysis (PCoA) plots based on 

unweighted Unifrac distances were visualised using EMPeror v0.9.3-dev.  Further 

downstream images were generated using the R package Phyloseq. 

 

3.3.9. Microbial function prediction 

The predicted functionality of the microbiota for each sample based on 16S 

rRNA data was determined using PICRUSt according to RFI rank, geographical 

location and sample type.  The PICRUSt is a tool which uses the 16S rRNA gene 

sequence, to predict the functionality of microorganisms (Langille et al., 2013).  
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Prediction of functions was inferred based on Kyoto Encyclopedia of Genes and 

Genomes (KEGG) (Kanehisa et al., 2008) and Clusters of Orthologous Groups of 

proteins (COGs) annotations, which assigns annotations according to the database.  

KEGG orthology (KO) functions not bacteria-related or for which the relative 

abundance was <0.01 % for all of the RFI ranks were dismissed. 

 

3.3.10. Volatile fatty acid concentrations in faeces and digesta 

Volatile fatty acid concentrations (i.e., acetic, butyric, isobutyric, propionic, 

valeric and isovaleric acids) were measured in triplicate in faeces collected on days 42 

and 105 pw, in ileal and caecal digesta from the ROI1 pigs and in caecal digesta from 

AT pigs using gas chromatography (ROI1: Agilent 5890 gas chromatograph, AT: 

Fisons gas chromatograph Model 8060 MS DPFC).  For samples analysed in ROI, ~8 g 

of sample was weighed and diluted with 5 % Trichloroacetic acid (TCA, 2.5 x weight of 

sample) and centrifuged at 1,800 × g at 4 °C for 10 min.  One and a half mL of the 

resultant supernatant and 1.5 mL internal standard (0.043 M of 3-methylvaleric acid in 

0.15 M of oxalic acid, Sigma Aldrich) were mixed gently, and the mixture filtered 

through a 0.45 µm filter (VWR International Ltd, Blanchardstown, Dublin 15, Ireland) 

into a labelled 8 mm amber GC vial (Antech Solutions Ltd., Waterford, Ireland) and 

stored at -80 °C until analysed as previously described (Prieto et al., 2014). 

For caecal digesta analysed in AT, aliquots of 1 g were thawed on ice and mixed 

with 0.2 mL metaphosphoric acid (4.3 M; Sigma-Aldrich), 1 mL of double-distilled 

water, and 200 µL internal standard (0.024 M of 4-methylvaleric acid in 4.3 M of 

phosphoric acid, Sigma Aldrich), and the mixture was centrifuged at 3,148 × g for 10 

min.  The clear supernatant was filtered through a 0.45 μm filter (VWR International 

Ltd) into a labelled 8 mm GC vial and analyzed as previously described (Metzler-Zebeli 

et al., 2015b). 
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3.3.11. Statistical analyses 

Growth performance parameters (weight, ADG, ADFI, FCE) were analysed 

using a mixed linear model in SAS 9.3 (SAS, 2011).  Fixed effects included in the 

model were RFI rank, geographical location, gender and time period, as well as their 

interactions.  While adjusting for sex, sow was included as a random effect, and a 

repeated measures model was used to describe correlations between time periods.  

Physiological parameters measured at only one time point (i.e. ileal lymphocyte 

populations and cytokine data, salivary cortisol, biochemical, haematological, 

haptoglobin and VFA concentrations) were analyzed using a mixed linear model also; 

the aforementioned fixed effects were included in the model.  Comparisons of means 

were undertaken using a Tukey correction for multiple testing.  Residual diagnostics 

were made to ensure that the assumptions of the analysis were met.  

Statistical differences for microbiota abundance at a phylum and genus level 

were calculated in R (R Team, 2010) using the SILVA 16S specific database (version 

111) and were estimated using the Kruskal-Wallis test for independent samples and the 

Wilcoxon-Rank test for paired samples.  Corrections for multiple comparisons were 

made using the Benjamini-Hochberg method.  

The RFI value, and VFA concentrations found to differ between low and high 

RFI pigs were correlated with the taxonomic relative abundances for every sample (at 

all time points, for each geographical location where appropriate).  Spearman 

correlation values were calculated in SAS, using the PROC CORR procedure, and P-

values were adjusted using the Stepdown Bonferroni test.  

 For all statistical analysis conducted, significance was set at P≤0.05.
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3.4. Results  

3.4.1. Pigs ranked as low or high RFI at different geographical locations had 

distinct RFI values 

Growth performance parameters, including RFI, were recorded from day 42 to day 

91 pw and presented in Table 3.1.  Across geographical locations, there was a distinct 

separation between high and low RFI pigs (P<0.001).  Average daily gain (P=0.25) and 

weight at day 42 pw (P=0.22) did not differ between RFI rank across locations, but 

weight at day 91 pw (P<0.001), ADFI (P<0.005) and FCE (P<0.03) did. 

 

3.4.2. Microbial diversity was affected by age of the pig and geographical 

location but not by RFI rank, except for species diversity in the digesta of ROI2 

pigs 

Microbial richness and diversity within the faeces (both at day 42 pw and 105 

pw) were not associated with RFI rank (data not shown).  However, in the ileal and 

caecal digesta from ROI2, species diversity, depicted by the Shannon and Simpson α-

diversity indices, was higher for low RFI pigs (P<0.05; Figure 3.2). 

Overall, ß-diversity of the intestinal microbiota was affected by sample type (i.e. 

faeces and / or digesta), including the age of the pig, but not by RFI rank (Figure 3.3).  

At each faecal time point and digesta type, location-specific effects were observed, with 

samples from the same geographical location generally clustering together in the PCoA 

plots (P<0.001, Figure 3.4).  However, one exception was that, samples from ROI1 and 

ROI2 pigs did not cluster together, even though they originated from the same location.  

In fact, the microbial diversity of samples from ROI1 pigs were closer to that of 

samples from AT pigs and the pigs from ROI2 were more similar to samples from pigs 

in NI. 

Sequence proportions for taxonomic groups from phylum down to genus level 

were examined.  Firmicutes was the most abundant phylum in the faeces, and in the 
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ileal digesta, in pigs from all geographical locations (Figure S3.1).  The ileal samples 

had a greater abundance of Firmicutes and a much lower abundance of Bacteroidetes, 

compared to the faecal and caecal samples.  Pigs from ROI1 had a greater abundance of 

Tenericutes in the ileum, compared to pigs in ROI2 and AT (P<0.05; Figure S3.1).  

When the intestinal microbiota composition of high versus low RFI pigs were 

compared, a total of 192 compositional differences, mostly for taxa at low relative 

abundance, were found between high and low RFI pigs across all geographical locations 

(P<0.05).  Most RFI-associated differences were observed in ROI2 pigs (105 taxa vs. 59 

taxa in ROI1 pigs, 11 taxa in NI pigs and 17 taxa in AT pigs).  Phylum-level differences 

between high and low RFI pigs are shown in Figure S3.1, and included Firmicutes 

(ROI1; day 105 pw and caecal digesta; ROI2; ileal digesta), and Proteobacteria (ROI1; 

caecal digesta).  A number of low relative abundant phyla differed significantly between 

RFI ranks: Verrucomicrobia (ROI1; day 42 and day 105 pw, ROI2; caecal digesta), 

SHA.109 (ROI2; day 42 pw), Deferribacteres (AT; day 42 pw), Lentisphaerae (ROI1 

and ROI2; day 105 pw), Euryarchaeota (ROI1; day 105 pw), Candidate division TM7 

(ROI2; day 105 pw), Cyanobacteria (ROI2; ileal digesta and AT; caecal digesta), and 

Planctomycetes (ROI2; ileal digesta).  For the majority of phyla, an increase in relative 

abundance was observed in the low RFI (i.e., more feed efficient) pigs compared to 

their high RFI counterparts, except for Firmicutes and Verrucomicrobia in ROI1 at day 

42 pw, for which a drop in abundance was observed in low RFI pigs. 

 

3.4.3. RFI-associated bacterial taxa within the porcine intestinal microbiota are 

common across geographical locations 

Although none of the 192 RFI-associated taxonomic differences within the faecal 

and / or intestinal microbiota were common to all four trials, seven taxa were found to 

be enriched in low RFI (more feed efficient) pigs on more than one geographical 

location or from different batches reared in ROI (Figure 3.5, P<0.05).  In the faeces 



109 

 

collected on day 42 pw, Mucispirillum (from Deferribacteres) were more abundant in 

low compared to high RFI pigs from both NI (2-fold) and AT (15-fold) (P<0.05).  At 

day 105 pw, the phylum Lentisphaerae was enriched in the faeces of low RFI pigs in 

both ROI1 and ROI2 (ROI1: 2.4-fold, ROI2: 1.7-fold), as was the genus 

Methanobrevibacter (from Euryarchaeota; ROI1: 2.3-fold, ROI2: 3.3-fold, P<0.05).  In 

the caecal digesta, we found four cross-locational RFI-associated taxa.  In both ROI1 

and ROI2, the bacterial family RF16 and an uncultured bacterium from the same family 

were enriched in low RFI pigs (ROI1; 22-fold, ROI2; 5-fold and ROI1; 14-fold, ROI2; 

4-fold, respectively; P<0.05).  The RF16 family was also 20-fold more abundant in the 

faeces of low RFI compared to high RFI pigs at day 105 pw in ROI1 (P<0.05, data not 

shown).  In addition, two similar OTUs belonging to an uncultured bacterium from 

RF16 were found at higher abundance (~20 fold) in the faeces at day 105 pw in low RFI 

pigs from both ROI1 and AT compared to their high RFI counterparts (P<0.05).  

Furthermore, in the caecum, low RFI pigs in ROI2 and AT had a higher abundance of 

the family Ruminococcaceae (1.2-fold and 1.1-fold, respectively) and an uncultured 

bacterium from Cyanobacteria (10-fold and 1.5-fold, respectively).  In contrast, in the 

ileum, no common RFI-associated differences were observed across geographical 

locations.  

 

3.4.4. Predicted microbial pathways associated with RFI were mainly related to 

core metabolism with only a few common between ROI pigs 

Functionality of the intestinal microbiota was inferred using the PICRUSt 

package. One hundred and two microbial pathways differed significantly in relative 

abundance between high and low RFI pigs across geographical location and by sample 

type and were subsequently grouped into major functional categories (Figure S3.2).  

These pathways were present at very low relative abundance (≤ 2.1 %) and were mainly 

related to metabolism, especially carbohydrate metabolism in the faeces at day 42 pw, 
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energy metabolism at day 105 pw and in the caecum, and nucleotide metabolism in the 

ileum (Figure S3.2).  Depending on the age of the pig, there was also a relatively high 

representation of pathways related to genetic information processing (e.g. replication 

and repair, transcription).  There were differences in the abundance of KO functions 

between high and low RFI pigs across locations.  In the caecal and ileal digesta, for 

most of the locations, a number of pathways were more abundant in the low RFI pigs 

than in their high RFI counterparts.  In the faeces at day 42 pw, most of the 

differentially abundant pathways were found in the pigs from NI, whereas for the rest of 

time points, most of the differences were assigned to ROI1 and ROI2 pigs.  However, 

none of the differentially abundant predicted microbial pathways were common to all 

geographical locations and only three followed the same trend in both ROI batches; 

biosynthesis of fatty acids in the faeces at day 105 pw and inositol phosphate 

metabolism and porphyrin/chlorophyll metabolism in the caecal digesta (Figure 3.6).  

The latter was most abundant in the high RFI (less feed efficient) pigs, while the other 

two pathways were marginally higher in the low RFI pigs.  The inositol phosphate 

metabolism pathway, belonging to the core carbohydrate metabolism function, was also 

differentially abundant in both the ileal and caecal digesta of pigs from both ROI 

batches. 

 

3.4.5. Low RFI pigs had lower concentrations of volatile fatty acids in the 

faeces at slaughter age 

Concentrations of VFAs were determined in faeces collected on days 42 and 105 

pw, and in the ileal and caecal digesta from pigs in ROI1 as well as in the caecal digesta 

from pigs in AT (Figure 3.7).  No differences were observed between RFI ranks in 

faeces collected on day 42 pw.  However, low RFI (more feed efficient) pigs from ROI1 

had lower concentrations of total VFAs, as well as lower butyric and propionic acids 

(P<0.05), as well as a tendency for lower valeric (P=0.07) and isovaleric acid (P=0.09) 
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concentrations in the faeces collected at day 105 pw.  In the ileal digesta of ROI1 pigs, 

low RFI pigs had higher concentrations of total VFAs and acetic acid (P<0.05).  In the 

caecum, there was a strong influence of geographical location observed for all VFAs 

measured, apart from butyric and isobutyric acid.  Pigs in AT had higher concentrations 

of total VFAs, as well as higher acetic and propionic acid concentrations, compared to 

ROI1 pigs (P<0.05).  The pigs in AT had lower concentrations of isovaleric acid 

compared to pigs from ROI1 also (P<0.05)  Valeric acid was lower in low RFI pigs 

from ROI1 compared to their high RFI counterparts, and compared to pigs from AT 

(P<0.05).  

 

3.4.6. Verrucomicrobia was correlated with low RFI value, and an uncultured 

genus was correlated with valeric acid  

 A correlation analysis was performed between the intestinal microbiota 

composition, at the phylum and genus levels, with RFI value and VFAs that differed 

significantly between RFI ranks, and those that were significant are shown in Figure 

S3.3.  None of the phyla or genera that were RFI-associated in this study were 

significantly correlated with RFI value.  At the phylum level, only Verrucomicrobia 

was correlated with a low RFI value (negative correlation R=-0.56; P<0.05).  At the 

genus level, Megasphaera (R=-0.57) and an uncultured genus from Rhodospirillaceae 

(R=-0.54) were correlated with a low RFI value (negative correlation; P<0.05).   

 In relation to correlations performed with VFA concentrations, butyric acid in 

the faeces collected from ROI1 pigs at day 105 pw was positively correlated with 

Mycoplasma (R=0.69), but negatively correlated with Pyramidobacter (R=-0.59; 

P<0.05). Valeric acid was negatively correlated with an uncultured genus from 

Verrucomicrobia subdivision 5b (R=-0.70), but isovaleric acid was positively correlated 

with Collinsella (R=0.67; P<0.05).  In the ileum of ROI1 pigs, there was a negative 
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correlation observed between acetic acid and Clostridium sensu stricto 1 (R=-0.70; 

P<0.05) 

 

3.4.7. Salivary cortisol, but not haematological and biochemical parameters, 

differed according to RFI rank 

Salivary cortisol, measured in pigs from ROI1, tended to be lower in low RFI 

(more feed efficient) pigs (P=0.06; Table S3.2).  However, in pigs from ROI1, ROI2 

and AT no significant differences were observed according to RFI for serum 

biochemistry measures, nor for any of the haematological parameters measured 

(P>0.05; Table S3.2 and Table S3.3), and most were within the normal ranges as 

previously reported in growing pigs (Klem et al., 2010). 

 

3.4.8. No RFI-associated differences were found in ileal immunological 

response, serum haptoglobin or caecal LPS levels 

No significant differences were observed between high and low RFI pigs from ROI1 

for any of the ileal lymphocyte populations or cytokine concentrations measured from 

these isolated LPL and IEL, either control or mitogen-stimulated (Table S3.4). 

However, most of the lymphocyte populations in pigs from both RFI ranks were within 

the range previously recorded for younger, healthy/control pigs (Walsh et al., 2011, 

Nofrarias et al., 2006).  Similarly, no significant differences were observed between RFI 

ranks, across geographical locations for serum haptoglobin concentrations (P>0.05; 

Table S3.5).  There were also no significant differences in LPS concentrations measured 

in the caecal digesta of all pigs (Table S3.5). 
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3.5. Discussion 

Very little information is available regarding the possible contribution of the gut 

microbiome to FE in pigs.  Although Chapter 2 did demonstrate an association between 

porcine intestinal microbiota composition and RFI (as a metric for FE), it was limited to 

one batch of pigs at a single rearing site.  Following on from this, the intestinal 

microbial profile of pigs ranked on RFI from three geographical locations was assessed 

in the present study in order to expand our knowledge of RFI-associated intestinal 

microbiota and to attempt to find reliable microbial biomarkers for FE in pigs.  Across 

geographical location, there were fewer potential microbial biomarkers identified and 

most of these were different to those pinpointed in our earlier study.  However, the fact 

that ranking on RFI was performed during different stages of the production cycle, i.e. 

day 42 to 91 pw in the current study compared to between weaning (28 days old) and 

day 126 pw in the previous study, could help to explain the apparent discrepancies 

between studies.  Moreover, in the present study, none of the RFI-associated differences 

in intestinal microbiota composition found were common across all geographical 

locations.  Similarly, studies in chickens have highlighted the challenge of finding 

common FE-associated microbes across locations (Siegerstetter et al., 2016) and even 

across batches from within the same location (Stanley et al., 2016). 

 The limited cross-locational RFI-associated differences in the intestinal 

microbiota were perhaps due to variation in the core microbiome in pigs in each 

location, as evidenced by the location-specific diversity revealed by the PCoA plots.  

Although it has previously been shown that poultry raised in different environments 

have different microbiota (Stanley et al., 2016), to date this has not been shown for pigs.  

However, this seems to be the case in the present study, even though external factors 

including diet, genetics and management protocols were controlled.  Differences in 

health status may also be responsible, as for instance, the highest number of RFI-
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associated compositional differences was found in ROI2 pigs, which were deemed to 

represent a high herd health status.  This is likely reflective of a higher microbial 

diversity, as seen within the caecal and ileal microbiota of the low RFI (more feed 

efficient) pigs from that batch.   Indeed, in humans, lower microbial diversity has been 

associated with gastrointestinal disorders and obesity (Pozuelo et al., 2015, Le Chatelier 

et al., 2013).  Overall, environmental influences and inter-individual variability (Stanley 

et al., 2016) make it difficult to find reliable biomarkers and ultimately targeted feed 

additives e.g. probiotics/prebiotics to enhance FE in pigs.  

In the present study, the overall intestinal microbiota composition showed a high 

abundance of Firmicutes and Bacteroidetes which mirrors what is commonly identified 

as major constituents of the core pig microbiome (Xiao et al., 2016).  A lower relative 

abundance of the phylum Candidate division TM7 and genus Candidatus 

Saccharimonas observed in the low RFI pigs from ROI2 at day 105 pw resembles what 

was found in Chapter 2.  This phylum is diverse, comprising ubiquitous members with 

potential pro-inflammatory activity as it was previously found to be enriched during 

inflammatory bowel disease  (Ferrari et al., 2014). 

Although none of the RFI-associated differences in microbiota composition 

were common to all geographical locations, seven taxa were found to differ in their 

abundance between high and low RFI pigs at more than one geographical location or 

from different batches reared at the same location (i.e. ROI).  Although, within RFI-

rank, variation between pigs were observed (as indicated by the box plots shown in 

Figure 5),  these taxa differences do appear to explain, at least in part, differences in FE 

and could potentially be used as microbial biomarkers for FE.  For example, the low 

RFI (more feed efficient) -associated enterotypes have a major role in core metabolism 

of carbohydrates.  In faeces collected at day 42 pw, Mucispirillum which is a mucin 
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degrader, was found to be higher in low RFI pigs from NI and AT.  However, too much 

of a shift towards this genus could be harmful, causing disruption of the mucus layer 

(Belzer et al., 2014).  In faeces collected at day 105 pw, Methanobrevibacter was more 

abundant in the highly efficient compared to the poorly efficient pigs in both ROI 

batches.  This genus has previously been positively correlated with crude fibre 

digestibility in pigs (Niu et al., 2015) and also plays an important role in methane 

production (Pimentel et al., 2012).  Recently, it was found to be enriched in healthy 

humans compared to those with irritable bowel syndrome (Pozuelo et al., 2015).  A link 

with leaner phenotypes in humans is also noteworthy (Million et al., 2012).  The 

phylum Lentisphaerae, enriched in low RFI pigs, has previously been linked to 

improved health in humans, which might suggest a healthier gut microbiome (Jiang et 

al., 2015).  This phylum has also been previously associated with improved FE and, 

specifically, weight gain, albeit in cattle (Myer et al., 2015), which would suggest a 

benefit in further investigation of the role of Lentisphaerae in improving FE in pigs.  In 

the caecal digesta, Ruminococcaceae, which have a central role in the fermentation of 

carbohydrates, including cellulose (Salonen et al., 2014, David et al., 2014), was 

identified as a RFI-associated taxon in pigs from both AT and ROI2.  Lastly, an-

uncultured bacterium from the RF16 family, along with the RF16 family itself (from 

Bacteroidetes) were both higher in relative abundance in low RFI pigs. Although there 

is little information regarding the role of bacteria from this family within the intestinal 

community, they have been previously found to be enriched in pigs fed a diet high in 

complex carbohydrates (Sun et al., 2015). 

Recently, a metagenomic catalogue of the pig gut microbiome has demonstrated 

a predominance of bacterial genes with functional relation to metabolic pathways and 

genetic information processing (Xiao et al., 2016).  In the present study, the RFI-

associated predicted microbial function agreed with the compositional data, showing 
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that most predicted pathways enriched in low RFI pigs were related to core metabolism, 

including carbohydrate, energy and nucleotide metabolism.  Furthermore, microbial 

metabolites such as VFAs have a key role in modulation of host cells, as they constitute 

an extra source of energy for the host.  The concentration of VFAs present impacts the 

host phenotype, with for example, higher concentrations of VFAs in the faeces 

associated with obesity (Fernandes et al., 2014).  The fact that faecal VFA 

concentrations were lower in low RFI pigs suggests that improved colonic absorption 

occurred in these pigs, indicating better utilisation of bacterial fermentation end-

products in the large intestine(Williams, 2001).  There appeared to be a strong influence 

of rearing environment for the caecal VFAs measured in the present study, with ROI1 

pigs having lower concentrations of most of the VFAs measured compared to AT pigs.    

Apart from the microbiota, salivary cortisol (lower in low RFI pigs) was the 

only other RFI-associated measure observed and could therefore be utilised as a 

biomarker for improved FE in pigs, similar to what was previously suggested in cattle 

(Richardson et al., 2004).  No differences in serum biochemical measures were 

observed and these were within the normal reference values for growing pigs .  Despite 

the absence of a link between ileal immune-competence and FE in our study, an 

adequate number of ileal immune cells (i.e. within normal ranges previously found for 

healthy, control pigs (Nofrarias et al., 2006, Walsh et al., 2011)) indicate an ability to 

fight off disease, while maintaining optimum growth performance.  Likewise, no RFI-

associated differences were found for caecal concentrations of the bacterial endotoxin, 

LPS, a potent immunogen, high serum concentrations of which have previously been 

linked to poor FE (Mani et al., 2012).  Serum concentrations of the acute phase protein 

haptoglobin also did not differ in the present study, although previously found to be 

lower in low RFI pigs (Mani et al., 2013).  Although previous work has shown that low 

RFI pigs were more efficient in terms of producing lower, but sufficient levels of blood 
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lymphocytes, monocytes, and white blood cells compared to high RFI pigs (Mpetile et 

al., 2015), no RFI-associated haematological differences were found in the present 

study.  
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3.6. Conclusions 

In conclusion, the FE-associated bacterial taxa consistently found across different 

geographical locations and batches may have a role to play in improving FE in pigs, 

mainly because of their importance in relation to carbohydrate metabolism.  Besides 

this, we showed methanogenic members of Archaea (Methanobrevibacter) as likely 

implicated in shaping FE in pigs.  In the future, these FE-associated taxa can potentially 

be used as probiotics or targeted by dietary means as a strategy for improving FE in 

pigs.  Alternatively, they could be exploited as potential predictive biomarkers for 

porcine FE.  However, the unculturable nature of many of these taxa, together with 

location-specific findings highlight the challenges associated with translation of our 

results into a set of reliable usable biomarkers and/or potential probiotics for pigs.  

Furthermore, the complex interplay between enterotypes within the gut ecosystem 

makes the cause-effect relationship intricate, and the microbial taxa identified in the 

present study cannot be interpreted as definitive determinants for FE in pigs, without 

additional studies. 
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3.7. Tables and Figures 

Table 3.1. Growth performance of pigs ranked on residual feed intake (RFI)
 
at three geographical locations

 

Parameter 
High RFI  Low RFI 

SEM
1 P-value 

ROI1
2 

ROI2
3 

NI
4 

AT
5 

 ROI1
 

ROI2 NI AT RFI*location RFI Location 

RFI
 
(g/day) 1237

a 
1108

a 
207

b 
1171

a,b 
 -1030

c 
-737

c 
-200

c 
-956

c 
227.6 <0.001 <0.001 0.86 

Weight day 42 pw
6
 (kg) 32.2 33.3 27.4 30.2  33.6 31.9 28.7 28.6 1.93 0.22 0.97 0.27 

Weight day 91 pw (kg) 83.1
b,c

 82.3
b,c

 91.3
a,c 

85.2
a,b,c

  87.2
a,b,c

 79.5
b 

95.2
a, 

82.8
b,c 

1.94 <0.001 0.83 0.35 

ADFI
7
 (g/day) 2025

b,d 
2194

a,d
 2033

a,b 
2380

a 
 1988

b,d
 1851

b,c 
1586

c 
1942

b,c,d
 74.1 0.005 <0.001 0.005 

ADG
8
 (g/day) 1028 902 891 1131  1065 847 894 1077 30.0 0.25 0.44 <0.001 

FCE
9
 (g/g) 2.05

b 
2.62

a 
2.40

a 
2.11

b 
 1.91

b 
2.39

a
 1.80

b 
1.84

b 
0.088 0.03 <0.001 <0.001 

a,b,c 
Within each row, values that do not share a common superscript are different (P≤0.05)  

1
Least squares means and the pooled standard error of the mean are presented; 

2
ROI1: Republic of Ireland medium health; 

3
ROI2: Republic of Ireland high health; 

4
NI: Northern 

Ireland; 
5
AT: Austria;

 6
Pw: post-weaning;

 7
ADFI: Average daily feed intake; 

8
ADG: Average daily gain; 

9
FCE: Feed conversion efficiency 
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Figure 3.1. Schematic showing pig selection based on residual feed intake (RFI) and sampling across the geographical locations 1
One common boar was used 

across the three locations to minimise genetic variation; 
2
Pigs were ranked on RFI between day 42 and 91 post-weaning; 

3
Pw: post-weaning.  
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Figure 3.2. α-diversity of the intestinal microbiota of pigs ranked on residual feed intake (RFI) from ROI2 in A. Ileal and B. Caecal digesta (P<0.05)  

Only the significant differences between high and low RFI rank for each index are shown. 

 

A. Ileal digesta B. Caecal digesta 
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Figure 3.3. Principal coordinate analysis (PCoA) plots (based on OTUs) for all faecal and intestinal samples across geographical locations according to: A. 

RFI rank and B. Sample type 

Low RFI  

High RFI  

Faecal day 42 pw (n=98) 

Faecal day 105 pw (n=98) 

Caecal (n=73) 

Ileal (n=64) 

Low RFI (n=170) 

High RFI (n=163) 

A. RFI rank B. Sample type 
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Figure 3.4. Principal coordinate analysis (PCoA) plots (based on OTUs) for: A. Faeces collected on day 42 pw, B. Faeces collected on day 105 pw, C. Ileal 

digesta and D. Caecal digesta 
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B. Faeces day 105 pw 

C. Caecal digesta 
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Figure 3.5. Commonality of RFI-associated bacterial taxa across geographical locations by sample type and relative abundance of the common taxa in both 

low and high RFI pigs (P<0.05)  

Only those taxa that were significantly different between high and low RFI across locations are depicted.  
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Figure 3.6. Median relative abundance (%) of common predicted microbial pathways differentially abundant in high and low RFI pigs 

(P<0.05) across geographical locations and by sample type 
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Figure 3.7. Effect of ranking pigs on residual feed intake (RFI) on volatile fatty acid (VFA) concentrations (mmol/g) in faeces of ROI1 pigs at A. day 42 

post-weaning, B.  day 105 post-weaning, C. in the ileal digesta of ROI1 pigs and D. in the caecal digesta of ROI1 and AT pigs 

ROI1: Republic of Ireland batch 1 pigs; AT: Austria batch of pigs.  

a,b,c 
Within each volatile fatty acid, values that do not share a common superscript are significantly different (P≤0.05)
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3.8. Supplementary Information 

Table S3.1. Composition and chemical analysis of diets used in the study (on an as fed 

basis; g/kg) 

Diet Type Pig Sow 

Starter Link Weaner Finisher Gestation Lactation 

Barley   248.0 385.4 897.4 349.5 

Wheat 220.0 399.0 431.4 404.0  432.4 

Maize 80.0      

Soya 163.5 229.2 200.0 175.0 70.0 150.0 

Full fat soya 100.0 70.0 50.0    

Lactofeed 70
1 

200.0 200.0     

Skim milk powder 125.0 50.0     

Soya oil 78.1 25.0 40.0 10.0 10.0 40.0 

Lysine HCl (78.8) 4.73 3.70 4.6 4.0 1.0 3.5 

DL-Methionine 3.22 2.33 1.7 1.0  1.0 

L-Threonine (98) 2.41 1.62 2.0 1.5  1.0 

L-Tryptophan 0.95 0.54 0.2 0.0   

Vitamin and mineral mix
 

3.0
2 

3.0
2 

3.0
2 

1.0
3 

1.5
4 

1.5
4 

Natuphos 5000 FTU/g
5 

0.10 0.10 0.1 0.1 0.1 0.1 

Salt feed grade 3.00 3.00 3.0 3.0 4.0 4.0 

Dicalcium phosphate 5.00 1.52 5.0 2.0 5.0 5.0 

Limestone flour 11.00 11.0 11.0 13.0 11.0 12.0 

       

Chemical analysis (g/kg dry matter) 

Crude protein 235.9 252.8 211.0 205.4 195.7 172.1 

Crude fibre 19.8 23.4 34.8 37.5 38.9 31.7 

Crude ash 66.2 63.5 48.3 45.4 44.6 49.8 

Ether extract 114.7 57.9 70.7 27.2 33.2 63.4 

Digestible energy (MJ/kg)
6 

17.9 17.0 16.9 16.0 15.9 16.3 

Net energy (MJ/kg)
6
 11.4 10.3 10.6 9.8 9.5 10.5 

       

Amino acids (g/kg)       

Lysine 16.2 15.0 13.0 11.1 6.4 9.9 

Methionine 6.8 5.7 4.5 3.6 2.1 3.4 

Methionine + cysteine 9.7 9.0 7.9 6.8 4.7 6.4 

Threonine 10.5 9.8 8.7 7.5 4.5 6.5 

Tryptophan 3.6 3.3 2.6 2.2 1.6 2.0 
1
Lactofeed 70 contains 70% lactose, 11.5% protein, 0.5% oil, 7.5% ash and 0.5% fibre (Volac, 

Cambridge, UK).  
2
Premix provided per kg of complete diet: Cu, 155 mg; Fe, 90 mg; Mn, 47 mg; Zn, 120 

mg, I, 0.6 mg; Se, 0.3 mg; vitamin A, 6000 IU; vitamin D3, 1000 IU; vitamin E, 100 IU; vitamin K, 4 mg; 

vitamin B12, 15 μg; riboflavin, 2 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; choline chloride, 250 

mg; vitamin B1, 2 mg; vitamin B6, 3 mg; Endox, 60 g.
 3

Premix provided per kg of complete diet: Cu, 15 

mg; Fe, 24 mg; Mn, 31 mg; Zn, 80 mg, I, 0.3 mg; Se, 0.2 mg; vitamin A, 2000 IU; vitamin D3, 500 IU; 

vitamin E, 40 IU; vitamin K, 4 mg; vitamin B12, 15 μg; riboflavin, 2 mg; nicotinic acid, 12 mg; 

pantothenic acid, 10 mg; vitamin B1, 2 mg; vitamin B6, 3 mg.
 4

 Premix provided per kg of complete diet: 

Cu, 15 mg; Fe, 70 mg; Mn, 62 mg; Zn, 80 mg, I, 0.6 mg; Se, 0.2 mg; vitamin A, 1000 IU; vitamin D3, 

1000 IU; vitamin E, 100 IU; vitamin K, 2 mg; vitamin B12, 15 μg; riboflavin, 5 mg; nicotinic acid, 12 mg; 

pantothenic acid, 10 mg; choline chloride, 500 mg; Biotin, 200 mg; Folic acid, 5 g; vitamin B1, 2 mg; 

vitamin B6, 3 mg.
 5

Phytase; 5000 FTU/g equal to 500 FTU per kg finished feed.
6
Digestible energy and net 

energy were calculated from book values. Diets were pelleted to 3mm diameter after steam conditioning 

to 50-55 °C. 



131 

 

Table S3.2. Effect of residual feed intake (RFI) on salivary cortisol
1 

and serum 

biochemistry parameters
2
 for pigs from ROI and AT. 

Parameter High RFI Low RFI SEM
3 

P-value 

Salivary cortisol (ng/ml) 1.76 1.34 0.176 0.06 

     

Creatinine (µmol/L) 122 129 6.2 0.18 

Creatine kinase (µmol/L) 105 109 11.2 0.78 

Total protein (g/L) 66.1 66.7 0.89 0.71 

Triglycerides (mmol/L) 0.50 0.48 0.036 0.58 

Glucose (mmol/L) 5.44 5.68 0.209 0.23 

Cholesterol (mmol/L) 2.37 2.39 0.114 0.86 

Blood urea nitrogen (mg/dL) 14.9 14.1 1.09 0.58 
1
Salivary cortisol was measured in 20 pigs in ROI1 on day 100 pw. 

2
Blood serum was collected from ROI1, ROI2 and AT pigs at slaughter (day 105 pw).  

3
Least squares means and the pooled standard error of the mean are presented. 
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Table S3.3. Effect of ranking pigs on residual feed intake (RFI) on haematological 

parameters in ROI and AT pigs 

Parameter High RFI Low RFI SEM
1 

P-value 

White blood cells (x 10
3 
cells/µl) 23.0 23.2 1.56 0.93 

Lymphocytes      

  % 44.0 47.4 3.07 0.23 

  no. x 10
3 
cells/µl 9.6 10.4 0.95 0.39 

Monocytes     

  % 12.0 10.6 1.70 0.30 

  no. x 10
3 
cells/µl 2.97 2.59 0.384 0.25 

Granulocytes      

  % 40.2 41.1 3.95 0.87 

  no. x 10
3 
cells/µl 10.3 9.9 1.31 0.81 

Red blood cells (x 10
6
 cells/µL) 6.59 6.63 0.301 0.90 

Red cell distribution width (fL) 19.8 20.1 0.99 0.73 

Haemoglobin (g/dL) 12.7 12.6 0.39 0.70 

Haematocrit (%) 0.37 0.37 0.011 0.97 

Mean corpuscular volume (fL) 53.8 55.0 0.78 0.21 

Mean corpuscular haemoglobin      

 % 31.2 31.7 0.46 0.29 

 pg 17.2 17.3 0.26 0.76 

Platelets (x 10
6
 cells /µL) 219.8 196.7 23.6 0.38 

Mean platelet volume (fL) 8.93 8.70 0.490 0.72 
1
Least squares means and the pooled standard error of the mean are presented. 
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Table S3.4. Pooled ileal intraepithelial (IEL) and lamina propria (LPL) lymphocyte 

populations (%)
1
, with or without mitogen stimulation, from ROI1 pigs ranked on 

residual feed intake (RFI) and cytokine production (pg/ml) from these cells  

 High RFI Low RFI SEM
2 

P-value 

Pooled ileal LPL and IEL cells  

Control (PBS) 

B cells  1.74 1.79 0.484 0.99 

T cells 2.49 1.82 0.589 0.86 

 CD4 T cells 80.9 87.5 8.39 0.95 

 CD8 T cells 6.36 5.81 1.129 0.98 

 CD4CD8 T cells  6.26 6.41 2.433 0.99 

  γδ T cells  0.97 0.82 0.156 0.91 

Monocytes 7.94 7.66 2.282 0.99 

 

Mitogen-stimulated (PMA+I)
3 

B cells 1.86 2.04 0.485 0.99 

T cells 3.86 2.52 0.590 0.39 

 CD4 T cells 70.3 81.9 8.40 0.76 

 CD8 T cells 5.71 4.79 1.130 0.93 

 CD4CD8 T cells 4.78 11.02 2.432 0.18 

  γδ T cells 0.62 0.64 0.157 0.99 

Monocytes 6.77 4.47 2.282 0.89 

 

Cytokine production from pooled ileal LPL and IEL  

Control (PBS) 

IL-4 3.28 4.94 0.260 0.69 

IL-6 3.77 2.41 0.310 0.76 

IL-8 7.76 5.61 0.403 0.61 

TNFα 3.28 3.92 0.302 0.98 

     

Mitogen-stimulated (PMA+I) 

IL-4 4.16 3.86 0.270 0.97 

IL-6 4.36 4.08 0.320 0.99 

IL-8 5.93 6.33 0.400 0.71 

TNFα 2.58 3.73 0.300 0.83 
1
Percentages are based on total white blood cells. 

2
Least squares means and the pooled standard error of the mean are presented.  

3
PMA+I: pooled IEL and LPL were mitogen-stimulated with phorbol myristate acetate (PMA, 25 ng/mL) 

plus ionomycin (I; 1 μg/mL). 



134 

 

 

Table S3.5. Caecal lipopolysaccharides
1
 and serum haptoglobin concentrations

2 
in pigs ranked on residual feed intake (RFI) across geographical locations 

Measure 
 High RFI Low RFI 

SEM
3 

P-value 
ROI1 ROI2 NI AT  ROI1 ROI2 NI AT 

Log EU
4
/g FM

5 
6.15 6.09 6.07 6.16  6.17 6.01 6.02 6.11 0.065 0.76 

Log EU/g DM
5 

7.03 6.97 7.05 7.11  7.06 6.92 7.05 7.10 0.062 0.86 

            

Serum haptoglobin (µg/ml) 172.1 - 171.4 180.8  155.8 - 186.6 180.4 35.74 0.47 
1
Caecal lipopolysaccharides were measured in digesta collected at slaughter (day 105 post-weaning); 

2
Haptoglobin concentrations were measured in serum collected (from ROI1, AT 

and NI pigs).
  

3
Least squares means and the pooled standard error of the mean are presented. 

 4
EU: endotoxin units; 

5
FM: fresh matter; 

6
DM: dry matter. 
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Figure S3.1. Median relative abundance (%) of bacterial phyla present in pigs according to RFI rank across geographic locations for all faecal time points 

and intestinal sites 

 1 
No blast hits/uncultured. *Indicate significant differences observed between high and low RFI pigs within each sample type and geographic location at P≤0.05.
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Figure S3.2. Predicted functionality of intestinal microbiota for high and low RFI pigs across geographic locations and by sample type A. Faeces, B. 

Caecum, C. Ileum. Pathways shown are those found to be differentially abundant between high and low RFI pigs (P<0.05) 

Pathways were grouped into major functional categories as follows: M1: Carbohydrate metabolism, M2: Metabolism of cofactors and vitamins, M3: Energy metabolism, M4: Lipid 

metabolism, M5: Amino acid metabolism, M6: Glycan biosynthesis and metabolism, M7: Biosynthesis of other secondary metabolites, M8: Metabolism of terpenoids and 

polyketides, M9: Xenobiotic biodegradation and metabolism, M10: Metabolism of other amino acids, M11: Nucleotide metabolism, E: Environmental information processing, G: 

Genetic information processing, C: Cell motility. 

A. Ileum 
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Figure S3.3. Heat map showing Spearman correlations between bacterial taxa and physiological measures in pigs ranked by residual feed intake (RFI) 
 Correlations were only performed between bacterial taxa at the phylum and the genus levels with RFI value and volatile fatty acids that differed significantly between high and low 

RFI pigs. *Indicates significance at P≤0.05. Red indicates negative correlation and blue indicates positive correlation. 
1
Correlated with the intestinal microbiota in the caecum of pigs 

from the Republic of Ireland (ROI; batch 1); 
2
Correlated with the intestinal microiota.in the ileum of pigs from ROI (batch 2); 

3
Correlated with the faecal microbiota in the faeces of 

pigs collected on day 105 post-weaning (pw) from ROI (batch 1); 
4
Correlated with the intestinal microbiota in the ileum of pigs from ROI (batch 1).  
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 4.1 Abstract 

Previous studies suggest a link between the intestinal microbiota and feed efficiency 

(FE) in pigs.  Therefore, we investigated if faecal microbiota transplantation (FMT) in 

sows and/or offspring, using inocula derived from highly feed efficient pigs, could 

improve offspring FE.  Pregnant sows were assigned to control or FMT treatments, and 

the resultant offspring to control, FMT once, or FMT four times.  The FMT altered sow 

faecal and colostrum microbial profiles, and resulted in lighter body weight in 70- and 

155-day old offspring.  This was accompanied by FMT-associated changes within the 

offspring intestinal microbiota, including transiently higher faecal bacterial diversity 

and load, and numerous compositional differences at the phylum (e.g. Spirochaetes and 

Bacteroidetes at high relative abundance) and genus levels (mostly Firmicutes 

members), as well as differences in abundance of predicted bacterial pathways, all 

mostly within the ileal microbiota.  Intestinal morphology was negatively impacted, 

duodenal gene expression altered, and serum protein and cholesterol concentrations 

reduced due to FMT.  Taken together, results suggest poorer absorptive capacity and 

intestinal health, possibly explaining the reduced body weight.  Although these findings 

have negative implications for the use of FMT for the improvement of FE in pigs, they 

nonetheless demonstrate the impact of early life intestinal microbiota. 
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4.2. Introduction 

The porcine intestinal microbiome is considered an important ‘organ’, playing a 

major role in nutrient metabolism and immune response (Kim and Isaacson, 2015a, Kim 

et al., 2015b, Xiao et al., 2016, Zhao et al., 2015).  Recently, intestinal microbiota 

composition has been linked with growth in pigs (Ramayo-Caldas et al., 2016, Mach et 

al., 2015, Yang et al., 2016).  Moreover, previous work from Chapters 2 and 3 showed 

that microbial composition and predicted functionality are associated with porcine feed 

efficiency (FE).  As FE is a major determinant of profitability in pig production, 

strategies to improve FE are continuously being sought.  To date, several approaches 

have been applied to increase beneficial gut bacterial populations with a view to 

improving FE including probiotics (Prieto et al., 2014, Zimmermann et al., 2016), 

prebiotics (Grela et al., 2014, O'Sullivan et al., 2010, de Lange et al., 2010) and 

synbiotics (Lee et al., 2009, Sattler et al., 2015).  Here, for the first time, we attempt to 

improve FE through faecal microbiota transplantation (FMT) to pregnant sows and their 

offspring.  

Faecal microbiota transplantation involves the transfer of donor microbiome (i.e. 

faecal material), to a recipient in order to establish a more desirable microbiome.  The 

aim is to populate the gastrointestinal tract (GIT) with potentially beneficial bacteria, 

thereby establishing/restoring intestinal homeostasis (Nieuwdorp, 2014, Xu et al., 

2015).  To date, FMT has been exploited in humans to treat recurrent Clostridium 

difficile infection (Borody et al., 2014).  It is also under investigation for treatment of 

enteric infections and inflammatory bowel disorders (Nieuwdorp, 2014), as well as 

metabolic and autoimmune diseases (Xu et al., 2015).  One of the main advantages of 

FMT is that it provides a full range of microbiota (Borody et al., 2014).  However, there 

are limitations regarding collection, preparation and storage of donor faeces (Kelly, 

2015), as well as selection of suitable donors (Vermeire et al., 2016). 
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As regards pigs, FMT has been used to generate a human microbiota-associated 

pig model (Pang, 2007, Zhang, 2013), and tograft  porcine microbiota into the rodent 

GIT (Hirayama, 1999, Yan et al., 2016).  Interestingly, FMT from three pig breeds 

resulted in similar intestinal structure, gene expression and enzymatic activities in germ-

free mice (Diao et al., 2016).  However, to our knowledge, only only a limited number 

of studies have conducted pig-to-pig microbiota transfer. In one (conference abstract),  

FMT to piglets was successful in preventing necrotising entero-colitis in a piglet model 

of the disease,  but increased neonatal mortality (Martin et al., 2015).  In another study, 

immunologic characteristics were transferred from donor to recipient as a result of 

microbiota transplantation from on pig breed to another (Xiao et al., 2017).  These 

studies provide evidence of the ability to ‘reprogramme’ the porcine intestinal 

microbiota via FMT with resultant alterations in host phenotype. However, the use of 

FMT as a tool to improve FE in pigs has yet to be investigated.  Therefore, the purpose 

of this study was to investigate if oral FMT with faecal extracts from highly feed 

efficient pigs, in sows and/or their offspring, would improve FE via beneficial 

modulation of the intestinal microbiota, and if so, to determine if the effect(s) persists 

throughout the lifetime of the offspring. 
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4.3. Materials and methods 

4.3.1. Ethical approval 

The pig study was approved by the Teagasc and Waterford Institute of 

Technology animal ethics committees and performed according to European Union 

regulations (91/630/EEC; 98/58/EC).  An experimental license (AE1932/P032) was 

obtained from the Irish Health Products Regulatory Authority (HPRA).  Piglets that 

died/were removed during the study are listed in Table S4.1. 

 

4.3.2. Faecal microbiota transplantation in sows  

A schematic showing preparation of the FMT inoculum from the faeces of 

highly feed efficient donor pigs (from Chapter 3) is shown in Figure 4.1 and an 

overview of the sow and offspring treatments, and sample collection in Figure S4.1.  At 

day 60 of gestation, sows were blocked by boar and body weight and assigned to one of 

two treatments: 1) Control (CON; n=9) and 2) FMT procedure (FMTP; n=9). The 

FMTP refers to all steps used in the procedure (the details of which are outlined below) 

i.e.  antibiotic treatment, purgative, fasting, proton-pump inhibitor and both FMTs. 

 

On day 61, sows on the FMT treatment were individually housed and 

commenced a 7-day course of antibiotics (cocktail of three antibiotics used for its broad 

spectrum of activity top-dressed on feed) (Figure S4.1).  To ensure that the FMT was 

not inactivated by the antibiotics, 3 days elapsed between the last dose of antibiotic and 

the first FMT.  

On day 68, FMT sows received a purgative (Figure S4.1) in two doses (one in 

the morning and one in the evening) via gastric intubation, and were fasted from the 

first dose of the purgative until day 70 of gestation, when they received a proton-pump 

inhibitor (Figure S4.1) 1h prior to FMT.  Aliquots (100 mL) of the FMT inoculum 

containing a mean count of 1.4. x 10
9 

CFU/mL as determined by plating on Wilkins 
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Chalgren (WC) anaerobe agar (Oxoid Ltd, Basingstoke, Hampshire, UK), were thawed 

to room temperature and administered via gastric intubation to each sow in the FMT 

group [200 mL/sow; which delivered a dose of 2.8 x 10
11

 CFU, referred to as ‘first 

FMT’].  The gastric tube was then rinsed with a solution of omeprazole (120 mg/sow) 

dissolved in 400 mL lukewarm water. 

On day 100, FMT sows received the ‘second FMT’ (containing a mean count of 

1.2. x 10
9 

CFU/mL, as determined by plating on WC anaerobe agar, which delivered a 

dose of 2.5 x 10
11

 CFU), using the same procedure as on day 70.  Faecal samples for 

microbiota analysis were collected throughout gestation from 6 sows/treatment, as 

outlined in Figure1A, snap-frozen in liquid nitrogen and stored at -80 °C.  At the onset 

of farrowing, the two teats immediately distal to the sows head were cleaned with iodine 

and colostrum was manually collected (from 6 sows/treatment) into sterile containers 

and stored at -80 °C for microbiota analysis. 

 

4.3.3. Faecal microbiota transplantation, sampling and management of 

offspring    

At farrowing, nine piglets (n=162) were selected as having average birth weights 

for their respective litter, blocked by gender and weight, and randomly assigned to one 

of three treatments: 1) Control (CON), 2) FMT at birth (FMT1), and 3) FMT at birth 

and days 3, 7 and 28 of age (FMT4) (Figure S4.1).  This resulted in 6 treatments (sow x 

offspring treatment interaction): CON/CON, CON/FMT1, CON/FMT4 and FMT/CON, 

FMT/FMT1 and FMT/FMT4.  The FMT in piglets was performed by orally 

administering (via syringe) 8 mL of inoculum containing a mean count of 1.2 x 10
9
 

CFU/mL (as determined on WC anaerobe agar), which delivered a dose of 9.6 x 10
9
 

CFU.   

At weaning, six pigs per litter (2/offspring treatment; one male and one female 

where possible) were selected from 7 litters per sow treatment (n=42 pigs/sow 



147 

 

treatment; n=28 pigs/offspring treatment; Figure S4.1).  All pigs were individually 

housed from weaning to slaughter (details given in Figure S4.1) and fed a common 

sequence of the same diets (Table S4.2).  Body weight and feed disappearance were 

recorded weekly to calculate performance (ADFI, ADG, FCE, RFI).   

Throughout the study, faeces were collected from 36 pigs [1 pig/treatment/litter 

(same gender per litter) from six litters per sow treatment] by rectal stimulation at four 

time points for microbiota analysis (Figure S4.1).  Intact litters were selected to control 

for inter-litter and inter-sow variation.   

At ~155 days of age, all pigs were slaughtered by CO2 stunning followed by 

exsanguination.  Hot carcass weight was recorded immediately and cold carcass weight 

and kill-out percentage calculated and back-fat and muscle depth were recorded and 

used to estimate lean meat yield as described in Chapter 2.  For microbiota and VFA 

analyses, ileal and caecal digesta was collected as detailed in Chapter 2, from the 36 

selected pigs, and colon digesta was sampled 1 m distal to the caecum.  Intestinal tissue 

was sampled from the duodenum, jejunum and ileum for histological analysis (Walsh et 

al., 2012).  Mucosal scrapings were collected from 10 cm of duodenum tissue (5 cm 

distal to the location of the histological sample) using a glass slide, for gene expression 

and brush border enzyme activity analyses.  All samples, except those for histological 

analysis, were snap frozen in liquid nitrogen and stored at -80°C until processing.  

Blood was collected during exsanguination for haematology and biochemistry 

analyses from the 36 selected pigs (Figure S4.1) using vacuette tubes (Labstock, Dublin, 

Ireland) as described previously (Prieto et al., 2014).  

 

4.3.4. Microbiota analysis in inocula, faecal, digesta and colostrum samples 

Total DNA was extracted from all samples collected throughout the study from 

the inoculum (donors, aliquoted and thawed inocula), sows and offspring, using the 
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QIAamp DNA stool minikit (Qiagen, Crawley, United Kingdom) according to the 

manufacturer’s instructions, apart from adding a beat beating step, and increasing the 

lysis temperature to 95°C (Buzoianu et al., 2012a).  Total DNA was extracted from 

colostrum using the Powerfood microbial DNA isolation kit (Cambio Ltd, Cambridge, 

England) according to the manufacturer’s instructions. 

The V3-V4 region of the 16S rRNA gene (~ 460 bp) was sequenced (2 x 250 bp) 

using the Illumina MiSeq, following standard protocol as in Chapter 2.  Sequence reads 

were checked for quality using FastQC software and adapters were removed (Illumina 

CLIP software).  Reads were then trimmed to 240 bp at the end of the sequence using 

Trimommatic version 0.36 (Bolger et al., 2014), forward and reverse reads were merged 

using Flash (Magoc et al., 2011) and quality checks performed to guarantee maximum 

coverage.  Reads were then clustered into operational taxonomical units (OTUs) using a 

97% sequence identity threshold and chimeras removed with the CD-HIT-OTU 

pipeline.  The Ribosomal Database Project classifier (RDP) was used (Wang et al., 

2007) for taxonomic assignment, with a cut-off of 80%, with those <80% labelled as 

unclassified.  Samples with <5,000 total joined reads were excluded from the analyses, 

except for colostrum samples, for which a cut-off of >1000 reads was applied.  The 

OTU data were scaled to the minimum number of total reads for each sample type and 

filtered to remove OTUs at <100 reads.  Alpha-diversity [Chao1 (OTU richness), 

Shannon and Simpson (OTU richness and abundance)] and beta-dispersion estimates 

were calculated using the Adonis2 and beta permutation functions in the Vegan package 

in R, each with 999 permutations.  Principal component analysis (PCA) plots were 

generated with the bioconductor package DESeq2 (Love et al., 2014) and ggplot in R.  

Heatmaps of relative abundance were generated in GraphPad Prism 7. 
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Quantification of the 16S rRNA gene was performed in triplicate for all inocula, 

faecal and digesta samples by quantitative PCR (qPCR) in order to determine the total 

bacterial load, as described in Chapter 2.   

 

4.3.5. Prediction of microbial function  

The functionality of the microbiota for each sample based on 16S rRNA data 

and the 13_5 version of the Greengenes database for taxonomy and OTU assignments 

was predicted in silico using PICRUSt.  Prediction of functions was inferred based on 

Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations.  Pathways not related 

to bacteria, not relevant to porcine studies and for which the relative abundance in 

samples was <0.001% were dismissed. 

 

4.3.6. Volatile fatty acid analysis and pH of digesta samples  

Volatile fatty acid concentrations were measured in ileal, caecal and colonic 

digesta samples in triplicate using gas chromatography, as detailed in Chapter 2.  

Briefly, ~8 g of sample was weighed and pH-recorded, and a trichloroacetic acid (TCA) 

extraction performed.  Extracts were mixed with an internal standard and 1 µL volumes 

injected into the gas chromatograph (Agilent 5890) under the following conditions; 

hydrogen (30 psi), helium (50 psi), and temperatures of 80 °C (oven), 280 °C (detector), 

and 250 °C (injector).  

 

4.3.7. Intestinal histology 

Tissue (~3 cm sections) collected from the duodenum, jejunum and ileum at 

slaughter was processed for histological analysis as in Chapter 2.  Ten villi were 

examined per slide for villus height and width, crypt depth and goblet cell number using 

a light microscope at ×400 magnification. 
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4.3.8. Candidate gene expression and brush border enzyme activity in the 

duodenum 

Total RNA was isolated from 20 mg duodenal mucosal scrapings using 

mechanical homogenization and the RNeasy Mini Kit (Qiagen, Hilden, Germany).  

Samples were homogenized using the FastPrep-24 instrument (MP Biomedicals, Santa 

Ana, CA, USA).  Genomic DNA was removed and the RNA was quantified and 

evaluated and complementary DNA synthesized as previously outlined (Metzler-Zebeli 

et al., 2017a).  The candidate genes measured by qPCR and the primers used are listed 

in Table S4.3.  Amplifications were performed in 20 µL reactions on a real-time PCR 

Mx3000P thermocycler (Agilent Technologies, Waghaeusel-Wiesental, Germany) in 

duplicate, as described previously (Metzler-Zebeli et al., 2017a).  

Duodenal maltase (EC 3.2.1.20), saccharase (EC3.2.1.48) and lactase (EC 

3.2.1.23) activities [expressed as micromoles of substrate hydrolysed per minute per 

gram of protein (U/g protein)] were analysed as described previously (Martin et al., 

2013).   

  

 4.3.9. Haematology and blood biochemistry analyses 

Haematological analysis was performed using a Beckman Coulter Ac T Diff 

analyzer (Beckman Coulter Ltd., High Wycombe, UK).  Total protein, blood urea 

nitrogen, cholesterol, glucose, triglycerides, creatinine and creatine kinase 

concentrations were determined in serum samples using an ABS Pentra 400 clinical 

chemistry analyser (Horiba, ABX, North Hampton, UK), calibrated according to the 

manufacturer’s instructions, with every fifth sample run in duplicate to determine 

analyser accuracy. 
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4.3.10. Statistical analysis 

All data were statistically analysed using SAS 9.3, using gender, treatment, boar 

and time point, where appropriate (weekly measures of growth performance), as fixed 

effects.  Pig nested within sow was used as a random effect.  The qPCR data were log10-

transformed prior to statistical analysis, which was performed using a generalised linear 

mixed model (PROC GLIMMIX).   

Microbial composition and predicted functionality data were analysed using 

generalised linear mixed model equation methods in PROC GLIMMIX.  A gamma 

distribution was assumed for all data.  Models for sow faeces and colostrum included 

sow treatment, faecal time point (if applicable) and their interactions as fixed effects.  

Offspring models included sow treatment, offspring treatment, faecal time point and 

their interactions as fixed effects.  Additionally, a random intercept for each time point 

was included (repeated measure).  A similar model was used for digesta collected at 

slaughter but intestinal site was included instead of faecal time point.  In all models, 

data were back-transformed to the original distribution using the ilink option.  Spearman 

rank-order correlations were performed between taxonomic relative abundances at the 

genus level bacterial genera, for each sample type and according to sow/offspring 

treatment, with body weight at slaughter, using the PROC CORR procedure, using the 

Stepdown Bonferroni test to correct for multiple comparisons.  Heatmaps were 

produced in Graphpad Prism 7.  Alpha-levels for determination of significance and 

trends were 0.05 and 0.10, respectively. 
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4.4. Results  

Due to the large number of significant sow × offspring treatment interactions observed, we 

have focused on the effect of sow or offspring treatment, and have only indicatedif an 

interaction was also observed, if relevant.  While significant interactions are depicted in most 

of the individual results table/figure, all are summarised in Table S4.4.  

 

4.4.1. Impact of faecal microbiota transplantation on lifetime growth performance of 

offspring 

 

Offspring growth performance [Average Daily Feed Intake (ADFI), Average Daily 

Gain (ADG), Feed Conversion Efficiency (FCE), residual feed intake (RFI)] and carcass 

traits are presented in Table 4.1.  Offspring from FMTP sows were 4.3 Kg lighter than 

offspring from CON sows at 70 days of age (P<0.05;), and 8 Kg lighter at ~155 days of age 

(P<0.001).  Moreover, FMT-treated offspring were 5.5 Kg lighter than control offspring at 

~155 days (P<0.05).  Carcass weight tended to be lighter for offspring from FMTP sows 

compared to offspring from CON sows (P=0.07).  No other growth or carcass parameters 

examined were significantly affected by either sow or offspring treatment.  However, 

CON/FMT1 and FMTP/CON pigs tended to have a lower RFI (calculated between weaning 

and slaughter), compared to CON/CON and CON/FMT4 offspring (P=0.08). 

 

4.4.2. Analysis of faecal extracts used as inocula  

 

 No differences were observed in bacterial load between any of the four donor faecal 

samples, nor in the inoculum pre- and post-freeze (P>0.05; Figure S4.2).  Relative abundance 

of bacterial phyla (n=13) and genera (n=54) in the donor faeces, in samples taken during 
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aliquoting, as well as in the thawed inocula are shown in Figure S4.2.  Inocula samples had 

similar microbial composition to the donor faeces (Figure S4.2), with Firmicutes ranging 

from 29.0 to 37.9% relative abundance, followed by Spirochaetes (21.4-37.1%) and 

Bacteroidetes (14.1- 23.5%).  At lower relative abundance, Chlamydiae (2.9-12.7%) and 

Proteobacteria (2.8-8.9%) were also observed.  The most abundant genera present were those 

categorised as unclassified (21.4-34.8%), Treponema (11.3-21.2%), Sphaerochaeta (3.5-

22.7%), Chlamydia (2.9-12.7%), Alloprevotella (3.7-9.7%) and Prevotella (4.3-5.9%). 

 

4.4.3. Influence of the FMT procedure on the microbiota of gestating sows  

 

No differences in bacterial load in the baseline faeces collected prior to antibiotic 

administration were observed between sow treatments.  However, following antibiotic 

treatment, faecal bacterial load was 0.5 log10 copies of 16S rRNA gene/ng DNA lower in 

FMT sows (the only sows to receive antibiotics; P<0.05; Figure 4.2B).  Thereafter, total 

bacterial load was restored due to FMT, as it was higher in post-first FMT compared to post-

antibiotic faecal samples (P<0.05; Figure 4.2B).  In addition, total faecal bacterial load 

increased from 5.92 log10 copies of 16S rRNA gene/ng DNA pre-antibiotic to 6.27 post-first 

FMT (P<0.05; Figure 4.2B).  The antibiotic treatment also reduced faecal microbial diversity, 

as all three α-diversity indices measured were reduced in FMT sows compared to CON sows 

(P<0.05; Figure 4.2C).  Faecal microbial diversity then returned to pre-antibiotic values post-

FMT.   

In the baseline faeces collected pre-antibiotic, no bacterial phyla differed in relative 

abundance (Figure 4.2D), but four genera differed in relative abundance between CON and 

FMT sows: Butyricimonas, Fusobacterium, Roseburia, and Schwartzia (P<0.05; Table S4.5).  

Antibiotic administration had the greatest influence on faecal microbial composition, with six 
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phyla differing in relative abundance in CON versus FMTP sows (Proteobacteria, 

Lentisphaerae and Fibrobacteres were lower; Verrucomicrobia, Tenericutes and Candidatus 

Saccharibacteria were higher; Figure 4.2D) and 22 genera affected (13 lower in relative 

abundance and 9 higher) (P<0.05; Table S4.5).  Thereafter, FMT appeared to restore the 

bacterial phylum profile to one similar to the baseline faeces (Figure 4.2D).  A higher relative 

abundance of Candidatus Saccharibacteria and Tenericutes, and three genera (Alistipes, 

Citrobacter, Ruminococcus2) was observed after the second FMT in FMTP compared to 

CON sows (P<0.05; Figure 4.2D and E).  However, sow faecal diversity was not affected 

following FMT, nor was microbial diversity of the colostrum (P>0.05; Figure 4.2C).  A total 

of 77 OTUs were identified in the colostrum samples, mainly from Firmicutes (ranging from 

44 to 76% relative abundance), Proteobacteria (6-31%), Bacteroidetes (3-29%), and 

Actinobacteria (0.01-6.95%) (data not shown).  No differences were detected at the phylum 

level (Figure S4.3), but Oribacterium and Anaerovibrio were higher in relative abundance in 

FMTP compared to CON sows due to FMT (P<0.05; Figure 4.2E and Figure S4.3). 

 

4.4.4. Faecal Microbiota Transplant-associated impact on microbial diversity in 

offspring  

 

Bacterial α-diversity, as measured by the Shannon index, was higher in the faeces of 

50 day-old offspring from FMTP sows compared to those from CON sows (4.00 vs. 3.47), 

but was lower in the ileum (1.75 vs. 2.08) (Figure 4.3 and Table S4.4; P<0.05).  In the ileum, 

an offspring effect was observed, whereby FMT1 (2.24) offspring had a higher Shannon 

diversity compared to CON (1.76) or FMT4 (1.77) offspring (P<0.05). 

Beta-diversity was also investigated throughout the lifetime of the offspring, as 

illustrated by the PCA plots (Figure S4.4).  No differences were detected in the faeces 
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collected at weaning, or at day 65 or 100 of age, but at day 50, FMT4 offspring clustered 

away from CON offspring (P<0.05).  No differences were detected in the ileum, but in the 

caecum, offspring from FMTP-treated sows clustered away from offspring born to CON 

sows (P<0.05).  

 

4.4.5. Effect of FMT in sows and/or offspring on faecal/intestinal bacterial load and 

composition in offspring  

 

The total bacterial load in all offspring samples is shown in Figure S4.5.  The 

bacterial load in 65-day old offspring was higher in pigs born to FMTP sows compared to 

those born to CON sows (6.48 vs. 6.09 log10 copies/ng DNA, P<0.05; Figure S4.5), while in 

the ileum, FMT-treated offspring had a reduced bacterial load compared to CON offspring 

(3.98 vs 4.44) (P<0.05; Figure S4.5).   

Significant differences in microbial composition of the faeces and intestinal digesta at 

both the phylum and genus levels are shown in Figure 4.4.  Five bacterial phyla and 16 

genera were altered due to a sow × offspring treatment interaction (Table S4.4).  Nine of the 

14 phyla detected were impacted by the FMTP in sows and eight by FMT in offspring and 

some of these i.e. Bacteroidetes and Spirochaetes, were present at high relative abundance.   

At weaning, offspring from FMT sows had a higher relative abundance of Tenericutes 

but lower abundance of Spirochaetes (Figure 4.4A).  Planctomycetes was lower but 

Lentisphaerae was higher in abundance in FMT1 offspring compared to the other offspring 

treatments (Figure 4.4B and Table S4.4).  At 50 days of age, offspring from FMTP sows had 

a lower abundance of Spirochaetes but higher abundances of Proteobacteria and 

Actinobacteria (Figure 4.4A).  Furthermore, Actinobacteria were higher in abundance in 

FMT4-treated offspring compared to CON and FMT1 offspring (Figure 4.4B).  At 100 days 
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of age, the relative abundance of Synergistetes was higher while Lentisphaerae was lower in 

offspring from FMTP sows (Figure 4.4A).   

In the ileum, Tenericutes, Chlamydiae and Actinobacteria were less abundant in 

offspring from FMTP-treated sows (Figure 4.4A and Table S4.4).  On the other hand, 

Bacteroidetes were higher in abundance in FMT4 compared to CON and FMT1 offspring, 

while Chlamydia and Proteobacteria were higher in FMT1 offspring compared to the other 

groups (Figure 4.4B).  In the caecum, Verrucomicrobia was enriched due to FMTP in sows 

(Figure 4.4A).  The effect of offspring treatment was more subtle; Actinobacteria was lower, 

whereas both Fusobacteria and Elusimicrobia were higher in relative abundance in FMT1 

compared to CON and FMT4 offspring (Figure 4.4B).  In the colon of offspring, FMTP in 

sows resulted in a slightly higher abundance of Fusobacteria (Figure 4.4A).  

Of the 148 genera detected, 16 differed due to sow treatment and 16 due to offspring 

treatment [mainly at relative abundance <1%; Figure 4.4C and D).  At weaning, 

Sphaerochaeta and Treponema (from Spirochaetes), and Oribacterium, Faecalibacterium 

and Eubacterium (from Firmicutes/Clostridia) were less abundant, whereas Asteroleplasma 

was enriched in offspring from FMTP-treated sows (Figure 4.4C and Table S4.4).  

Sphaerochaeta at weaning was also negatively correlated with offspring body weight at 

slaughter (Figure S4.6).  Streptococcus was higher in relative abundance in FMT4 offspring 

compared to CON offspring (Figure 4.4D).   

At day 50 of age, Sphaerochaeta was less abundant whereas Campylobacter,  

Alistipes and Ruminococcus were enriched due to FMTP in sows (Figure 4.4C and Table 

S4.3), although the relative abundance of Ruminococcus was reduced in FMT-treated 

offspring at 65 days of age (Figure 4.4D and Table S4.4).  Bacteroides, Anaerostipes and 

Peptococcus were higher in relative abundance in FMT4 compared to CON pigs (Figure 
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4.4D).  Throughout the growing period similar changes occurred; at day 65, FMT4 offspring 

had a higher relative abundance of Peptococcus compared to CON offspring (Figure 4.4D). 

Campylobacter was higher at day 65 in offspring from FMTP-treated sows (Figure 4.4C), 

and was at higher abundance at day 100 in FMT4 offspring compared to their control 

counterparts (Figure 4.4D and Table S4.4).  Peptococcus was lower in FMT-treated offspring 

at day 100 of age (Figure 4.4D and Table S4.4).  At 65 days of age, Alloprevotella was higher 

in abundance due to FMTP in sows (Figure 4.4C), whereas Treponema and Ruminococcus 

were lower in abundance due to FMT4 in offspring (Figure 4.4D).  Furthermore, 

Terrisporobacter was lower due to FMT treatment either in sows or offspring (Figure 4.4C 

and D).  In both the faeces collected at day 100 and the caecal digesta, Fusobacterium was 

less abundant in FMT4 compared to FMT1 offspring (Figure 4.4D).   

Most of the genus-level differences between treatments occurred in the ileum of 

offspring (n=10; Figure 4.4C, D and Table S4.4).  Prevotella and Oscillibacter were higher in 

relative abundance, whereas Asteroleplasma, Blautia, Butyricimonas and Veillonella, were 

lower due to FMTP in sows (Figure 4.4C).  Ileal Prevotella was also negatively correlated 

with offspring final body weight also (Figure S4.6).  Sphaerochaeta was lower in abundance 

in FMT4 compared to CON offspring, while Blautia, Butyricimonas, Butyricicoccus, 

Faecalibacterium, Gemmiger, and Oribacterium were higher in abundance due to FMT1 in 

offspring (Figure 4.4D and Table S4.4).  No treatment differences were observed for genera 

in the colon. 
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4.4.6. Influence of FMT in sows and/or offspring on in silico predictions of bacterial 

functionality in offspring faecal/intestinal samples 

 

The impact of FMT on predicted functionality of offspring faecal and intestinal 

microbiota is shown in Figure 4.5.  Due to a sow x offspring treatment interaction, 35 

predicted pathways were affected (Table S4.4), with with 8 impacted due to FMTP in sows 

(Fig 4.5A) and 17 due to FMT in offspring (Fig. 4.5B).  These belonged to 11 general 

categories, mainly carbohydrate (n=4), amino acid and lipid metabolism (n=3, respectively) 

and were mostly in the ileum (n=20).   

In faeces at 50 days of age, offspring from FMTP sows had a lower predicted 

abundance of phosphonate and phosphinate metabolism pathways, compared to offspring 

from CON sows, with the opposite occurring in the ileum (Figure 4.5A), although abundance 

was also lower due to FMT4 in offspring (Figure 4.5B).  However, N-glycan biosynthesis 

pathways were more abundant in the faeces of the offspring from FMTP sows at 50 and 65 

days of age and in the colon (Figure 4.5A) but were lower in the ileum of FMT1 offspring 

(Figure 4.5B).  All of the other differences in predicted microbial function observed at sow 

and offspring treatment level occurred in the ileum.  Here, pathways relating to lipid 

metabolism i.e. alpha-linolenic acid metabolism, primary and secondary bile acid 

biosynthesis and steroid biosynthesis, were less abundant in offspring from FMTP versus 

CON sows (Figure 4.5A and Table S4.4).  However, the latter two were predicted to be more 

abundant in FMT1 offspring compared to the other offspring treatment groups (Figure 4.5B 

and Table S4.4).  The naphthalene degradation pathway was enriched in offspring from 

FMTP sows (Figure 4.5A and Table S4.4), and similarly, the styrene degradation pathway 

was higher in abundance in FMT-treated offspring (Figure 4.5B and Table S4.4).  While one 

pathway relating to carbohydrate metabolism (pentose and glucuronate interconversions) was 

more abundant in offspring due to FMTP in sows (Figure 4.5A and Table S4.4), others 
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(propanoate metabolism, pentose phosphate, pyruvate metabolism) were less abundant in 

FMT4 offspring.  Similarly, pathways relating to amino acid metabolism (tryptophan 

metabolism, amino acid-related enzymes and phenylalanine, tyrosine and tryptophan 

biosynthesis), tetracycline biosynthesis, methane and nitrogen metabolism, protein kinases, 

and pantothenate and CoA biosynthesis were all predicted to be less abundant in FMT4 

offspring (Figure 4.5B and Table S4.4).  Notably, the pathway predicted at the highest 

relative abundance (stilbenoid, diarylheptanoid and gingerol biosynthesis) was more 

abundant in FMT-treated offspring than in the other offspring treatments (Figure 4.5B).   

 

4.4.7. Effect of FMT in sows/and/or offspring on intestinal volatile fatty acid 

concentrations  

 

Volatile fatty acid (VFA) concentrations were measured in the ileal, caecal and colon 

digesta (Figure S4.7 and Table S4.4).  In the ileum, propionic acid was ~1.4 fold higher in 

offspring from FMT-treated sows, and butyric acid concentrations were ~2-fold higher in 

FMT-treated offspring compared to control pigs (P<0.05).  No differences were found in the 

caecum, but FMT in sows caused a 1.8-fold reduction in the concentration of isobutyric acid 

in the colon digesta of offspring (P<0.05).   

 

4.4.8. Effect of FMT in sows/and/or offspring on intestinal histology in offspring  

Histological examination of tissue from the duodenum, jejunum and ileum revealed FMT-

associated differences in the offspring (Figure 4.6).  The number of duodenal goblet cells was 

lower (P<0.05; Figure 4.6F), and the jejunal villus height to crypt depth ratio was reduced 

(P<0.05; Figure 4.6D) due to FMT in sows.  Furthermore, ileal villus height, width and area 

were reduced (P<0.05; Figure 4.6A and E) and a higher number of ileal goblet cells per µm 
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villus height was observed in offspring from FMT sows (P<0.05; Figure 4.6G).  Despite a 

lack of FMT-associated differences in the villus height to crypt depth ratio, ileal crypt depth 

was shorter due to FMT in sows (P<0.05; Figure 4.6B, C, and E).   

 

4.4.9. Effect of FMT in sows/and/or offspring on duodenal enzyme activity and gene 

expression, and blood parameters  

 

Disaccharidase enzyme activity and expression of selected genes, both measured in 

the duodenal mucosa of offspring are shown in Figure 4.7.  Of the three brush border 

enzymes measured, only maltase activity was affected, tending to be 1.5-fold lower in 

offspring due to FMT in sows (P=0.08; Figure 4.7A).  

Regarding gene expression, FMT in sows resulted in up-regulation of the genes 

encoding the tight junction protein zona occludens 1 (ZO1) as well as toll-like receptor 2 

(TLR2) in offspring compared to offspring from CON sows (P<0.05; Figure 4.7B).  Likewise, 

the tight junction protein, occludin encoding gene (OCLN) was up-regulated in offspring due 

to FMT in sows or offspring (P<0.05).   

 No interaction effect was observed for any of the serum biochemistry parameters 

measured at slaughter (P>0.05; Table S4.6), but FMT in sows led to lower cholesterol 

concentrations in offspring (P<0.05).  On the other hand, FMT-treated offspring had lower 

serum total protein concentrations compared to control offspring (P<0.05).  

Haematological parameters measured at slaughter are shown in Table S4.7.  The only 

treatment effect observed was that offspring from FMT-treated sows had lower mean 

corpuscular volume and mean platelet volume than offspring from CON sows (P<0.05).   
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4.5. Discussion  

As the work from Chapters 2 and 3 have identified a link between the porcine 

intestinal microbiota and FE, this work investigated, for the first time, the use of FMT 

as a tool to manipulate the intestinal microbiota in order to improve FE in pigs.  

However, contrary to our hypothesis, transplantation of microbiota from highly feed 

efficient pigs (Chapter 3) into gestating sows and/or their offspring resulted in a 

depression in offspring weight.  This became apparent 42 days after the last inoculation 

and persisted through to slaughter at ~155 days of age.  Conversely, in terms of FE, RFI 

tended to be lower (FE improved) in control offspring from FMT sows, and in offspring 

receiving the FMT just once, born to control sows.   

Despite the negative impact on growth, FMTP appeared to be an effective means 

of repopulating the sow intestine following antibiotic treatment, allowing recovery of 

both the bacterial load and diversity.  Compositional differences were also evident 

within the sow faecal microbiota post-FMT, but to a lesser extent than those seen after 

antibiotic treatment, and microbial diversity was not impacted.  Nonetheless, although 

the faecal microbiota composition of the FMT-treated sows appeared to revert to 

baseline at the phylum level, there were three genera found which did not differ at 

baseline; Alistipes, Ruminococcus2 and Citrobacter were enriched as a result of FMT.  

Alistipes has previously been suggested as FE-enhancing in chickens (Torok et al., 

2011), which may help to explain the FMT-associated improvements in RFI observed in 

the present study, and Ruminococcus2 plays a central role in the fermentation of 

complex carbohydrates (Salonen et al., 2014).  Alistipes and Ruminococcus (albeit not 

Ruminococcus2) were also enriched in the offspring from FMT-treated sows.  This, 

together with the increased bacterial load and faecal diversity found in these offspring 

(albeit only at certain time points), suggests a possible beneficial maternal influence, as 

increased intestinal microbial diversity is associated with improved gut health in 
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humans (Le Chatelier et al., 2013) and reduced susceptibility to post-weaning diarrhoea 

in pigs (Dou et al., 2017).  On the other hand., Citrobacter comprises species that are 

opportunistic pathogens in humans (Ranjan et al., 2013), and although no link has been 

made in pigs to date (Schierack et al., 2007) this may suggest transfer of an 

“undesirable” microbiome to offspring, which could account for the depression in 

offspring body weight.   

 Colostrum likely acts as a vehicle for microbiota transfer to offspring 

(Fernandez et al., 2013, Maradiaga et al., 2014).  Here, it appears that FMT impacted 

the bacterial profile of colostrum, albeit only to a limited extent, as only two relatively 

low abundance genera were affected.  Furthermore, these FMT-associated 

compositional differences in the colostrum do not seem to have been carried through to 

the offspring.  Oribacterium, for example, was more abundant in the colostrum from 

FMT-treated sows but less abundant in the faeces of pigs weaned from these sows (but 

more abundant in the ileum of finisher pigs treated once with FMT).   

The FMT had its greatest impact in the ileum of the offspring, influencing 

microbiota composition, predicted functionality, VFA concentrations and histology.  

Biologically, this is of major relevance, given the importance of the ileum in terms of 

nutrient absorption and immune response (Wijtten et al., 2011).  A higher abundance of 

Bacteroidetes was observed in the ileum of FMT4 offspring, and increased faecal 

Bacteroidetes has previously been linked with lower fatness in pigs (Pedersen et al., 

2013, Yang et al., 2016).  Additionally, the increased abundance of Bacteroides in the 

50-day old offspring, and of Prevotella in the ileum, mediated by both FMT in sows and 

offspring, is in accordance with lower fatness in pigs, as previously documented (Yang 

et al., 2016) and may also help to explain the reduction in offspring body weight found.   
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Butyric acid producers, linked with improved gut health and metabolism, 

including Faecalibacterium, Oribacterium and Eubacterium from Clostridiales (Lee et 

al., 2017, Niu et al., 2015, Heinritz et al., 2016), were impacted due to FMT.  For 

example, the reduction in Faecalibacterium, known for its anti-inflammatory properties, 

and linked with heavier body weight in pigs (Heinritz et al., 2016, Han et al., 2016), 

may help to explain the FMT-associated reduction in body weight observed.  

Furthermore, multiple inoculations in offspring may have amplified the negative impact 

as the abundance of butyrate producers (i.e. Butyricicoccus, Butyricimonas, 

Faecalibacterium, Gemmiger, Oribacterium) was reduced in the ileum of offspring that 

received FMT four times compared to offspring receiving FMT only once.   

It is notable that a number of health-related predicted microbial pathways such 

as those associated with lipid metabolism (α-linolenic acid, primary and secondary bile 

and steroid biosynthesis) and biosynthesis of other secondary metabolites (stilbenoid, 

diarylheptanoid and gingerol biosynthesis), were reduced in the ileum of offspring due 

to FMT.  Some of these pathways may have anti-inflammatory effects (Yadav et al., 

2003, Calder, 2001, Zhu et al., 2016) and could be associated with pig growth, as the 

stilbenoid, diarylheptanoid and gingerol biosynthesis pathway was enriched in high 

body weight rabbits (Zeng et al., 2015).  In contrast, pathways related to xenobiotics 

biodegradation, and N-glycan biosynthesis were increased in abundance due to FMT, 

and the latter may be related to the higher abundance of Campylobacter found in these 

pigs.  A similar link was previously made in rabbits (Zeng et al., 2015), as the N-glycan 

biosynthesis pathway was first identified in Campylobacter jejuni (Szymanski et al., 

1999).   

It is difficult to attribute the FMT-associated differences in VFA production to a 

particular phylotype.  However, our microbiota data suggest a rise in propionic acid 
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producers (mostly members of Bacteroidetes and some from Firmicutes) in the ileum 

due to FMT, accompanied by higher ileal propionic acid concentrations.  Similarly, 

several butyric acid producers (Butyricicoccus, Gemmiger, Oscillibacter, and 

Faecalibacterium) were enriched due to FMT, along with a concomitant increase in 

ileal butyric acid concentrations in FMT-treated offspring.  Butyric acid is generally 

associated with improved gut health (Rivera-Chavez et al., 2016, Kien et al., 2007).  

However, due to its role in regulating cytokine production (Cushing et al., 2015), one 

could speculate FMT-associated activation of the immune system, and so diversion of 

energy away from weight gain.  Furthermore, the increased duodenal expression of 

TLR2 in offspring from FMTP sows, suggests increased innate host defence signalling, 

possibly triggered by the altered intestinal microbiota (Aliprantis et al., 1999, 

Schwandner et al., 1999).   

Although limited information exists relating the microbiota with intestinal 

structure and function, increased abundance of members of Clostridia have been 

correlated with increased ileal villus height in pigs (Suo et al., 2012).  This is in 

agreement with our findings; we found a lower abundance of genera within Clostridia 

and reduced villus height.  Interestingly, an FMT-associated up-regulation of OCLN and 

ZO1 genes, encoding tight junction proteins involved in regulating mucosal barrier 

function (Chen et al., 2013, Ballard et al., 1995) was observed, suggesting a more 

selective duodenal paracellular permeability, possibly leading to impaired absorptive 

capacity.  Additionally, the greater number of goblet cells may indicate over-production 

of mucin in the ileum and so an over-enhanced barrier function, a possible response to 

“foreign” microbes from the faecal inoculum.  Increased mucin secretion may also 

result in decreased nutrient absorption, as excess mucin acts as a physical barrier 

(Montagne et al., 2004).  Moreover, work from Chapter 2 showed that high RFI (less 

feed efficient) pigs had more ileal goblet cells.  Similarly, the FMT-associated 
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reductions in ileal villus height and area are likely to have decreased nutrient absorption 

(Pluske et al., 1997).  Taken together, these findings may help to explain the FMT 

associated reduction in offspring body weight observed.  Additionally, FMT was 

associated with reduced serum protein and cholesterol concentrations, which may be a 

consequence of decreased intestinal absorption.  Interestingly, FMT in sows resulted in 

higher ileal propionic acid concentrations in their offspring, and propionate has the 

potential to lower blood cholesterol, as found in rats (Wright et al., 1990).   

The negative impact of FMT observed in the present study could be attributed to 

the inoculum used.  It comprised Firmicutes, Bacteroidetes, and Proteobacteria, the 

predominant bacterial phyla within the faecal microbiome of pigs (Zhao et al., 2015, 

Kim and Isaacson, 2015a).  However, Spirochaetes and Chlamydiae, members of which 

are pathogenic to pigs (Englund et al., 2012), were both higher in relative abundance in 

the donor faeces than usually found in finisher pigs (Kim et al., 2011), and this was 

reflected in the inoculum and faeces of sows and offspring receiving the FMT.  This 

raises a question regarding donor suitability, as the donors were finisher pigs (~130 days 

of age) and recipients were adult sows and neonatal piglets (the latter with a 

naïve/essentially non-existent microbiome.  The issue of ‘non-ideal’ donors has been 

highlighted recently in humans, whereby a woman developed new-onset obesity after 

FMT from a healthy, but overweight donor (Alang and Kelly, 2015).  Furthermore, 

there is always a concern that pathogens can be transferred to the recipients (Pamer, 

2014) and the donor pigs used in the present study, although healthy and highly feed 

efficient, were not screened for pathogens.   

4.6. Conclusion 

In conclusion, FMT in sows during late gestation and in neonatal offspring had a 

detrimental effect on offspring lifetime growth.  In general, bacteria (and their predicted 
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pathways) with a role in nutrient utilization and intestinal health, were less abundant as 

a result of FMT.  This may relate to altered physiological parameters, as intestinal 

morphology was negatively impacted, and intestinal permeability- and VFA transport-

related mucosal gene expression was altered.  Together, these data suggest reduced 

nutrient absorptive capacity and a less metabolically efficient microbiome, possibly 

explaining the reduced weight at slaughter.  Overall, although the findings of this study 

demonstrate the impact of early life intestinal microbiota on pig growth, FMT proved 

ineffective as a strategy to improve FE in pigs, possibly due to adverse effects on 

microbiota composition resulting from the use of non-age-matched donors.  Targeted 

nutritional strategies aimed at increasing/decreasing specific FE-associated taxa may be 

more appropriate, perhaps using bacterial taxa present in the control offspring from the 

present study.  
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4.7. Tables and Figures  

Table 4.1. Effect of faecal microbiota transplantation (FMT) in sows and/or offspring on growth performance and carcass traits in offspring
1 

Sow treatment Control
2 

 FMT
3 

S.E.M 
 P-value 

Offspring treatment Control
4 

FMT1
5 

FMT4
6 

 Control FMT1 FMT4  Interaction Sow Offspring 

Weight (kg)             

Birth 1.38 1.34 1.36  1.32 1.34 1.33 0.059  0.41 0.93 0.71 

Weaning 8.8 8.2 8.0  7.6 7.2 7.0 2.64  0.99 0.52 0.93 

Day 70  35.2
a 

29.9
b 

30.4
b 

 29.1
b,c 

27.1
c,d 

26.4
d 

2.29  0.01 0.02 0.19 

Day 155  127.9
a 

116.0
c
 120.9

b
  115.3

c
 114.2

c 
111.3

c
 2.87  <0.001 <0.001 <0.001 

Weaning to 155 days of age             

ADFI
7
 (g/day)   1974 1789 1924  1790 1850 1851 65.6  0.17 0.25 0.51 

ADG
8
 (g/day)  926 850 901  873 884 870 29.7  0.31 0.51 0.56 

FCE
9
 (g/g)  2.08 2.04 2.06  2.02 1.95 2.16 0.639  0.28 0.72 0.22 

RFI
10

 (g/day) 21.2
A 

-30.2
B 

24.6
A 

 -30.1
B 

9.4
A,B 

1.33
A,B 

21.38  0.08 0.51 0.52 

Carcass traits             

Carcass weight (kg) 97.0 89.1 92.8  89.1 86.2 90.9 2.85  0.54 0.07 0.14 

Kill out yield (%) 76.7 76.5 76.5  76.4 76.2 76.4 0.29  0.88 0.39 0.80 

Fat (mm) 16.3 15.7 15.1  14.8 14.9 15.9 0.73  0.29 0.41 0.93 

Muscle depth (mm) 52.3 50.5 50.4  52.1 51.8 53.0 1.53  0.64 0.33 0.78 

Lean meat yield (%) 54.3 54.4 54.9  55.3 55.2 54.5 0.63  0.54 0.36 0.97 
1
Least squares means and pooled standard error of the mean is presented.   
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Sows were assigned to one of two treatment groups: 
2
Control (n=9) and 

3
FMT procedure (FMTP; n=9); FMT sows received FMT via gastric intubation on days 70 and 100 of 

gestation.  Piglets were assigned to one of three treatment groups at birth: 
4
Control; 

5
FMT1 (FMT at birth) and 

6
FMT4 (FMT at birth, days 3, 7 and 28 of age).

7
ADFI:

 
average daily 

feed intake;
 8

ADG:
 
average daily gain;

 9
FCE:

 
feed conversion efficiency; 

10
RFI: residual feed intake, calculated between day 28 and 155 days of age, using a least squares multiple-

regression model of ADFI on ADG, metabolic live weight, sex and all relevant two-way interactions, as well as the effects of back-fat and muscle depth, which were recorded at 

slaughter.   

Days presented in the table correspond to days of age. 

Data from 74 pigs: Sow treatment level: control n=39; FMTP n=35; Offspring treatment level: control n=24; FMT1 n=25; FMT4 n=25.  
a,b,c 

Within each row, values that do not share a common superscript are significantly different (P<0.05). 
A,B,C 

Within each row, values that do not share a common superscript tend to be different (P<0.10). 
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Figure 4.1. Schematic illustration depicting preparation of faecal inoculum used for faecal 

microbiota transplantation (FMT) based on a method developed by  O’Donnell et al., 

(2016)  

1
Collected by rectal stimulation directly into sterile bags, placed into anaerobic jars and processed 

immediately in an anaerobic workstation.  Sub-samples were collected from each faecal sample, snap 

frozen and stored at -80 °C for microbiota analysis;
 2

Four finisher pigs (130 days of age) with the lowest 

residual feed intake (i.e. the most feed efficient) from a previous study comprising 409 pigs from Chapter 

3;
 3

1,000 rpm for 10 min using a magnetic stirrer;
4
Maximum recovery diluent (Oxoid Ltd, Basingstoke, 

Hampshire); 
5
Strained through a sieve to remove large particles, which were then washed through the 

sieve with another part of MRD;
 6

30 min at 4,000 × g, supernatant discarded; 
7
Aliquots of 100 mL were 

taken for sow FMT and aliquots of 8 mL (in 10 mL syringes) were taken for offspring FMT.  Sub-

samples were collected at the start and the end of the aliquoting process, snap frozen and stored at -80 °C 

for microbiota analysis; 
8
To allow microbial adjustment to low temperatures; 

9
 Stored for no longer than 3 

months at -80 °C. 



170 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E. Compositional differences within sow faecal microbiota post-2
nd

 

FMT and within colostrum microbiota  

 
Day 60 

Pre-Ab faecal sample 

Day 68 

Post-Ab faecal 

sample 

Day 70 

1
st

 FMT 

Day 100 

Post-1
st

 FMT faecal sample
1
 & 2

nd
 FMT 

Day 112 

Post-2
nd

 FMT faecal 

sample 

Day 114 

Colostrum sample  

Timeline during gestation 

Faeces post-2
nd

 FMT 

Colostrum at farrowing 

M
ed

ian
 relative ab

u
n

d
an

ce (%
) 0

10

20

30

40

50

60

70

80

90

100

CON FMTP CON FMTP FMTP CON FMTP

Pre-Ab Post-Ab Post-1st
FMT

Post-2nd FMT

M
e

an
 R

e
la

ti
ve

 a
b

u
n

d
an

ce
 (

%
) Fibrobacteres 

Candidatus Saccharibacteria 

Fusobacteria

Tenericutes 

Lentisphaerae 

Chlamydiae

Verrucomicrobia 

Actinobacteria

unclassified

Proteobacteria 

Spirochaetes

Bacteroidetes

Firmicutes

D. Bacterial phyla in sows across all faecal time points during 

gestation 

Chao1 

B. Total bacterial load in sow 

faeces 

C. Alpha diversity within sow faeces and colostrum 

Simpson Shannon 

 

A.  



171 

 

Figure 4.2. A. Sow sampling timeline. Effect of antibiotic administration and faecal microbiota transplantation (FMT) in sows during gestation on B. Total 

bacterial load in the faeces, C. Faecal and colostrum microbial diversity (at the genus level) and D. Composition of bacterial phyla during gestation. E. 

Compositional differences within the faecal microbiota post-second FMT and within colostrum microbiota at farrowing (P<0.05) are also shown 

Sow faeces: control (CON) n=6; FMT procedure (FMTP) n=6.  Sow colostrum: control (CON) n=4; FMT n=3.  

Pre-Ab: Pre-antibiotic; Post-Ab: 4 days post-antibiotic; Post-1
st
FMT: 30 days after 1

st
 FMT at day 100 of gestation; Post-2

nd
 FMT: 12 days after 2

nd
 FMT at day 112 of gestation. 

*Indicates significant differences (P<0.05). 

Phyla underlined in panel C indicate those that differed in FMTP versus CON sows due to antibiotic treatment, and phyla in bold are those that differed post 2
nd

-FMT.  
1
Post 1

st
-FMT faecal sample: only collected from FMTP sows. 
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Figure 4.3. Variations in α-diversity (at the genus level) of the offspring microbiota in A. Faeces at 50 days of age and B. Ileal digesta at ~155 

days of age as a result of faecal microbiota transplantation (FMT) in sows and/or offspring (P<0.05) 

*Indicates significant differences at sow × offspring treatment level (P≤0.05); φ indicates sow treatment effect (P≤0.05); λ indicates offspring treatment effect (P≤0.05). 

Data from 36 pigs: Sow treatment level control (CON) n=18; FMT n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12. 

B. Offspring ileal digesta 

ϕ λ  

A. Offspring faeces at day 50 

ϕ 
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D. Genera at offspring treatment level C. Genera at sow treatment level 
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Figure 4.4. Effect of faecal microbiota transplantation (FMT) in sows and/or offspring on median relative abundance (%) of bacterial phyla in faeces and 

digesta at A. sow treatment level and B. offspring treatment level and of bacterial genera at C. sow treatment level and D. offspring treatment level  

Data from 36 pigs: Sow treatment level control (CON) n=18; FMT procedure (FMTP) n=18; Offspring treatment level control (CON) n=12; FMT1 n=12; FMT4 n=12.  

Heatmaps are split by relative abundance, with higher abundance phyla/genera shown in the upper heatmaps, and lower abundance taxa shown in lower heatmaps.  

Phyla and genera that are in bold depict those affected by a sow treatment × offspring treatment interaction.  These, together with other phyla and genera also affected by a sow 

treatment × offspring treatment interaction are shown in Table S4.3.  
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Figure 4.5. Effect of faecal microbiota transplantation (FMT) in sows and/or offspring on median relative abundance (%) of predicted functional pathways 

in offspring faecal and intestinal microbiota at A. sow and B. offspring treatment level 

Data from 36 pigs: Sow treatment level control (CON) n=18; FMT procedure (FMTP) n=18; Offspring treatment level control (CON) n=12; FMT1 n=12; FMT4 n=12.  

Predicted pathways that are in bold depict those affected by a sow treatment × offspring treatment interaction.  These, together with other predicted pathways also affected by a sow 

treatment × offspring treatment interaction are shown in Table S4.3.  
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Figure 4.6. Effect of faecal microbiota transplantation (FMT) in sows and/or offspring on offspring intestinal histology; A. Villus height, B. Villus width, C. 

Crypt depth, D. Villus height: crypt depth ratio, E. Villus area, F. Number of goblet cells per villus, and G. Number of goblet cells per µm villus height  

*Indicates significant differences at sow x offspring treatment level (P≤0.05); φ indicates sow treatment effect (P≤0.05). 

Data from 36 pigs: Sow treatment level control (CON) n=18; FMT procedure (FMTP) n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12.  
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Figure 4.7. Effect of faecal microbiota transplantation (FMT) in sows and/or offspring on A. brush border enzyme activity and B. expression of 11 selected 

genes in the duodenal mucosa of offspring 

*Indicates significant differences at sow × offspring treatment level (P<0.05); ϯ indicates tendency for differences at sow × offspring treatment level (P≤0.10); φ indicates sow 

treatment effect (P≤0.05); λ indicates offspring treatment effect (P≤0.05). 

Data from 36 pigs: Sow treatment level control (CON) n=18; FMT procedure (FMTP) n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12.  

1
Bars represent log10-fold changes relative to Control sow × Control offspring after normalization to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Beta-actin (ACTB) and 

Beta-2 microglobulin (B2M) gene expression. 

Candidate genes measured: sodium-dependent glucose transporter 1 (SGLT1), monocarboxylate transporter 1 (MCT1), sodium-coupled monocarboxylate transporter (SMCT), 

intestinal alkaline phosphatase (ALPi), tight-junction proteins [zona occludens 1 (ZO1) and occludin (OCLN)], toll-like receptor 2 (TLR2) and 4 (TLR4), facilitated glucose 

transporter member 2 (GLUT2), glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide-1 (GLP1) 

.  
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4.8. Supplementary Information 

Table S4.1. Details on pigs removed from the study  
Treatment

1 
Number of pigs Time point/Location Cause of death/reason for removal 

CON/CON 2 

Farrowing house 

Crushed by sow 

CON/FMT1 4 

CON/FMT4 1 

FMTP/CON 4 

FMTP/FMT1 1 

FMTP/FMT4 2 

CON/CON 1 

Unknown
2 CON/FMT1 1 

CON/FMT4 1 

FMTP/FMT4 1 

CON/CON 2 

Poor growth
3 

CON/FMT1 1 

CON/FMT4 2 

FMTP/CON 1 

FMTP/FMT1 2 

FMTP/FMT4 2 

CON/FMT1 1 Haemorrhagic lesions on stomach
4
 

CON/FMT1 1 
Broken legs

5
 

FMTP/FMT1 1 

CON/CON 1 Weaner house Died
6 

CON/FMT1 1 

Finisher house 

Poor growth 

CON/FMT4 1 Lameness 

FMTP/CON 1 

FMTP/CON 1 Navel rupture 

FMTP/CON 1 Pneumonia 

FMTP/FMT1 2 Navel rupture 

FMTP/FMT4 2 
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1
CON/CON: Control sow × control offspring; CON/FMT1: Control sow × FMT1 offspring; CON/FMT4: Control sow ×FMT4 offspring; FMTP/CON: FMT procedure sow × 

control offspring; FMTP/FMT1: FMTP sow × FMT1 offspring; FMTP/FMT4: FMTP sow × FMT4 offspring;
  2 

Unknown:
 
normal organs on autopsy; 

3
Euthanized due to poor 

growth, 
4
Euthanized due to haemorrhagic lesions on stomach (possibly due to sow crushing), haematoma on right kidney and mild pneumonia symptoms, 

5
Euthanized due to broken 

legs (caused by sow crushing); 
6
Died; post-mortem showed haemorrhage in intestine and spleen. 
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Table S4.2. Composition of all diets used in the study (g/kg) 

Diet type Starter Link Weaner Finisher Pregnant Lactation 

Barley 0.0 0.0 24.8 38.5 89.7 34.9 

Wheat 22.2 39.9 43.1 40.4 0.0 43.2 

Maize 8.0 0.0 0.0 0.0 0.0 0.0 

Soya 16.9 22.9 20.0 17.5 7.0 15.0 

Full fat soya 10.0 7.0 5.0 0.0 0.0 0.0 

Lactofeed 70
1
 20.0 20.0 0.0 0.0 0.0 0.0 

Skim milk powder 12.5 5.0 0.0 0.0 0.0 0.0 

Soya oil 7.5 2.5 4.0 10.0 10.0 40.0 

Lysine HCl (78.8) 0.5 0.4 0.5 4.0 1.0 3.5 

DL-Methionine 0.3 0.2 0.2 1.0 1.0 1.0 

L-Threonine (98) 0.2 0.2 0.2 1.5 0.0 1.0 

L-Tryptophan 0.09 0.05 0.02 0.0 0.0 0.0 

Vitamin and mineral mix 0.3 0.3 0.3 1.0 1.5 1.5 

Natuphos 5000 FTU/g
5
 0.01 0.01 0.01 0.1 0.1 0.1 

Salt feed grade 0.3 0.3 0.3 3.0 4.0 4.0 

Dicalcium phosphate 0.1 0.1 0.6 2.0 5.0 5.0 

Limestone flour 1.1 1.1 0.9 13.0 11.0 12.0 

Chemical analysis (g/kg dry matter) 
Crude protein 212 205 180 161 119 148 

Crude fibre 17 18 25 24 32 25 

Crude ash 56 55 44 41 37 41 

Ether extract 53 52 58 27 29 63 

Digestible energy (MJ/kg)
6
 17.1 17 16.9 16.3 15.6 16.8 

Net energy (MJ/kg)
6
 11.4 10.3 10.6 9.8 9.5 10.5 

Amino acids (g/kg) 

Lysine 15.60 14.00 13.00 11.50 6.50 9.90 

Methionine 5.50 5.40 4.20 3.70 2.00 3.40 

Methionine + cysteine 9.50 9.20 8.10 7.40 5.00 6.80 

Threonine 10.10 9.20 8.70 7.90 4.60 6.70 

Tryptophan 2.10 2.60 1.80 1.50 1.20 1.40 
1
Lactofeed 70 contains 70% lactose, 11.5% protein, 0.5% oil, 7.5% ash and 0.5% fibre (Volac, 

Cambridge, UK).   
2
Premix provided per kg of complete diet: Cu, 155 mg; Fe, 90 mg; Mn, 47 mg; Zn, 120 mg, I, 0.6 mg; Se, 

0.3 mg; vitamin A, 6000 IU; vitamin D3, 1000 IU; vitamin E, 100 IU; vitamin K, 4 mg; vitamin B12, 15 μg; 

riboflavin, 2 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; choline chloride, 250 mg; vitamin B1, 2 

mg; vitamin B6, 3 mg; Endox, 60 g.
  

3
Premix provided per kg of complete diet: Cu, 15 mg; Fe, 24 mg; Mn, 31 mg; Zn, 80 mg, I, 0.3 mg; Se, 

0.2 mg; vitamin A, 2000 IU; vitamin D3, 500 IU; vitamin E, 40 IU; vitamin K, 4 mg; vitamin B12, 15 μg; 

riboflavin, 2 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; vitamin B1, 2 mg; vitamin B6, 3 mg.
  

4
 Premix provided per kg of complete diet: Cu, 15 mg; Fe, 70 mg; Mn, 62 mg; Zn, 80 mg, I, 0.6 mg; Se, 

0.2 mg; vitamin A, 1000 IU; vitamin D3, 1000 IU; vitamin E, 100 IU; vitamin K, 2 mg; vitamin B12, 15 μg; 

riboflavin, 5 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; choline chloride, 500 mg; Biotin, 200 

mg; Folic acid, 5 g; vitamin B1, 2 mg; vitamin B6, 3 mg.
  

5
Phytase; 5000 FTU/g equal to 500 FTU per kg finished feed. 

6
Digestible energy and net energy were calculated from book values. 
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Table S4.3. Forward and reverse primers used for quantitative PCR, PCR efficiency, and coefficient correlation of standard curves 

Gene 

symbol
1
 

Accession 

number
2
 

Gene name Forward (5'-3') Reverse (5'-3') Amp

licon 

size 

(bp) 

Ref
3
 Eff. 

(%)
4
 

Corr.
 5
 

ACTB XM_003357928.2 Beta-actin GGGCATCCTGACCCTCAAG TGTAGAAGGTGTGATGCCAGATCT 89 1 97.3 0.99 

B2M NM_213978.1 Beta-2-

microglobulin 
CCCCCGAAGGTTCAGGTT GCAGTTCAGGTAATTTGGCTTTC 66 1 102.2 0.99 

GAPDH NM_001206359.1 Glyceraldehyde-3-

phosphate 

dehydrogenase 

GGCGTGAACCATGAGAAGTATG GGTGCAGGAGGCATTGCT 60 1 96.5 0.99 

HPRT1 NM_001032376.2 Hypoxanthine 

guanine 

phosphoribosyl 

transferase 

AGAAAAGTAAGCAGTCAGTTTC

ATATCAGT 

ATCTGAACAAGAGAGAAAATACAGTC

AATAG 
131 1 92.1 0.99 

OAZ1 NM_001122994.2 Ornithine 

decarboxylase 

antizyme 1 

TCGGCTGAATGTAACAGAGGAA GAGCCTGGATTGGACGTTTAAA 70 1 99.2 0.99 

OCLN NM_001163647.2 Occludin TTGTGGGACAAGGAACGTATTTA TGCCTGCCGACACGTTT 76 1 95.4 0.98 

ZO1 XM_013993251.1 Zona occludin 1 AAGCCCTAAGTTCAATCACAATC

T 
ATCAAACTCAGGAGGCGGC 131 1 109.2 0.98 

SGLT1 

(SLC5A1) 

NM_001164021.1 Sodium-dependent 

glucose transporter 

1 

TGTCTTCCTCATGGTGCCAA AGGAGGGTCTCAGGCCAAA 149 1 108.0 0.99 

GLUT2 

(SLC2A2) 

NM_001097417.1 Facilitated glucose 

transporter 

member 2 

TACGGCATCTGCTAGCCTCAT CCACCAATTGCAAAGATGGAC 66 2 89.3 1.00 

MCT1 

(SLC16A1) 

AM286425.1 Monocarboxylate 

transporter 1 
GGTGGAGGTCCTATCAGCAG AAGCAGCCGCCAATAATCAT 74 1 96.4 1.00 

SMCT 

(SLC5A12) 

XM_003122908.1 Sodium-coupled 

monocarboxylate 

cotransporter 

AGGTCTACCGCTTTGGAGCAT GAGCTCTGATGTGAAGATGATGACA 77 2 82.3 0.99 
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Table S4.3. Forward and reverse primers used for quantitative PCR, PCR efficiency, and coefficient correlation of standard curves 

(continued) 

Gene 

symbol
1
 

Accession 

number
2
 

Gene name Forward (5'-3') Reverse (5'-3') Amplicon 

size (bp) 

Ref
3
 Eff. 

(%)
4
 

Corr.
 

5
 

GIP NM_001287408.1 Glucose-dependent 

insulinotropic 

peptide 

GGATGGTGGAGCAGTTGGA CCAATCCTGAGCTGGGTTTG 71 2 98.1 0.99 

GLP1 NM_001256594.1 Glucagon-like 

peptide-1 
GCTGATGGTGGCGATCTTGT TCCCAGCTCTTCCGAAACTC 69 2 98.1 0.99 

TRL2 NM_213761.1 Toll-like receptor 

2 
AATAAGTTGAAGACGCTCCCAGAT GTTGCTCCTTAGAGAAAGTATTGATCGT 97 1 92.7 0.99 

TRL4 AB188301.2 Toll-like receptor 

4 
TGTGGCCATCGCTGCTAAC GGTCTGGGCAATCTCATACTCA 124 1 105.8 0.98 

ALPI XM_003133729.3 Intestinal alkaline 

phosphatase 
AGGAACCCAGAGGGACCATTC CACAGTGGCTGAGGGACTTAGG 83 2 97.1 0.99 

1
Gene symbol: Alternate gene names are shown in brackets. 

2
Accession number: National Center for Biotechnology Information (NCBI) Entrez Gene (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene). 

3
Ref: references for oligonucleotide primer sequences. 1) Metzler-Zebeli BU, Mann E, Ertl R, Schmitz-Esser S, Wagner M, Klein D, Ritzmann M, Zebeli Q. Dietary calcium 

concentration and cereals differentially affect mineral balance and tight junction proteins expression in jejunum of weaned pigs. Br J Nutr. 2015; 113(7):1019-31. doi: 

10.1017/S0007114515000380.; 2) Metzler-Zebeli BU, Ertl R, Grüll D, Molnar T, Zebeli Q. Enzymatically modified starch up-regulates expression of incretins and sodium-coupled 

monocarboxylate transporter in jejunum of growing pigs. Animal 2016; 11(7):1180-1188. Doi: 10.1017/S175131116002615. 
4
Eff: PCR efficiency: E = 10(-1/slope)-1. 

5
Corr: Correlation coefficient of standard curve. 
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Table S4.4. Significant sow x offspring treatment interactions for all parameters measured in the study
1
 

Sow treatment Control
2 

 FMTP
3 

 S.E.M. P-value 

Offspring treatment Control
4 

FMT1
5 

FMT4
6 

 Control FMT1 FMT4  Interaction Sow Offspring 

Body weight (Kg) 

Day 70 35.2
a 

29.9
b 

30.4
b 

 29.1
b,c 

27.1
c,d 

26.4
d 

 2.29 0.01 0.02 0.19 

Day 155 127.9
a 

116.0
c
 120.9

b
  115.3

c
 114.2

c 
111.3

c
  2.87 <0.001 <0.001 <0.001 

Residual Feed Intake
 
(g/day) 

Weaning to Day 155 21.2
A 

-30.2
B 

24.6
A 

 -30.1
B 

9.4
A,B 

1.33
A,B 

 21.38 0.08 0.51 0.52 

Alpha diversity
 
(Shannon 

index) 
   

 
   

     

Faeces day 50 3.49
b 

3.21
b 

3.73
a,b 

 3.70
a,b 

4.13
a 

4.22
a 

 0.226 0.02 0.004 0.22 

Ileum 1.80
b 

2.74
a 

1.84
b
  1.71

 b
 1.83

b
 1.71

b
  0.123 <0.001 <0.001 <0.001 

Bacterial load
 
(log10 copies of 16S rRNA gene/ng DNA) 

Ileum 4.35
a,b

 3.97
a,b

 3.91
b 

 4.53
a 

3.99
a,b

 4.04
a,b

  0.115 <0.001 0.28 <0.001 
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Table S4.4. Significant sow x offspring treatment interactions for all parameters measured in the study
1 
(continued) 

Sow treatment Control
2 

 FMTP
3 

 S.E.M. P-value 

Offspring treatment Control
4 

FMT1
5 

FMT4
6 

 Control FMT1 FMT4  Interaction Sow Offspring 

Microbiota composition [median relative abundance (%)] 

Faeces at weaning             

G_Asteroleplasma 0.51
b 

0.57
b 

0.17
b 

 2.09
a 

1.76
a,b 

1.89
a,b 

 0.06 <0.001 <0.001 0.34 

G_Blautia 1.46
a,b 

1.00
a,b 

0.45
b 

 0.59
a,b 

1.67
a,b 

3.32
a 

 0.22 0.008 0.06 0.59 

G_Faecalibacterium 0.54
c 

1.09
a 

0.74
a 

 0.38
b 

0.19
b 

0.82
a 

 0.10 0.05 0.02 0.29 

G_Oribacterium 1.58
a 

1.39
a 

5.04
a 

 0.38
b 

0.14
b 

1.04
a 

 0.07 <0.001 <0.001 0.14 

P_Planctomycetes 2.72
a 

0.37
b 

1.43
a,b 

 1.52
a,b 

0.39
b 

0.83
a,b 

 0.16 0.009 0.29 0.001 

Faeces at day 50             

P_Actinobacteria 0.10
a,b 

0.05
b 

0.11
a,b

  0.13
a,b

 0.27
a,b 

1.08
a 

 0.015 <0.001 <0.001 0.04 

G_Anaerostipes 0.021
a,b

 0.002
b
 0.189

a,b
  0.019

a,b
 0.056

a,b
 0.451

a 
 0.004 0.003 0.06 0.002 

G_Asteroleplasma 0.90
a,b

 0.33
a,b

 0.64
a,b

  0.07
b 

0.45
a,b

 1.05
a 

 0.026 0.002 0.14 0.06 

G_Campylobacter 0.76
a,b

 0.22
b 

0.54
a,b

  0.96
a,b

 1.44
a 

1.43
a 

 0.104 0.003 0.004 0.37 

G_Alistipes 0.27
b 

0.14
b 

0.18
b 

 0.33
a,b 

0.59
a 

0.70
a 

 0.066 0.01 <0.001 0.85 

G_Peptococcus 0.22
b 

0.08
b 

0.12
b 

 0.12
b 

0.14
b 

2.13
a 

 0.033 <0.001 0.01 0.003 

P_Tenericutes 0.90
a,b

 0.33
a,b

 0.64
a,b

  0.07
b
 0.46

a,b
 1.04

a
  0.025 0.001 0.89 0.59 

Faeces at day 65             

G_Alistipes 0.32
a,b 

0.16
b 

0.47
a 

 0.68
a 

0.55
a 

0.14
b 

 0.072 0.005 0.34 0.22 

G_Anaerostipes 0.51
s 

0.16
s,b 

0.65
a 

 0.02
b 

0.84
a 

0.24
a 

 0.005 <0.001 0.07 0.06 

G_Campylobacter 0.37
b 

0.39
b 

0.98
a,b 

 1.62
a 

1.47
a 

0.79
a,b 

 0.182 0.002 0.01 0.88 

G_Terrisporobacter 0.13
a
 0.03

a 
0.12

a 
 0.07

a 
0.01

b 
0.01

b 
 0.001 <0.001 0.008 0.008 

G_Peptococcus 0.22
b 

0.08
b 

0.12
b 

 0.12
b 

0.14
b 

2.13
a 

 0.033 0.001 0.007 0.001 

G_Ruminococcus 0.30
a,b 

0.31
a,b 

0.24
a,b 

 1.11
a 

0.47
a,b 

0.13
b 

 0.067 0.001 0.17 0.003 

 

 

 



189 

 

Table S4.4. Significant sow x offspring treatment interactions for all parameters measured in the study
1 
(continued) 

Sow treatment Control
2 

 FMTP
3 

 S.E.M. P-value 

Offspring treatment Control
4 

FMT1
5 

FMT4
6 

 Control FMT1 FMT4  Interaction Sow Offspring 

Microbiota composition [median relative abundance (%)] 

Faeces at day 100             

G_Peptococcus 0.13
a,b 

0.06
b 

0.25
a 

 0.27
a 

0.15
a,b 

0.84
a 

 0.057 <0.001 0.65 <0.001 

Ileum 
   

 
   

     

P_Actinobacteria 0.07
b 

0.64
a,b 

0.85
a 

 0.10
a,b 

0.17
a,b 

0.04
b 

 0.015 <0.001 0.001 0.02 

G_Blautia 0.09
b 

1.97
a 

0.09
b 

 0.01
c 

0.11
b 

0.12
b 

 0.005 <0.001 <0.001 <0.001 

G_Butyricicoccus 0.064
a 

0.368
a 

0.062
a 

 0.005
b 

0.234
a 

0.096
a 

 0.0023 <0.001 0.55 0.84 

G_Butyricimonas 0.05
b 

0.89
a 

0.03
b 

 0.04
b 

0.09
b 

0.05
b 

 0.018 <0.001 0.006 <0.001 

P_Spirochaetaes 11.41
a,b 

19.41
a,b 

7.27
b 

 24.07
a 

10.31
a,b 

9.40
a,b 

 4.680 0.004 0.52 0.01 

P_Chlamydiae 0.18
a,b 

4.30
a 

0.14
a,b 

 0.04
b 

0.38
a,b 

0.22
a,b 

 0.020 <0.001 <0.001 <0.001 

G_Chlamydia 0.18
b,c 

4.29
a 

0.14
b,c 

 0.04
c 

0.38
b 

0.22
b,c 

 0.021 <0.001 0.17 0.35 

G_Faecalibacterium 0.04
a,b

 0.21
a
 0.03

a,b
  0.01

b
 0.09

a,b
 0.05

a,b
  0.005 0.002 0.14 0.002 

G_Oscillibacter 0.05
c
 0.07

c
 0.23

b
  1.63

a
 0.79

a
 0.18

b
  0.022 <0.001 <0.001 0.70 

G_Prevotella 8.62
a,b

 4.31
b
 5.82

b
  10.93

a,b
 9.12

a,b
 19.02

a
  2.281 0.03 0.005 0.20 

G_Sphaerochaeta 5.52
b 

8.99
a,b 

1.80
b 

 17.19
a 

3.76
b 

5.71
b 

 0.821 0.01 0.17 0.04 

Predicted microbial function in the ileum [median relative abundance (%)] 
Alpha-linolenic acid 0.51

b 
5.79

a 
5.41

a 
 5.61

a 
0.91

b 
0.63

b 
 0.174 <0.001 0.03 0.56 

Tryptophan metabolism 3.02
a,b 

3.87
a 

2.45
b 

 3.86
a,b

 2.97
a,b

 2.74
a,b

  2.072 0.002 0.67 0.004 

Protein kinases 3.06
a,b

 3.76
a 

2.57
b 

 3.44
a,b

 3.17
a,b

 2.83
a,b

  2.299 <0.001 0.79 <0.001 

Pentose and glucuronate 

interconversions 
3.09

a,b
 3.19

a,b
 2.28

b 
 4.05

a 
3.09

a,b
 3.22

a,b
  1.936 <0.001 0.008 0.88 

Propanoate metabolism 3.19
a,b

 3.14
a,b

 2.62
b 

 3.58
a 

3.31
a,b

 2.93
a,b

  0.387 <0.001 0.57 0.001 

Primary and secondary bile 

acid biosynthesis 
2.93

b
 7.30

a 
2.97

b
  1.48

b 
2.84

b
 1.29

b 
 0.842 <0.001 <0.001 <0.001 
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Table S4.4. Significant sow x offspring treatment interactions for all parameters measured in the study
1 
(continued) 

Sow treatment Control
2 

 FMTP
3 

 S.E.M. P-value 

Offspring treatment Control
4 

FMT1
5 

FMT4
6 

 Control FMT1 FMT4  Interaction Sow Offspring 

Predicted microbial function in the ileum [median relative abundance (%)] 
Steroid biosynthesis 1.23

b 
6.43

a 
7.14

a 
 3.89

a,b 
2.34

a,b 
1.27

b 
 0.579 <0.001 <0.001 <0.001 

Pentose phosphate pathway 3.11
a,b

 3.35
a 

2.66
b 

 3.60
a 

3.12
a,b 

2.98
s,b 

 0.448 <0.001 0.08 0.001 

Pyruvate metabolism 3.07
a,b 

3.46
a 

2.49
b 

 3.71
a 

3.06
a,b 

3.07
a,b 

 2.224 0.001 0.07 0.005 

Tetracycline biosynthesis 2.80
a,b 

4.21
a 

1.86
b 

 4.34
a 

2.96
a,b 

2.85
a,b 

 1.490 <0.001 0.08 <0.001 

Styrene degradation 1.46
b 

6.22
a 

1.82
b 

 2.07
a,b 

2.40
a,b 

5.16
a 

 1.376 <0.001 0.38 <0.001 

Various types of N-glycan biosynthesis 1.32
c 

0.66
c 

22.34
a 

 15.48
a 

5.01
b 

1.33
c 

 0.306 <0.001 0.06 0.006 

Stilbenoid, diarylheptanoid and gingerol 

biosynthesis 
2.10

b 
1.57

b 
2.36

b 
 38.42

a 
1.57

b 
1.57

b 
 0.684 <0.001 0.64 <0.001 

Volatile fatty acids (µmol/g digesta) 

Ileum             

Propionic acid 26.8
a,b 

19.9
b 

14.9
b 

 18.9
b 

42.7
a 

27.7
a,b 

 8.25 0.02 0.03 0.33 

Butyric acid 7.1
b 

33.9
a 

23.8
a 

 13.5
b 

11.9
b 

13.7
b 

 4.29 0.001 0.12 0.01 

Isovaleric acid 16.7
a,b

 13.1
a,b

 24.0
a 

 14.7
a,b

 20.2
a 

8.3
b 

 5.63 0.03 0.37 0.91 

Intestinal histology 

Duodenum 
   

 
   

     

Goblet cell (number per villi) 41
a 

36
a,b 

39
a 

 34
b 

34
b 

33
b 

 1.8 0.05 0.004 0.63 

Ileum 
   

         

Villus height (µm) 545
a,b

 602
a 

585
a,b

  452
a,b

 413
b 

443
a,b

  33.1 0.001 0.05 0.51 

Gene expression (Fold change
7
) 

MCT1 0.00
a,b

 0.24
a 

0.08
a,b

  0.08
a,b

 0.03
b 

0.17
a,b

  - 0.04 0.91 0.17 

SMCT 0.00
a,b

 -0.22
b 

0.06
a,b

  -0.14
a,b

 0.16
a 

0.17
a,b

  - 0.003 0.78 0.74 

Haematology             

Monocyte (no. x 10
3
 cells/µL) 0.52

b 
0.78

a,b 
0.77

a,b
  0.83

a 
0.66

a,b
 0.68

a,b
  0.083 0.02 0.59 0.79 

Red cell distribution width (fL) 19.4
a,b 

20.4
a 

18.5
b 

 19.4
a,b 

18.7
b 

19.1
a,b 

 0.44 0.04 0.37 0.19 
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1
Least squares means and pooled standard error of the mean is presented.   

Sows were assigned to one of two treatment groups: 
2
Control Control (n=9) and 

3
FMT procedure (FMTP; n=9); FMT sows received FMT via gastric intubation on days 70 and 100 

of gestation.  Piglets were assigned to one of three treatment groups at birth: 
4
Control; 

5
FMT1 (FMT at birth) and 

6
FMT4 (FMT at birth, days 3, 7 and 28 of age).Data from 36 pigs: 

Sow treatment level control n=18; FMTP n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12. 
7
Values represent log10-fold changes relative to Control sow x 

Control offspring after normalization to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Beta-actin (ACTB) and Beta-2 microglobulin (B2M) gene expression. 

a,b,c 
Within each row, values that do not share a common superscript are significantly different due to a sow × offspring treatment interaction (P≤0.05). 
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Table S4.5. Relative abundance (%) of bacterial genera that differed between sow treatments pre- and post-antibiotic treatment 

Genus (Phylum) CON
1 

FMTP
2 Confidence interval 

P-value 

Lower Upper 

Pre-antibiotic faeces      

Butyricimonas (Bacteroidetes) 0.06 0.16 0.036 0.282 0.03 

Fusobacterium (Fusobacteria) 0.12 0.04 0.025 0.254 0.04 

Roseburia (Firmicutes) 0.22 0.02 0.002 0.848 0.02 

Schwartzia (Firmicutes)  0.95 0.19 0.048 0.395 0.02 

Post-antibiotic faeces      

Asteroleplasma (Tenericutes) 0.3 2.5 0.17 4.27 <0.0001 

Butyricicoccus (Firmicutes) 0.1 1.1 0.02 6.19 0.003 

Butyricimonas (Bacteroidetes) 0.1 0.2 0.04 0.41 0.03 

Chlamydia (Chlamydiae) 0.8 0.1 0.02 4.06 0.01 

Citrobacter (Proteobacteria) 0.03 0.29 0.016 1.069 0.004 

Desulfovibrio (Proteobacteria) 0.1 0.9 0.06 2.23 0.0002 

Eubacterium (Firmicutes) 0.12 0.01 0.001 0.239 0.001 

Faecalibacterium (Firmicutes) 0.82 0.01 0.003 1.326 <0.0001 

Fibrobacter (Fibrobacteres) 0.044 0.003 0.0006 0.0917 0.002 
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Table S4.5. Relative abundance (%) of bacterial genera that differed between sow treatments pre- and post-antibiotic treatment (continued) 

Genus (Phylum) CON
1 

FMTP
2 Confidence interval P-value 

Lower Upper 
Fusicatenibacter (Firmicutes) 0.03 0.01 0.001 0.069 0.02 

Gemmiger (Proteobacteria) 0.06 0.01 0.001 0.147 0.05 

Lachnospiraceae Incertae Sedis (Firmicutes) 2.7 0.5 0.25 4.15 <0.0001 

Lactobacillus (Firmicutes) 0.3 2.6 0.16 5.85 <0.0001 

Oribacterium (Firmicutes) 0.5 1.7 0.24 3.55 0.01 

Oscillibacter (Firmicutes) 1.95 0.04 0.009 4.391 <0.0001 

Ruminococcus (Firmicutes) 0.5 16.7 0.2 29.39 <0.0001 

Ruminococcus2 (Firmicutes) 1.8 0.4 0.21 3.43 0.003 

Selenomonas (Firmicutes) 1.58 0.01 0.002 3.111 <0.0001 

Sphaerochaeta (Spirochaetes) 2.6 11.5 1.17 25.83 0.01 

Succinivibrio (Proteobacteria) 0.2 1.6 0.13 3.25 0.0003 

Unclassified (Grouped
3
) 42.3 27.4 22.12 52.24 0.006 

Veillonella (Firmicutes) 0.5 0.1 0.06 0.94 0.03 

Victivallis (Lentisphaerae) 0.97 0.01 0.001 1.886 <0.0001 

Sows were assigned to one of two treatment groups: 
1
Control (CON; n=9) and 

2
FMT procedure (FMTP; n=9). FMT sows received FMT via gastric intubation on days 70 and 100 of 

gestation; 
3
Grouped: all bacterial taxa “unclassified” at genus level were grouped together for statistical analysis. Data from 12 sows: control (CON) n=6; FMT n=6. 
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Table S4.6. Effect of faecal microbiota transplantation (FMT) on serum biochemical parameters in offspring at ~155 days of age
1 

Sow treatment Control
2  FMTP

3  
S.E.M.

 P-value 

Offspring treatment Control
4 

FMT1
5 

FMT4
6  Control FMT1 FMT4  Interaction Sow Offspring 

Total protein (g/L) 69.6 67.1 64.9  69.8 64.3 64.7  1.94 0.71 0.58 0.04 

Blood urea nitrogen (mg/dL) 19.9 17.8 24.9  20.2 24.4 20.9  2.85 0.19 0.69 0.61 

Glucose (mmol/L) 5.67 6.05 6.77  5.90 6.73 6.98  0.532 0.88 0.40 0.14 

Triglycerides (mmol/L) 0.64 0.64 0.59  0.72 0.61 0.64  0.061 0.67 0.52 0.49 

Cholesterol (mmol/L) 2.83 2.89 3.53  2.71 2.47 2.56  0.295 0.37 0.04 0.44 

Creatinine (µmol/L) 150 141 151  157 137 143  9.74 0.71 0.81 0.36 

Creatine kinase (µmol/L) 159 107 158  176 200 144  30.42 0.22 0.21 0.84 
1
Least squares means and pooled standard error of the mean is presented.   

Sows were assigned to one of two treatment groups: 
2
Control Control (n=9) and 

3
FMT procedure (FMTP; n=9); FMT sows received FMT via gastric intubation on days 70 and 100 

of gestation.  Piglets were assigned to one of three treatment groups at birth: 
4
Control; 

5
FMT1 (FMT at birth) and 

6
FMT4 (FMT at birth, days 3, 7 and 28 of age). 

Data from 36 pigs: Sow treatment level control n=18; FMTP n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12. 
a,b,c 

Within each row, values that do not share a 

common superscript are significantly different (P≤0.05).
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Table S4.7. Effect of faecal microbiota transplantation (FMT) on haematological parameters in offspring at ~155 days of age
1 

Sow treatment Control
2  FMT

3  
S.E.M.

 P-value 

Offspring treatment Control
4 

FMT1
5 

FMT4
6  Control FMT1 FMT4  Interaction Sow Offspring 

White blood cells (x 10
3
 cells/µL) 26 36 27  29 27 30  3.4 0.12 0.76 0.39 

Lymphocytes  

   

 

   

 

       % 27 23 31  27 26 27  2.2 0.21 0.95 0.13 

   no. x 10
3
 cells/µL 6.87 7.28 8.16  7.57 7.14 7.72  0.498 0.49 0.93 0.25 

Monocytes 

   

 

   

 

       % 2.1 2.4 3.0  3.0 2.5 2.4  0.42 0.17 0.71 0.83 

   no. x 10
3
 cells/µL 0.52

b 
0.78

a,b 
0.77

a,b
  0.83

a 
0.66

a,b
 0.68

a,b
  0.083 0.02 0.59 0.79 

Granulocytes  

   

 

   

 

       % 70 61 65  72 73 61  7.3 0.52 0.62 0.49 

   no. x 10
3
 cells/µL 18.4 18.7 17.9  20.5 19.2 20.1  2.09 0.92 0.36 0.97 

Red blood cells (x 10
6
 cells/µL) 7.43 7.45 6.92  7.44 7.53 7.27  0.219 0.71 0.41 0.17 

Red cell distribution width (fL) 19.4
a,b 

20.4
a 

18.5
b  19.4

a,b 
18.7

b 
19.1

a,b  0.44 0.04 0.37 0.19 

Haemoglobin (g/dL) 13.7 13.8 13.8  13.5 13.9 13.4  0.39 0.83 0.54 0.68 

Haematocrit (%) 0.43 0.45 0.41  0.42 0.44 0.41  0.015 0.92 0.59 0.18 

Mean corpuscular volume (fL) 58.1 59.9 58.9  56.4 58.2 56.9  1.08 0.98 0.05 0.25 

Mean corpuscular haemoglobin  

   

 

   

 

      % 18.5 18.6 18.5  18.2 18.6 18.4  0.40 0.91 0.62 0.83 

  Pg 31.9 31.2 31.4  32.2 31.9 32.4  0.55 0.81 0.14 0.62 

Platelets (x 10
6
 cells /µL) 288 199 199  212 191 209  32.5 0.39 0.36 0.21 

Mean platelet volume (fL) 10.03 10.02 9.65  9.07 9.32 9.33  0.327 0.60 0.02 0.87 
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1
Least squares means and pooled standard error of the mean is presented.   

Sows were assigned to one of two treatment groups: 
2
Control Control (n=9) and 

3
FMT procedure (FMTP; n=9); FMT sows received FMT via gastric intubation on days 70 and 100 

of gestation.  Piglets were assigned to one of three treatment groups at birth: 
4
Control; 

5
FMT1 (FMT at birth) and 

6
FMT4 (FMT at birth, days 3, 7 and 28 of age).Data from 36 pigs 

Sow treatment level: control n=18; FMTP n=18. Offspring treatment level: control n=12; FMT1 n=12; FMT4 n=12.  

 
6
Least squares means and pooled standard error of the mean are presented. 

 
a,b,c 

Within each row, values that do not share a common superscript are significantly different (P≤0.05). 
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Figure S4.1. Schematic overview depicting A. experiment timeline and B. study design and sample analysis  

1
Eighteen multiparous F1 sows (Large White × Landrace; Hermitage Genetics, Kilkenny, Ireland) were artificially inseminated at random using semen from one of two boars 

[Hylean Maxgro; Hermitage genetics; boars selected with the lowest FCE values (the most feed efficient)].  
2
Sows on FMT procedure (FMTP) treatment given a 1 week course of 

antibiotics from day 61 of gestation to kill off as much of the resident microbiota as possible. Antibiotic cocktail consisted of a combination of 20 mg/Kg/day Amoxicillin Trihydrate 

(amoxinsol®, Vetoquinol UK Ltd., Buckingham, UK), 10 mg/Kg/day lincomycin-spectinomycin (Linco-Spectin® 100, Pfizer, Cork, Ireland) and 100,000 IU/Kg/day of colistin 

(Coliscour®, Ceva Sante Animale, Libourne, France). 
3
On day 68, to remove the feed volume and remaining microbes present in the GIT, sows received 2 doses of a purgative 

which consisted of 145 g Picolax
®
 powder (Ferring Ireland Ltd., Dublin, Ireland) dissolved in 1350 mL water, providing 10 mg sodium picosulfate, 3.5 mg magnesium oxide and 12 

g citric acid per dose.. Sows were then fasted for 36 h to empty the gastrointestinal tract. 
4
On days 70 and 100 of gestation, each sow was given 200 mL of thawed inoculum (a dose 

of 2.6 x 10
11

 CFU) via gastric intubation 1 h after administration of a proton-pump inhibitor [7 tablets, each containing 40 mg omeprazole (Rowex Ltd., Cork, Ireland) dissolved in 

400 mL lukewarm water] to reduce the likelihood of  inactivation of the inoculum by gastric acid.  

Piglets were given 8 mL of thawed inoculum (a dose of 9.4 x 10
9
 CFU) orally via syringe 

5
at birth, or 

6
at birth and days 3, 7, and 28 of age. 

7
Pigs were individually housed from 

weaning to 70 days of age in weaner pens (1.2 m × 0.9 m) with plastic slats (Faroex, Manitoba, Canada) and solid plastic dividers between pens.  
8
From 70 to 155 days of age, pigs 

were housed in fully slatted finisher pens (1.81 m × 1.18 m) with solid plastic panel partitions. 
9
Only 6 sows per treatment were sampled. 
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Figure S4.2. Total bacterial load and microbial composition at the A. phylum and B. genus level in faeces from donor pigs, and also at the start and end of 

aliquoting of the resultant faecal extracts used as inocula and in the thawed inocula administered to sows and offspring 

1
Unclassified: Taxonomic assignment cut off was set at > 80%.  

2
Donor faeces were from low RFI pigs at 130 days of age, and mean values across inocula preparation days are 

presented.  
3
Mean values across inocula preparation days.  

4
Mean values from thawed inocula administered.  

5
I.S.: Incertae sedis. 



201 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

CON FMTP

M
ea

n
 r

el
at

iv
e 

ab
u

n
d

an
ce

 (
%

) 

Unclassified

Spirochaetes

Actinobacteria

Bacteroidetes

Proteobacteria

Firmicutes

A. 

B. 

0

10

20

30

40

50

60

70

80

90

100

CON FMTP

M
ea

n
 r

el
at

iv
e 

ab
u

n
d

an
ce

 (
%

) 

Butyricicoccus Finegoldia

Oscillibacter Treponema

Sutterella Anaerovibrio

Helicobacter Ruminococcus

Oribacterium Succinivibrio

Acidaminococcus Coprococcus

Pseudomonas Blautia

Turicibacter Roseburia

Megasphaera Aerococcus

Rothia Jeotgalicoccus

Streptococcus Terrisporobacter

Staphylococcus Moraxella

Escherichia/Shigella Lactobacillus

Acinetobacter Prevotella

Unclassified Clostridium sensu stricto

1
 



202 

 

Figure S4.3. Microbial composition at the A. phylum and B. genus level in sow colostrum collected at farrowing 

Data from 7 sows: Control (CON) n=4, FMT procedure (FMTP) n=3.  

1
Unclassified: Taxonomic assignment cut off was set at > 80%. Bacterial genera in bold differed significantly between CON and FMTP sows (P<0.05) 



203 

 

 

 

 

 

 

 

 

 

 

 

 

A. Offspring faeces at weaning B. Offspring faeces at day 50 C. Offspring faeces at day 65 D. Offspring faeces at day 100 

E. Ileal digesta G. Colon digesta F. Caecal digesta 

CON sow 

FMTP sow 

FMT1 

FMT1 

FMT4 

FMT4 

CON 

CON 

P
C

2
: 1

5
%

 v
ar

ia
n

ce
 

PC1: 24% variance 10 

1
0
 

-1
0 

-10 
P

C
2

: 1
6

%
 v

ar
ia

n
ce

 
PC1: 28% variance 10 

1
0
 

-1
0 

-10 

P
C

2
: 1

9
%

 v
ar

ia
n

ce
 

PC1: 26% variance 10 

1
0
 

-1
0 

-10 

P
C

2
: 1

8
%

 v
ar

ia
n

ce
 

PC1: 25% variance 10 

1
0
 

-1
0 

-10 

P
C

2
: 1

6
%

 v
ar

ia
n

ce
 

PC1: 36% variance 10 

1
0
 

-1
0 

-10 

P
C

2
: 1

6
%

 v
ar

ia
n

ce
 

PC1: 25% variance 10 

1
0
 

-1
0 

-10 

P
C

2
: 1

5
%

 v
ar

ia
n

ce
 

PC1: 25% variance 10 

1
0
 

-1
0 

-10 

*λ 

* ϕ * 



204 

 

Figure S4.4. Microbial diversity variation due to faecal microbiota transplantation (FMT) in sows and/or offspring in the offspring faeces at A. 28, B. 50, C. 

65 and D. 100 days of age and in the offspring E. ileum, F. caecum and G. colon, represented by principal component analyses (PCA; genus-level) 

The amount of variance is depicted by the percentages on each axis. *Indicates significant differences at sow × offspring treatment level (P≤0.05); φ indicates sow treatment effect 

(P≤0.05). 

Data from 36 pigs: Sow treatment level control n=18; FMT procedure (FMTP) n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12.  
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Figure S4.5. Effect of faecal microbiota transplantation (FMT) on faecal bacterial load (log10 copies 16S rRNA gene/ng DNA) in offspring A. 

faeces across all time points and B. intestinal digesta  

Data from 36 pigs: Sow treatment level control n=18; FMT procedure (FMTP) n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12.  

*Indicates significant differences at sow × offspring treatment level (P≤0.05); φ indicates sow treatment effect (P≤0.05); λ indicates offspring treatment effect (P≤0.05). 

A. Bacterial load in offspring faeces B. Bacterial load in offspring digesta 
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Figure S4.6. Heat map showing Spearman correlations between bacterial genera and offspring body weight at day 155 of age due to faecal microbiota 

transplantation (FMT) in A. sows and B. offspring 

 Data from 36 pigs: Sow treatment level control n=18; FMT procedure (FMTP) n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12. 

*Denotes significant correlation within each treatment (P≤0.05). 
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Figure S4.7. Effect of faecal microbiota transplantation (FMT) on volatile fatty acid concentrations in the A. ileum, B. caecum and C. colon of offspring at 

~155 days of age 

Data from 36 pigs: Sow treatment level control n=18; FMT procedure (FMTP) n=18; Offspring treatment level control n=12; FMT1 n=12; FMT4 n=12.  

φ indicates difference at sow treatment level, λ indicates difference at offspring treatment level. 
a,b,c 

Within each row, values that do not share a common superscript are significantly 

different due to a sow × offspring treatment interaction (P≤0.05). 
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5.1. Abstract 

As previous studies have demonstrated a link between the intestinal microbiome and 

feed efficiency (FE), manipulating the microbiota may be a useful way to improve 

porcine FE.  Faecal microbiota transplantation (FMT), using faecal extracts from highly 

feed efficient pigs, was performed in pregnant sows (n=11), with a control group (n=11) 

receiving no FMT.  Subsequent offspring were weaned at ~28 d and allocated, within 

sow treatment, to either control group (n=67; no dietary supplements) or dietary inulin 

supplementation group (n=65) for six weeks. Microbiota transplantation in sows, alone 

or in combination with inulin supplementation of offspring, reduced offspring body 

weight by 8.1 – 10.6 Kg at slaughter (~140 days of age), but was associated with better 

FE, while inulin alone had no effects on growth or FE. The FMT alone, or the combined 

strategy increased bacterial diversity, and resulted in higher abundances of bacterial taxa 

considered beneficial e.g. Bifidobacterium, and Butyricimonas, and lower 

Faecalibacterium occurred in offspring faeces due to both treatments.  There was a 

reduction in potentially pathogenic bacteria (Chlamydia and Treponema) in the ileum 

also.  Both interventions resulted in lower caecal butyric acid concentrations, and 

maternal FMT led to a greater number of jejunal goblet cells in offspring.  Inulin 

supplementation alone increased mean platelet volume, while reducing ileal propionic 

acid concentrations, granulocyte counts, and serum urea.  Furthermore, duodenal genes 

linked to glucose and volatile fatty acid homeostasis was up-regulated in inulin-

supplemented pigs.  Overall, FMT in pregnant sows with/without dietary inulin 

supplementation modulated offspring intestinal microbiota (mostly low relative 

abundance taxa) and associated physiological parameters, and had a detrimental effect 

on growth, although FE was improved.   
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5.2. Importance  

Intestinal health is key in terms of driving production performance in pigs, and the 

resident microbiota is critical for optimal gut health and metabolic functioning.  As 

previous research suggests a link between the gut microbiota and FE, modulation of the 

intestinal microbiome may offer an effective means of improving FE in pigs.  The FMT 

in gestating sows, in combination with post-weaning dietary inulin supplementation in 

offspring may be a novel way to achieve this.    This combined approach (or maternal 

FMT alone) improved FE, and resulted in a number of differences in microbial 

composition and potential function, and other physiological parameters, which may help 

to explain the enhanced FE.  However, the detrimental effects on lifetime growth will 

limit the practical application of these strategies in pig production, at least regimes 

employed in the present study.  Nonetheless, additional research to identify specific 

prebiotics, or other dietary supplements that can be used to promote/maintain the 

microbiota implanted as a result of FMT to FMT, may be worthwhile in terms of 

optimising FE in pigs. 
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5.3. Introduction 

Feed efficiency (FE) is of major importance in pig production, as feed accounts 

for the majority cost associated with producing pigs (Teagasc, 2016). Previous work 

from Chapter 2 and 3, and from others (Tan et al., 2017, Yang et al., 2017), has 

demonstrated an association between the intestinal microbiota and FE/ residual feed 

intake (RFI; metric for FE) in pigs.  It may therefore be possible to improve FE through 

manipulation of the intestinal microbiota.  This could potentially be achieved via faecal 

microbiota transplantation (FMT) and/or dietary supplementation with feed additives. 

To date, the use of FMT in pigs has mainly been limited to the establishment of 

human microbiota in pigs in order to develop a model for humans (Pang, 2007, Zhang, 

2013).  However, pig microbiota have also been transferred to rodents (Hirayama, 1999) 

and to other pigs, although, to our knowledge, only three studies to date have performed 

the latter; one by Martin et al. (conference abstract) (Martin et al., 2015), one by (Xiao 

et al., 2017), and the other as detailed in Chapter 4.  The study from Chapter 4, which 

used an inoculum derived from faecal extracts collected from highly feed efficient pigs 

with a view to improving FE (from Chapter 3) found that FMT in pregnant sows and/or 

their offspring impacted lifetime growth of offspring, as pigs were ~4-8 Kg lighter at 

slaughter. Intestinal microbiota composition and potential functionality, along with 

physiological parameters, were affected by FMT, and overall the results indicated that 

FMT may not be a suitable approach to optimise FE in pigs.  Although some potentially 

beneficial FMT-associated modulation of the sow intestinal microbiota occurred, these 

effects were not transferred to/maintained in the offspring.  Therefore, it is possible that 

dietary supplementation of the offspring with a prebiotic, may support the transplanted 

microbiota, potentially leading to a more positive outcome as regards FE. 

Prebiotics are “selectively fermented ingredients that allow specific changes, both in the 

composition and/or activity in the gastrointestinal microflora, that confers benefits upon host well-being 
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and health” (Roberfroid, 2007).  Inulin is a dietary fibre derived mainly from chicory, and 

comprised of different chain lengths (2-65 monomers), which is not digestible by the 

host (Roberfroid, 2007).  It has proved effective as a prebiotic in humans, but in pigs, 

results have been contradictory (Metzler-Zebeli et al., 2017b).  However, a number of 

studies have found beneficial effects of supplementing inulin to pigs, both in terms of 

improving growth performance and modulating the intestinal microbiota (Grela et al., 

2014, Patterson et al., 2010, Loh et al., 2006).  In particular, supplementing weaner diets 

with inulin may be a useful way to counteract the susceptibility associated with the 

stress of weaning, and a number of studies have demonstrated beneficial modulation of 

the intestinal microbiota and improved growth, gut health, and FE, when inulin is fed to 

weaner pigs (Konstantinov et al., 2004, Awad et al., 2013, Patterson et al., 2010).  

However, as outlined above, conflicting results have been obtained.  For example, Grela 

et al. found that dietary inulin addition improved weight gain, reduced feed intake and 

improved FE in pigs between 10 and 84 days of age (Grela et al., 2014), whereas a 

study conducted by Frantz et al. in 2003 found that inulin addition resulted in a 

deterioration in FE (Frantz et al., 2003).  Inulin is fermented by enzymes produced from 

different bacterial members, resulting in increased production of volatile fatty acid 

(VFA) concentrations, mainly butyrate, and can improve host health and increase the 

absorption of minerals (Kelly, 2008).  The addition of inulin to the diet of pigs (at 

various stages throughout their productive life) has been shown to increase bacterial 

populations considered beneficial, while reducing potentially pathogenic bacteria in the 

GIT (Kozłowska et al., 2016).  However, reports on the microbiota-modulating ability 

of inulin are inconsistent and a recent meta-analysis showed that although strong 

negative relationships were found between dietary inulin and colonic enterobacteria 

throughout all production phases, the same was true for faecal lactobacilli (Metzler-

Zebeli et al., 2017b).  
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Our hypothesis was that promoting the proliferation and persistence of an 

optimum microbial profile for improved FE early in life would improve lifetime FE in 

pigs.  Our objective was to determine if FMT, using faecal extracts from highly feed 

efficient pigs, to pregnant sows and/or dietary supplementation of inulin to offspring 

post-weaning, would improve FE in offspring, and to determine if inulin 

supplementation would promote/maintain any beneficial bacteria potentially transferred 

to offspring as a result of maternal FMT.



216 

 

 

5.4. Materials and methods 

5.4.1. Ethical approval 

The pig study was approved by the animal ethics committees of Teagasc 

(TAEC9/2013) and Waterford Institute of Technology (13/CLS/02) and performed 

according to European Union regulations outlining minimum standards for the 

protection of pigs (91/630/EEC) and concerning the protection of animals kept for 

farming purposes (98/58/EC).  An experimental license (number AE1932/P032) was 

obtained from the Irish Health Products Regulatory Authority. 

 

5.4.2. Animal management, recording and sampling 

Faeces were collected from four highly feed efficient finisher pigs, anaerobically 

processed and the resultant faecal extracts prepared for use as FMT inoculum as 

described in Chapter 4.  The same 22 sows in Chapter 4 were used here; on day 60 of 

gestation, sows were assigned to one of two treatment groups: 1) Control (n=11, CON), 

and 2) antibiotic treatment, purgative and FMT on days 70 and 100 of gestation (n=11, 

FMTP).  The procedure for FMT was as described in Chapter 4.  Briefly, on day 61 of 

gestation, FMTP sows received a 7-day course of an antibiotic cocktail with a broad 

antibacterial spectrum [Amoxicillin Trihydrate (Amoxinsol®, Vetoquinol UK Ltd., 

Buckingham, UK), 10 mg/Kg/day lincomycin-spectinomycin (Linco-Spectin® 100, 

Pfizer, Cork, Ireland) and 100,000 IU/Kg/day of colistin (Coliscour®, Ceva Sante 

Animale, Libourne, France)], followed by two doses of a purgative (sodium picosulfate, 

magnesium oxide and citric acid; Picolax powder, Ferring Ltd., Dublin, Ireland) to clear 

the GIT of resident microbiota, and a fasting period of 36 h.  On days 70 and 100 of 

gestation, FMTP sows received the FMT (200 mL, which delivered a dose of ~2.6 × 

10
11

 CFU) via gastric intubation along with a proton-pump inhibitor (Omeprazole; 
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Romep, Rowex Ltd., Cork, Ireland) to prevent inhibition of the bacteria in the inoculum 

by the acidity of the stomach.  

A schematic depicting sow and offspring treatments and details of sampling is 

shown in Figure S5.1.  At farrowing, the number of pigs born alive, stillbirths and 

mummies were recorded, as well as individual piglet birth weights and gender.  All 

viable piglets were tagged for identification purposes, and litters remained intact as 

much as possible between farrowing and weaning.  A commercial non-medicated starter 

diet (Table S5.1) was creep-fed between day 12 and weaning at ~day 28 of age. 

At weaning, 132 pigs were selected across all litters, blocked by sow treatment, 

piglet gender and body weight, before being randomly assigned to single-gender pens, 

with 8-12 pigs per pen.  Within sow treatment, pens of pigs were randomly assigned to: 

1) control (6 pens; n=67 pigs; CON) 2) inulin for the first six weeks post-weaning (pw) 

(6 pens; n=65 pigs, INU).  This resulted in a total of 4 treatments: control sow and 

control offspring (CON/CON), control sow and inulin-supplemented offspring (CON/ 

INU), FMTP-treated sow and control offspring (FMTP/CON), and FMT-treated sows 

and inulin-supplemented offspring (FMTP/ INU).  Once weaned, piglets in both CON 

and INU groups were provided with the same sequence of diets (Table S5.1; starter for 

1 week, followed by link for 2 weeks, followed by weaner for 3 weeks, followed by 

finisher to slaughter at ~140 days of age) except that for the INU group the starter and 

link diets contained 2% inulin (Orafti Synergy 1, 50:50 chain length, Beneo Animal 

Nutrition, Belgium) and the weaner diet contained 3% inulin.  Pigs were provided with 

ad-libitum access to feed using the Feed Intake Recording Equipment (FIRE) feeding 

system (Schauer Agrotronic, Wels, Austria).  The first week pw was regarded as a 

training period for the piglets, so feed intake for this period was not included in data 

analysis.   
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From weaning to ~78 days of age, pigs were housed in 12 fully slatted concrete 

(80 mm solid width, 18 mm slots) pens (2.4 m  2.0 m).  A canopy (2.4 m  1.2 m) with 

2 heat lamps was placed at the back of each pen to create a micro-climate and a suitable 

lying area was created using a solid rubber mat (2.4 m  1.2 m) under the canopy.  From 

~78 days of age, the size of each pen was increased to 4.8 m  2.4 m and the canopy 

and rubber mat were removed.  

Body weight was recorded weekly and feed disappearance daily between ~35 

and ~140 days of age from which performance indicators [Average Daily Feed Intake 

(ADFI), Average Daily Gain (ADG), Feed Conversion Efficiency (FCE)] were 

determined, and used to calculate RFI.   

Any pigs treated with antibiotics were removed from the study. A total of 11 

pigs were removed from the study due to health issues i.e. CON/CON (n=1): rectal 

prolapse; CON/INU (n=3): shoulder injury (n=1), navel rupture (n=2); FMTP/CON 

(n=4): lameness (n=1), navel rupture (n=3); FMTP/INU (n=3): lameness (n=1), navel 

rupture (n=2).   

At ~140 days of age, all pigs were slaughtered by CO2 stunning followed by 

exsanguination.  Following evisceration, hot carcass weight was recorded, and 

multiplied by 0.98 to obtain cold carcass weight. Kill-out percentage was calculated as 

[(carcass weight/body weight at slaughter) × 100] and back-fat and muscle depth were 

measured at 6 cm from the edge of the split back at the third and fourth last ribs using a 

Hennessy Grading probe (Hennessy and Chong, Auckland, New Zealand).  Lean meat 

yield was estimated according to the following formula: Lean meat yield = 60.30 – 

0.847 X1 + 0.147 X2 [where X1= back-fat depth (mm) and X2= muscle depth (mm)]. 

Faecal sampling was conducted by rectal stimulation at 28 (weaning), 50, 65, 

100 and 130 days of age on a subsample of 32 pigs (n=16 per sow treatment and n=16 
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per offspring treatment).  Furthermore, digesta from the ileum, caecum and the colon 

were collected at slaughter from the same 32 pigs, as described in Chapters 2 and 4.  All 

samples were snap frozen in liquid nitrogen and stored at -80 °C until microbiota and 

VFA analyses were conducted.  Additionally, tissue from the duodenum, jejunum and 

ileum were collected from the 32 selected pigs for histological analysis and duodenal 

tissue scrapings were taken for both brush border enzyme and gene expression analyses, 

as previously described in Chapter 4.  

 

5.4.3. DNA extraction, 16S rRNA gene sequencing and data analysis 

Total DNA was extracted from faecal, ileal, caecal and colonic samples using 

the QIAamp DNA stool minikit (Qiagen, Crawley, United Kingdom) according to the 

manufacturer’s instructions, apart from adding a beat beating step, and increasing the 

lysis temperature to 95°C to increase DNA yield (Buzoianu et al., 2012a).  

The V3-V4 region of the 16S rRNA gene (~ 460 bp) was sequenced (2250 bp 

paired end reads) on an Illumina MiSeq platform following the standard protocol with 

alterations, as in Chapter 2.  Sequence reads were checked for quality using FastQC and 

trimmed to 240 bp in length at the end of the sequence using Trimommatic version 0.36 

(Bolger et al., 2014) with adapters removed (Illumina CLIP software).  Both reads were 

merged using Flash (Magoc and Salzberg, 2011) and quality checks were performed to 

guarantee maximum read coverage.  Reads were then clustered into operational 

taxonomical units (OTUs) using a 97% sequence identity threshold.  Chimeras were 

removed and reads were aligned to the CD-HIT specific database (version 111) and then 

Ribosomal Database Project classifier (RDP) was used for taxonomy assignments 

(Wang et al., 2007) applying a cut-off of 80% for unclassified taxa.  Samples with less 

than 1,000 total reads were excluded from the analyses.  The OTU data were scaled to 

the minimum number of total reads for each sample type and filtered to remove OTUs 
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present at <100 reads.  Alpha-diversity indices [Chao1 (OTU richness), and Shannon 

and Simpson (OTU richness and abundance)] and beta-dispersion estimates were 

calculated using the Adonis2 and beta permutation functions of the Vegan package in R, 

each with 999 permutations.  Principal component analysis (PCA) plots were generated 

with the bioconductor package deseq2 (Love et al., 2014) and ggplot in R. 

 

5.4.4. Prediction of microbial function  

The functionality of the microbiota for each sample based on 16S rRNA data 

and the 13_5 version of the Greengenes database for taxonomy and OTU assignments 

was predicted in silico using the Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved Species (PICRUSt) software (Langille et al., 2013).  

Prediction of functions was inferred based on Kyoto Encyclopedia of Genes and 

Genomes (KEGG) annotations.  Pathways not related with bacteria, not relevant to 

porcine studies and for which the relative abundance was <0.001% in samples were 

dismissed. 

 

5.4.5. Volatile fatty acid concentration and pH 

Concentrations of acetic, propionic, butyric, isobutyric, valeric and isovaleric 

acids were measured in the ileal, caecal and colonic digesta according to Chapter 2.  

Briefly, ~8 g of sample was weighed and pH-recorded, diluted with trichloroacetic acid 

(x 2.5 times sample weight), and centrifuged (1,800  g at 4 °C for 10 min).  

Subsequent supernatants were mixed with equal volumes of internal standard (i.e. 1.5 

mL) and filtered into vials, and stored at -80 °C until analysis by gas chromatography 

(Agilent 5890 gas chromatograph) using hydrogen and helium as carrier gases, at 30 

and 50 psi respectively, and temperatures of 80 °C (oven), 280 °C (detector), and 250 

°C (injector). 
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5.4.6. Intestinal histology, disaccharidase activity and gene expression analysis 

 Intestinal tissue from the duodenum, jejunum and ileum (~3 cm) collected at 

slaughter was rinsed in PBS and placed in No-Tox fixative (Scientific Device Lab, Des 

Plaines, IL, USA) and placed on a shaker for 48 h.  Samples were and stored at room 

temperature in the fixative until processing, which was performed as detailed in Chapter 

4.  Ten villi were examined per sample slide for villus height and width, crypt depth and 

goblet cell number using a light microscope at 400X magnification. 

 Duodenal mucosal scrapings were collected over a length of 10 cm for 

the analysis of disaccharidase activity and relative gene expression. Preparation of 

duodenal homogenates (20%, w/v) and mucosal enzyme activity measurements were 

performed as previously described (Metzler-Zebeli et al., 2017a).  Target genes included 

intestinal alkaline phosphatase (IAP), facilitated glucose transporter member 2 

(GLUT2), glucose-dependent insulinotropic peptide (GIP), glucagon-like peptide-1 

(GLP1), monocarboxylate transporter 1 (MCT1) and sodium-coupled monocarboxylate 

transporter (SMCT), sodium/glucose cotransporter member 1 (SGLT1), tight junction 

proteins [occludin (OCLN) and zonula occludens 1 (ZO1)], and toll-like receptors 

(TLR2 and TLR4).  Total RNA was isolated from 20 mg duodenal mucosal scrapings 

using mechanical homogenization and the RNeasy Mini Kit (Qiagen, Hilden, 

Germany).  Samples were homogenized using the FastPrep-24 instrument (MP 

Biomedicals, Santa Ana, CA, USA).  After isolation, genomic DNA was removed by 

treating samples with the Turbo DNA kit (Life Technologies Limited, Vienna, Austria).  

The RNA was quantified using the Qubit HS RNA Assay kit on the Qubit 2.0 

Fluorometer (Life Technologies Limited, Vienna, Austria) and the quality of extracted 

RNA evaluated with the Agilent Bioanalyzer 2100 (Agilent RNA 6000 Nano Assay, 

Agilent Technologies, Waghaeusel-Wiesental, Germany).  Complementary DNA was 
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synthesized from 2 µg RNA using the High Capacity cDNA RT kit (Life Technologies 

Limited) and 1 µL of RNase inhibitor (Biozym, Hessisch Oldendorf, Germany) was 

added to each reaction. Primers used for qPCR are listed in Table S5.2.   

The primers were verified with PrimerBLAST 

(www.ncbi.nlm.nih.gov/tools/primer-blast/) and tested for efficiencies and specificity 

using melting curve analysis (Table S5.2).  Amplifications were performed on a real-

time PCR Mx3000P (Agilent Technologies) thermocycler using the following 

conditions: 95°C for 5 min, followed by 95°C for 10 s, 60°C for 30 s and 72°C for 30 s 

for 40 cycles, followed by the generation of melting curves.  Negative controls and 

reverse transcription controls (RT minus) were included in order to control for residual 

DNA contamination.  Each 20 µL reaction consisted of 50 ng cDNA, 10 µL Fast Plus 

Eva Green master mix with low ROX (Biotium, Hayward, CA, USA), 100 nM each of 

forward and reverse primers and 10 µL DEPC-treated water in a 96 well plate (VWR, 

Vienna, Austria).  All reactions were performed in duplicate as previously described 

(Metzler-Zebeli et al., 2017a).  

 

5.4.7. Haematology and blood biochemistry analyses 

Blood was collected during exsanguination at slaughter for haematology and 

biochemistry analyses from the 32 selected pigs.  For haematological analysis, blood 

was collected in vacuette tubes (Labstock, Dublin, Ireland) containing EDTA to prevent 

clotting, and analyzed within 4 h using a Beckman Coulter Ac T Diff analyzer 

(Beckman Coulter Ltd., High Wycombe, UK).  

For biochemical analysis, blood was collected in vacuette tubes (Labstock, 

Dublin, Ireland) and allowed to clot at room temperature, followed by centrifugation at 

1,500 × g for 10 min.  The serum was then collected and stored at -80 °C for subsequent 

analysis.  Concentrations of total protein, blood urea nitrogen, glucose, triglycerides, 
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cholesterol, creatinine and creatine kinase were measured using an ABS Pentra 400 

clinical chemistry analyser (Horiba, ABX, North Hampton, UK).  The analyzer was 

calibrated according to the manufacturer’s instructions and every fifth sample was 

analysed in duplicate to determine analyser accuracy. 

 

5.4.8. Statistical analysis 

Growth performance parameters recorded throughout the study were analysed 

for repeated measures using PROC MIXED in SAS 9.3 (SAS, 2011), with gender, boar, 

and treatment (sow/offspring) used as fixed effects.  Pig nested within pen was used as a 

random effect to account for variability regarding pen assignment.  The RFI was 

calculated between day 35 and ~140 days of age (at slaughter) as the residuals from a 

least squares regression model of ADFI on ADG, metabolic live-weight, gender and all 

relevant two-way interactions, as well as the effects of back-fat and muscle-depth which 

were recorded at slaughter. 

Intestinal histology, gene expression, brush border enzymatic activity, and blood 

parameters (haematology and serum biochemistry) were also analysed using the 

MIXED procedure in SAS 9.3, where similar models as for growth performance used.  

A generalised linear mixed model using PROC GLIMMIX in SAS 9.3 was used to 

analyse VFA concentrations, which were deemed “not-normal”, following log 

transformation. 

Microbial composition and predicted functionality data were analysed using 

generalised linear mixed model equation methods in PROC GLIMMIX of SAS 9.3.  A 

gamma distribution was assumed for all data.  Models for offspring bacterial relative 

abundance for the faecal time points and digesta included sow treatment, offspring 

treatment, faecal sampling time point and their interactions as fixed effects.  

Additionally, a random intercept for each faecal time point was included to account for 
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the repeated measurements.  Microbial composition and predicted functionality for 

which relative abundance was present at <0.001% were dismissed.  In all models, data 

were back-transformed to the original distribution using the ilink option in PROC 

GLIMMIX.  For all analyses, statistical significance was set at P<0.05.  Heatmaps used 

to depict relative abundance differences between treatments (for microbial composition 

and predicted functionality) were generated in GraphPad prism 7. 



225 

 

 

5.5. Results 

5.5.1. Impact of FMT in sows and/or inulin inclusion in offspring diets on 

offspring growth 

The effect of FMTP to sows and inulin inclusion in offspring diets on offspring 

growth is shown in Table 5.1.  An interaction was observed for offspring body weight at 

100 days of age, where FMTP/CON had lighter body weight compared to CON/CON 

and CON/INU (P<0.05), and offspring from FMTP sows were lighter compared to their 

control counterparts also (P<0.05).  At ~140 days of age (slaughter), FMTP/CON and 

FMTP/INU offspring were 10.6 and 7.1 Kg lighter respectively (P<0.05), than control 

and inulin supplemented offspring from control sows (P<0.05).  Due to FMTP in sows, 

offspring were also lighter at slaughter (P<0.05).  Consequently, the cold carcass 

weights of offspring from FMTP sows were 8.9 and 5.1 Kg lighter (P<0.05) than those 

of offspring from control sows when offspring treatment was control and inulin, 

respectively (P<0.05).  There was also an interaction for muscle depth in the carcass, 

where FMTP/INU had a greater muscle depth compared to CON/INU offspring 

(P<0.05).  No treatment differences were observed for ADFI, ADG, FCE or other 

carcass traits measured in offspring.   

There was an interaction between sow treatment and offspring treatment 

(P<0.05) for RFI.  Offspring from FMTP sows (FMTP/CON and FMTP/INU) had a 

lower RFI value (better FE) compared to CON/INU offspring (P<0.05).  This was 

reflected at sow treatment level, where pigs from FMTP sows had a lower RFI than 

those from CON sows (P<0.05).  Inulin alone did not influence offspring RFI (P>0.05).  
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5.5.2. Influence of FMTP in sows and/or inulin inclusion in offspring diets on 

offspring intestinal microbial diversity  

 Significant treatment effects for microbial diversity are shown in Figure 5.1.  At 

100 days of age, FMTP/INU pigs had enhanced species richness (Chao1 index; number 

of rare OTUs), compared to offspring from CON sows (P<0.05; Figure 5.1A).  At 130 

days of age, all treatments had higher Shannon diversity (species evenness) compared to 

CON/CON (P<0.05; Figure 5.1B) and irrespective of offspring treatment, offspring 

from FMTP sows had a higher Shannon diversity (4.2) than offspring from CON sows 

(3.8; P<0.05; data not shown).   However, lower Simpson diversity (species evenness) 

was observed in the ileum of inulin-supplemented offspring (0.66) compared to control 

offspring (0.71; P<0.05; data not shown).   

Microbial diversity (ß-diversity) was also measured in all faecal and intestinal 

samples, and is depicted using principal component analysis (PCA) plots (Figure S5.2).  

Throughout the lifetime, there was an influence of sow treatment on offspring microbial 

diversity, with offspring from FMTP sows clustering away from offspring born to CON 

sows in the faeces at weaning (P<0.05), and tending to cluster on days 50 (P=0.06), 65 

(P=0.07) and 100 (P=0.08) of age.  On day 65, inulin treatment also led to a clustering 

effect (P<0.05).  Just prior to slaughter, at ~130 days of age, an influence of sow 

treatment was observed again (P<0.05).  Although there were no significant differences 

in the ileum, CON/CON and FMT/CON samples clustered separately in the caecum 

(P<0.05), and in the colon, CON/INU and FMTP/CON clustered away from CON/CON 

offspring (P<0.05).  
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5.5.3. Effect of FMTP in sows and/or inulin supplementation of offspring on 

offspring intestinal microbial composition  

Microbial composition, at the phylum and genus level, was investigated in 

offspring faeces throughout their lifetime and in the intestinal digesta collected at 

slaughter.  Composition at phylum level for faeces and digesta samples are shown in 

Figure 5.2.  Twelve phyla were detected in the faeces at weaning, 8 at day 50 of age, 6 

at day 65 of age, 15 at day 100 of age and 14 at day 130 of age, with 8 detected in the 

ileum, and 7 in both the caecum and colon, respectively.  

A total of 9 phyla and 37 genera differed between treatments, and these ranged 

in relative abundance from 0.04-18.6% and 0.02-17.3%, respectively, but were mainly 

present at low relative abundance (Figure 5.3A, Table S5.3).  Five phyla and 19 genera 

differed due to a sow × offspring treatment interaction, 8 phyla and 31 genera due to 

sow treatment (Figure 5.3A), and 4 phyla and 20 genera due to offspring treatment 

(Figure 5.3B).   

At weaning, Lentisphaerae, Synergistetes and Actinobacteria were higher in 

relative abundance in offspring due to FMTP in sows (Figure 5.3A; P<0.05), but 

Lentisphaerae was lower in the inulin-supplemented group, although inulin was only 

added to the diet at weaning (Figure 5.3 B; P<0.05).  Interestingly, Proteobacteria was 

impacted throughout the lifetime of the pig, mainly due to sow treatment.  In the faeces 

at day 50, FMTP in sows resulted in a higher relative abundance of Proteobacteria in 

offspring (Figure 5.3A and Table S5.3; P<0.05) but this phylum was lower in 

abundance due to inulin supplementation (Figure 5.3B; P<0.05).  This FMTP effect was 

also observed in the faeces collected on day 100 (Figure 5.3B; P<0.05), and in the 

caecum as well (Figure 5.3A and Table S5.3; P<0.05).  On day 100, Fusobacteria and 

was higher, whereas Fibrobacteres was lower in relative abundance in offspring from 

FMTP in sows (Figure 5.3A; P<0.05) and30 days later, Fibrobacteres remained at a 
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lower abundance due to FMTP (Figure 5.3A and Table S5.3; P<0.05), but was higher in 

relative abundance due to inulin supplementation (Figure 5.3B; P<0.05).  Also on day 

130 of age, Actinobacteria was higher in relative abundance, and in the ileum, 

Spirochaetes was lower, in offspring due to FMTP in sows (Figure 5.3A and Table 

S5.3; P<0.05).  Furthermore, Chlamydiae was reduced in all groups compared to 

CON/CON offspring (Table S5.3; P<0.05), and was also reduced due to dietary inulin 

supplementation (Figure 5.3B; P<0.05).  Tenericutes was present at a higher relative 

abundance in the caecum of offspring born to FMTP sows, compared to their control 

counterparts (Figure 5.3A; P<0.05).   

Most of the treatment differences at genus level occurred in the faeces at 

weaning, or just prior to slaughter, at day 130 of age, and in the ileal digesta at slaughter 

(Figure 5.3C and D; P<0.05). Apart from Spirochaeta (day 130 of age) and Treponema 

(ileal digesta), all the differences observed were for genera present at <5%relative 

abundance.   

Throughout the lifetime of the pigs, a number of bacterial genera were impacted 

at more than one faecal time point as well as in the digesta collected at slaughter, with a 

strong effect of sow treatment seen over time.  However, the results did not always 

follow the same trend across different time points.  For example, due to sow FMTP 

Butyricicoccus was present at a higher relative abundance in the offspring at weaning, 

but was lower in the caecum, and Treponema was also higher at weaning but lower in 

abundance in the ileum of offspring due to sow FMT (Fig 3C; P<0.05).   

Mainly due to FMTP in sows, Bifidobacterium was present at a higher at 

weaning and in the faeces collected 30-60 days post-inulin removal from the diet 

(Figure 5.3C and D, and Table S5.3; P<0.05).  Furthermore, Eubacterium was more 

abundant in the faeces collected at weaning and on day 100 of age in the offspring born 
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to FMTP sows, compared to their control counterparts (P<0.05).  Although Blautia was 

present at a lower abundance in the faeces of inulin-supplemented offspring at weaning 

(albeit inulin supplementation only commenced at weaning), compared to control 

offspring (Figure 5.3D), it was higher in abundance in the faeces collected at 130 days 

of age (60 days post-inulin removal) in FMTP/INU offspring compared to FMTP/CON 

offspring (Table S5.3; P<0.05), and was higher in abundance due to inulin 

supplementation also (Figure 5.3; P<0.05). 

At weaning, due to the combination of FMTP/INU, Faecalibacterium was 

lower, whereas Butyricimonas was higher in relative abundance compared to all other 

groups (Table S5.3; P<0.05), and due to FMTP in sows, Faecalibacterium was lower 

but Butyricimonas was higher compared to offspring from CON sows (Figure 5.3C; 

P<0.05).  Furthermore, Dorea was lower in abundance in FMTP/CON offspring 

compared to inulin-supplemented offspring, regardless of sow treatment (Table S1, Fig. 

3D; P<0.05), and was less abundant due to FMTP in sows also (Fig. 3C; P<0.05).  

Terrisporobacter was enhanced due to FMTP in sows, but was lower in abundance due 

to dietary supplementation of inulin (Figure 5.3C and D, and Table S5.3; P<0.05).  

Throughout the production period (days 28-130 of age), FMTP in sows resulted in a 

lower faecal relative abundance of another three bacterial genera, and a higher 

abundance of another two bacteria genera (Fig 3C; P<0.05).  In the faeces collected 

throughout the growing period (days 50 and 100 of age), Campylobacter was also 

impacted due to both FMTP and inulin supplementation (Table S1, Fig. 3C and D; 

P<0.05).  In the faeces collected on days 100 and 130 of age, Acetanaerobacterium and 

Sutterella were higher, whereas Fibrobacter was lower in relative abundance, mainly 

due to FMTP in sows  (Figure 5.3C and D, Table S5.3: P<0.05).  In the ileum, 

Prevotella was present at a higher relative abundance, whereas Chlamydia was lower in 

all groups compared to CON/CON (Figure 5.3C and D, Table S5.3; P<0.05). 
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Throughout the growing period, FMTP in sows resulted in lower abundance of 

four genera, and a higher abundance of four genera (Fig. 3C; P<0.05), and in the ileum, 

a further three bacterial genera were enhanced (Fig. 3C; P<0.05).  Due to dietary inulin 

supplementation, four genera were also lower and one was higher in the faeces collected 

throughout the growing period (Fig 3D; P<0.05).  In the caecum, Bacteroides was 

higher due to FMTP, but reduced due to inulin supplementation (Table S1, Fig 3C and 

D; P<0.05). 

 

5.5.4. Effect of FMTP in sows and/or inulin supplementation of offspring on 

predicted functionality of the offspring intestinal microbiota  

The functionality of the intestinal microbiota was predicted in all offspring 

faecal and digesta samples, and significant differences due to sow and offspring 

treatment are shown in Figure 5.4.  A total of 20 predicted bacterial pathways in 

offspring were significantly impacted due to a sow × offspring treatment interaction 

(Table S5.3).  As a result of FMTP in sows, 27 pathways were altered in the offspring, 

mostly related to lipid metabolism, carbohydrate metabolism and xenobiotics 

degradation and metabolism (Figure 5.4A).  Due to dietary inulin supplementation in 

offspring (Figure 5.4B), 22 predicted pathways, mostly related to carbohydrate 

metabolism and glycan biosynthesis and metabolism were impacted.  Overall, most of 

the effects were seen within the ileal microbiota. 

In the faeces collected at weaning, predicted pathways related to biosynthesis of 

other secondary metabolites and carbohydrate metabolism were less and more abundant 

in offspring from FMTP sows, respectively (Figure 5.4A; P<0.05).  No differences were 

observed in the faeces of 50-day old pigs, but at 65 days of age a pathway relating to 

metabolism of cofactors and vitamins was predicted to be higher due to offspring inulin 

supplementation (Figure 5.4B; P<0.05). 
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Notably, in the faeces collected at 130 days of age, pathways relating to 

nucleotide and terpenoid and polyketide metabolism were impacted due to FMTP in 

sows and/or dietary supplementation of inulin to offspring, compared to CON/CON 

offspring (Figure 5.4A and B; P<0.05).  Also, inulin supplementation enhanced the 

predicted abundance of a fatty acid metabolism pathway (Figure 5.4B; P<0.05).   

 In the ileum, pathways related to lipid metabolism were predicted to be at a 

higher abundance in offspring from FMTP sows (Figure 5.4A; P<0.05), and/or in 

offspring supplemented with inulin (Figure 5.4B; P<0.05).  A pathway involved in 

xenobiotic degradation and metabolism was predicted to be higher in offspring due to 

FMTP treatment in sows, but lower in abundance due to dietary supplementation of 

inulin to offspring, whereas the opposite occurred for a pathway related with 

metabolism of other amino acids (Figure 5.4A and B; P<0.05).  A pathway related with 

metabolism of terpenoids and polyketides was also predicted to by more abundant in 

offspring, due to FMTP treatment in sows (Figure 5.4A; P<0.05), whereas a pathway 

involved in the metabolism of co-factors and vitamins was lower in abundance due to 

inulin supplementation of offspring (Figure 5.4B; P<0.05).  Moreover, another five 

predicted pathways involved in lipid and carbohydrate metabolism and xenobiotics 

degradation and metabolism were higher in abundance, and a further five predicted 

pathways related with amino acid metabolism, biosynthesis of other secondary 

metabolites, glycan biosynthesis and metabolism and metabolism of co-factors and 

vitamins were predicted to be less abundant in offspring due to FMTP in sows (Figure 

5.4A; P<0.05).  Six other pathways involved in glycan biosynthesis and metabolism, 

biosynthesis of other secondary metabolites, and metabolism of other amino acids were 

predicted to be higher, and a further two pathways related with carbohydrate 

metabolism and biosynthesis of other secondary metabolites were lower in abundance 

due to inulin supplementation of offspring (Figure 5.4B; P<0.05). 
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In the caecum, a lower predicted abundance of a pathway involved in the 

metabolism of other amino acids was observed in offspring from FMTP sows (Figure 

5.4A; P<0.05), but offspring supplemented with inulin had a higher predicted 

abundance (Figure 5.4B; P<0.05).  In contrast, pathways related to carbohydrate 

metabolism were predicted to be higher in offspring from FMTP sows, although they 

were present at low relative abundance (Figure 5.4A; P<0.05), while inulin treatment 

resulted in a lower predicted abundance (Figure 5.4B; P<0.05).  Three other predicted 

pathways related to carbohydrate and lipid metabolism, and xenobiotic biodegradation 

and metabolism were higher due to FMTP in sows, and another three (metabolism of 

terpenoids and polyketides, lipid metabolism, and metabolism of co-factors and 

vitamins) were predicted to be less abundant due to FMTP in sows (Figure 5.4A; 

P<0.05).  In the caecum of offspring supplemented with inulin, a predicted pathway 

related to biosynthesis of other secondary metabolites was enriched, but pathways 

related to carbohydrate and energy metabolism were lower in abundance compared to 

control offspring (Figure 5.4B; P<0.05).  In the colon, a pathway involved in lipid 

metabolism was predicted to be more abundant in offspring due to FMTP in sows 

(Figure 5.4A; P<0.05).  

 

5.5.5. Effect of FMTP in sows and/or inulin supplementation of offspring on 

offspring intestinal volatile fatty acid concentrations  

 Volatile fatty acid concentrations were measured in digesta from the ileum, 

caecum and colon of the 32 selected offspring, and results are shown in Figure 5.5.  No 

differences were observed between treatments for digesta pH, in any of the intestinal 

segments (data not shown).  In the ileum, offspring from FMTP/INU had higher 

concentrations of acetic acid compared to the other groups, and CON/INU had lower 
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propionic acid concentrations compared to CON/CON offspring (P<0.05), and this VFA 

was also reduced in inulin-fed offspring (Figure 5A; P<0.05).  

In the caecum, butyric acid concentrations were lower for FMTP/INU compared 

to all other groups, and for FMTP/CON compared to both offspring treatments from 

control sows (P<0.05). It was also lower due to FMT in sows and inulin intake in 

offspring (Figure 5.5B; P<0.05).  Moreover, valeric acid was lower in FMTP/INU 

compared to all other groups, but CON/INU pigs had a higher concentration compared 

to control offspring, regardless of sow treatment (P<0.05) Due to FMTP in sows, 

offspring had a lower concentration present also (Figure 5.5B; P<0.05).  However, 

isovaleric acid concentrations were higher in FMTP/CON, but lower in FMTP/INU, 

compared to all other groups (P<0.05), and was lower due to inulin also (Figure 5.5B; 

P<0.05).  

In the colon, isobutyric acid concentrations were higher in FMTP/CON 

compared to all other groups (P<0.05), and higher due to FMTP in sows (Figure 5.5C; 

P<0.05).  

 

5.5.6. Influence of FMTP in sows and/or inulin supplementation of offspring on 

offspring intestinal histology   

 Histological measures of the offspring small intestine (duodenum, jejunum, and 

ileum) are shown in Figure 5.6.  In the duodenum, none of these differed between 

groups.  However, FMT/CON had a higher number of jejunal goblet cells per µm villus 

height compared to CON/CON offspring (Figure 5.6B; P<0.05), and a higher number of 

goblet cells (per villus and per µm villus height) was also observed due to FMTP in 

sows (Figure 5.6B and C; P<0.05).  The FMTP in sows resulted in shorter ileal villi and 

a smaller villus area compared to CON sows (Fig 5A; P<0. 05). 
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5.5.7. Influence of FMTP in sows and/or inulin supplementation of offspring on 

offspring brush border enzymes and gene expression in the duodenum  

 Disaccharidase activity in the duodenum of offspring at slaughter (~140 days 

old) is shown in Figure 5.7A.  A sow  offspring treatment interaction was observed for 

maltase activity only, where CON/INU had a lower activity compared to CON/CON 

and FMTP/INU offspring, and the latter had a higher activity compared to FMTP/CON 

offspring (P<0.05).  No differences at sow or offspring treatment level were observed 

(P>0.05).  

 Expression of 3 of the 11 genes measured in the duodenum were impacted as 

follows (Figure 5.7B): an up-regulation of GIP was observed in CON/INU compared to 

CON/CON offspring, and this was also observed in inulin-supplemented compared to 

control offspring (P<0.05).  In addition, GLP1 and SMCT were up-regulated in inulin-

supplemented offspring compared to their control counterparts (P<0.05). 

 

5.5.8. Influence of FMTP in sows and/or inulin supplementation of offspring on 

offspring blood parameters 

 The results of offspring haematological analysis at slaughter are shown in Table 

5.2.  White blood cells were lower in CON/INU compared to CON/CON offspring, and 

tended to be lower in inulin supplemented pigs also (26.6 vs. 23.8 x10
3
 cells/µL; 

P=0.09).   Both granulocyte percentage (64 vs. 54) and number (17 vs. 11) were lower 

in inulin-supplemented compared to control offspring (P<0.05), and platelet volume 

was higher (10.3 vs. 9.5; P<0.05).  In addition, haemoglobin was higher in FMTP/INU 

vs. FMTP/CON offspring (P<0.05), and mean corpuscular haemoglobin percentage was 

lower in offspring from FMTP sows compared to their control counterparts (17.8 vs. 

18.8; P<0.05).  
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Of all biochemical measures made in offspring at slaughter (Table S5.4), only 

cholesterol (P=0.07) and urea (P=0.06) concentrations tended to be lower. Cholesterol 

was lower in both offspring treatments from FMTP sows compared to CON/CON, 

whereas blood urea nitrogen was reduced due to inulin supplementation (11.1 vs. 16.3 

mg/dL).  
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5.6. Discussion 

Beneficial modulation of the intestinal microbiota may result in improved intestinal 

health and nutrient utilisation, and ultimately, improved growth and FE in pigs.  

Prebiotics, most notably inulin, have been studied in pigs in order to achieve this 

(Metzler-Zebeli et al., 2017b, Kozłowska et al., 2016, van der Aar et al., 2016, Grela et 

al., 2016).  Microbiota transplantation may also be a useful approach, as it has been 

shown to transfer host physiological traits, such as leanness, obesity and gut 

characteristics, via ‘reprogramming’ of the intestinal microbiota (Diao et al., 2016, Yan 

et al., 2016, Ridaura et al., 2013, Ellekilde et al., 2014) However, the work in Chapter 4 

showed a depression in offspring body weight at slaughter as a result of FMT in sows 

and/or offspring. Nonetheless, some beneficial modulation of the intestinal microbiota 

occurred in pregnant sows receiving FMT, and so here we tested the hypothesis that 

dietary supplementation of subsequent offspring with a prebiotic (inulin) would 

maintain and promote any beneficial bacterial transferred from the sows as a result of 

FMTP.   

Results showed that pigs born to FMTP sows (irrespective of post-weaning 

treatment) were 8.9 Kg lighter at slaughter, but were more feed efficient, given their 

lower RFI value.  Post-weaning dietary supplementation with inulin has previously 

resulted in increased weight gain and improved FE in pigs (Metzler-Zebeli et al., 2017b, 

Grela et al., 2014), although in some cases, results are contradictory (Frantz et al., 

2003).  In the present study, no improvements in weight gain, or indeed FE, were 

observed due to inulin inclusion in post-weaning diets alone.   

However, FE was improved when inulin was supplemented to the diet of weaner 

pigs born to FMT-treated sows (albeit body weight was reduced), so it may have a role 

in promoting the proliferation of beneficial bacterial populations implanted in the GIT 

early in life as a result of modulation of the maternal microbiota.  Interestingly, due to 
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the combined strategy, Prevotella was higher in abundance compared to the control 

offspring from control sows.  Given that FE was improved in inulin-supplemented 

offspring from FMTP sows, this contradicts recent findings that associate this genus 

with poor FE (high RFI and FCR values) (Tan et al., 2017, Yang et al., 2017).  

Furthermore, Prevotella is a key genus previously associated with weight gain (Mach et 

al., 2015) and reduced adiposity in pigs (Yang et al., 2016).  However, weight gain was 

not observed in the present study and, although adiposity was not directly measured, 

back fat and lean meat yield did not differ between treatments. 

A higher abundance of bacteria deemed beneficial for host health was also found in 

offspring faeces due to either FMTP in sows (most pronounced) or offspring inulin 

supplementation.  Most of these effects were observed at weaning; in fact for inulin 

treatment all were found at weaning which is meaningless as inulin supplementation 

only commenced then.  However, for the maternal FMT treatment some of the effects 

were repeatedly found throughout the growing period. The taxa enriched included the  

lactic acid-producing bacteria, Bifidobacterium, Streptococcus and Lactobacillus, as 

well as butyric acid-producing bacteria, such as Eubacterium, Coprococcus and 

Butyricimonas (Sakamoto et al., 2009).    The increased abundance of some of these 

microbes may be related to metabolic cross-feeding, with lactate produced by the lactic 

acid bacteria being utilised by these taxa and converted to butyric and propionic acids 

(Louis and Flint, 2017), although both of these acids were at lower concentrations due 

to FMTP and/or inulin.  Interestingly, Bifidobacterium has been shown to improve 

growth performance and digestibility of dietary components in weaner pig diets (Yang 

et al., 2015, Zhao et al., 2015, Patterson et al., 2010) and is associated with the digestion 

of oligosaccharides from maternal milk (Flint et al., 2012).  However, this genus was 

only enhanced in inulin-supplemented pigs at weaning (prior to commencement of 

treatment) and was, in fact, less abundant in this group at day 100.    
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Although FMT in sows and dietary inulin supplementation to offspring had a similar 

outcome in terms of effects on the relative abundance of certain bacterial taxa, as 

outlined above, contrasting effects were also observed for the phyla Lentisphaerae, 

Proteobacteria and Fibrobacteres.  At the genus level, Ruminococcus2, found to play a 

role in degradation of resistant starch (Sun et al., 2015), was increased in offspring as a 

result of FMTP in sows, which is in agreement with previous findings in Chapter 4, that 

it was also enriched in the faeces of the sows themselves.  However, offspring inulin 

supplementation alone reduced its abundance.  This was also the case for Bacteroides, a 

genus known to be hemicellulolytic, although the opposite was true for the cellulolytic 

genus  Fibrobacter(Flint et al., 2012, Martens et al., 2009), which was less abundant in 

offspring due to maternal FMT but more abundant due to offspring inulin 

supplementation.  Interestingly, Bacteroides was previously found to be associated with 

low RFI in the faeces of 160 day old pigs from Chapter 2, and considering the higher 

abundance of Bacteroides in the caecum of offspring from FMTP sows, this may 

explain the improved FE observed in the present study.  Additionally,  

Interestingly, overall, treatment effects were more evident within the faecal 

microbiome of pigs at the end of the finishing period, i.e. at 100 and 130 days of age, 

even though inulin was removed from the diet 30-60 days prior to this and, and FMT 

was performed in the sows only, demonstrating that effects of both treatments persisted 

throughout the productive life of the pig.   

Similar to the results obtained here for finisher pigs, a study conducted in piglets 

found that inulin did not affect pig weight gain, colon crypt depth, or villus height in 

either the jejunum or ileum (Kien et al., 2007).  The maternal influence alone on 

offspring microbiota was evident throughout the current study, not only in terms of 

composition, but also potential function, especially in relation to pathways associated 

with carbohydrate and lipid metabolism.  Purine metabolism, the bacterial pathway 
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predicted at the highest relative abundance in the current study, decreased due to a 

combination of FMTP in sows and inulin supplementation of offspring.  This pathway 

has been negatively correlated with members of Ruminococcaceae (Firmicutes) in the 

early life of pigs (Merrifield et al., 2016) and some taxa within this family (e.g. 

Butyricicoccus, Faecalibacterium) were reduced in offspring in the present study both 

by maternal FMT and inulin supplementation.  In agreement with the fact that inulin is a 

plant-storage glycan, the microbiota of inulin-supplemented offspring had an enhanced 

predicted abundance of glycan biosynthesis and metabolism pathways, and a lower 

abundance of other carbohydrate metabolism pathways, although a concomitant 

increase in VFA concentrations was not observed, in contrast with previous findings in 

humans (Koropatkin et al., 2012).   

Although there was an increase in relative abundance of beneficial microbes due 

to sow and/or offspring, a reduction in key butyrate producers e.g. Butyricicoccus in the 

caecum, may have accounted for the concomitant reduction in butyric acid 

concentrations observed in the caecum of inulin-supplemented offspring born to FMT-

treated sows.  This is in contrast to previous findings that inulin increased butyric acid 

concentrations in the caecum (Grela et al., 2016).  This microbial metabolite is 

important as it is the primary source of energy for colonocytes and has been shown to 

increase cell proliferation in different intestinal segments, including the caecum (Kien et 

al., 2007, Jiang et al., 2015).   

Genes involved in glucose homeostasis, in particular the secretion of insulin, 

such as GIP and GLP1 were more abundant in the duodenum of inulin-supplemented 

pigs.  This is likely indicative of inulin fermentation in the upper GIT, or perhaps a 

compensatory mechanism for nutrient digestion in the small intestine, potentially 

leading to a better metabolic capability of pigs supplemented with inulin.  Furthermore, 

a higher utilisation of protein/nitrogen by the microbiota (Halas et al., 2010) may have 
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occurred, as indicated by lower serum urea concentrations in inulin-fed offspring.  

Inulin has also been linked with possible lipid-modulatory effects in humans and piglets 

(Davidson et al., 1999, Grela et al., 2014), which is in accordance with the reduced 

serum cholesterol concentration found in the present study.  Furthermore, the reduced 

cholesterol concentration observed may be due to the higher concentrations of acetic 

acid present, as acetic acid has been found to reduce the levels of serum cholesterol, 

when added to the diet of rats (Fushimi et al., 2007). 

Inulin has been shown to modulate not only growth and FE but also 

immunological properties in pigs (Grela et al., 2014).  Interestingly, white blood cell 

and granulocyte counts decreased due to FMT in sows and/or inulin supplementation of 

offspring, and the lower counts of these immune cells may be linked to the lower 

abundance of potential pathogens observed in these pigs (e.g. Campylobacter, 

Chlamydia in the faeces).This in turn may be due to  the higher abundance of lactic acid 

bacteria in these animals, which are known to reduce pathogens in the GIT (Naidu et al., 

1999).  Moreover, offspring from FMTP sows may have an over-enhanced production 

of mucin in the small intestine, as more goblet cells were present in the jejunum and 

mucin is a physical barrier which prevents pathogenic bacteria from adhering to the 

epithelial lining (Kim et al., 2010).    Previous work from Chapter 2 found that less feed 

efficient pigs had a higher number of ileal goblet cells, and in relation to the present 

study this may further explain the reduced body weight at slaughter observed in 

offspring born to FMTP-treated sows.  
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5.7. Conclusion  

We provide evidence that strategies to modulate the intestinal microbiota of pigs 

(specifically maternal FMT alone or in combination with dietary inulin supplementation 

in offspring) have a huge impact on pig growth and FE throughout their productive 

lifetime, albeit detrimental in terms of body weight but beneficial as regards FE.  These 

effects were accompanied by influences on both intestinal microbiota and predicted 

functionality in the offspring.  Although dietary supplementation with inulin alone had a 

similar impact on the intestinal microbiota, effects were not as pronounced and 

improvements in offspring growth or FE were not observed.   As regards effects on 

offspring intestinal microbiota, in particular, bacterial taxa considered beneficial such as 

Bifidobacterium, and Butyricimonas, albeit mainly present at low relative abundance, 

were increased mainly due to FMTP in sows.  Some contrasting influences were also 

observed on bacterial members due to the combinative effect of FMTP in sows and/or 

offspring dietary inulin supplementation.  Taken together, the haematological, 

biochemical and gene expression data suggest improved health in offspring from 

FMTP-sows, and/or those supplemented with inulin.  Overall, the results from this study 

show that maternal FMT, either alone or in combination with post-weaning inulin 

supplementation, is not suitable for use in pig production (at least not the regime used in 

the present study) due to the detrimental impact on lifetime growth.  Nontheless, 

additional research to identify specific prebiotics or other dietary supplements that can 

be used to promote/maintain the microbiota transferred as a result of maternal FMT, 

may be worthwhile in terms of optimising FE.   
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5.8. Tables and Figures  

Table 5.1 Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

pig growth performance and carcass traits
1
  

Sow treatment Control
2 

FMT
3 

S.E.M.
 P-value 

Offspring treatment  Control
4 

Inulin
5 

Control Inulin Interaction Sow Offspring 

Weight (kg)  
Birth 1.52 1.56 1.30 1.31 0.639 0.99 0.85 0.99 

Weaning 9.1 9.2 7.5 7.5 0.64 0.62 0.18 0.97 

Day 100 
59.0

a 
58.6

a 
51.2

b 
53.7

a,b 
1.31 

<0.001 <0.001 
0.41 

Day 140  
104.9

a
 103.9

a
 94.3

b
 96.8

b
 1.29 

<0.001 <0.001 
0.59 

 
    

    

ADFI
6
 (g/day)  2022 1975 1904 1955 41.1 0.25 0.13 0.96 

ADG
7
 (g/day)  831 806 800 828 15.4 0.56 0.63 0.93 

FCE
8
 (g/g)  2.39 2.37 2.31 2.37 0.075 0.56 0.63 0.77 

         

RFI
9  

(g/day)         

Weaning to day 140 13.7
a,b 

25.2
a 

-13.9
b 

-20.9
b 

15.96 0.05 0.02 0.88 

         

Carcass traits          

Weight (kg)  81.0
a 

80.1
a 

72.1
b 

75.0
b 

1.62 0.01 <0.001 0.54 

Kill out yield (%) 76.9 76.3 76.8 77.7 0.65 0.25 0.33 0.83 

Fat depth (mm)  13.6 13.6 14.1 13.4 0.41 0.36 0.76 0.41 

Muscle depth (mm)  53.5
a,b 

52.1
b 

52.5
a,b 

53.8
a 

0.71 0.05 0.61 0.92 

Lean meat yield (%) 56.4 56.7 56.4 56.6 0.36 0.93 0.87 0.47 
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1
Least square means and pooled standard error of the mean are presented. 

Sows: 
2
Control (n=11) and 

3
FMT procedure (FMTP; n=11); Piglets: 

4
Control (n=62), 

5
Inulin (n=59) for the first 6 weeks post-weaning.  

Days in the table correspond to days of age.
 6

ADFI: average daily feed intake (between weaning and ~ day 140 of age); 
7
ADG: average daily gain (between weaning and ~ day 140 

of age); 
8
FCE: feed conversion efficiency (between weaning and ~ day 140 of age); 

9
RFI: residual feed intake. 

a,b,c
 Within each row, values that do not share a common superscript are significantly different (P≤0.05). 
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Table 5.2. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

haematological parameters in pigs
1
 

Measure 
Control

2 
FMT

3 

S.E.M.
 P-value 

Control
4 

Inulin
5 

Control Inulin Interaction Sow Offspring 

White blood cells (10
3
 cells/µL) 28.4

a 
21.6

b 
24.7

a,b 
26.2

a,b 
1.54 0.01 0.78 0.09 

Lymphocytes 
        

  % 31.5 39.9 33.6 34.2 2.72 0.16 0.52 0.11 

no. 10
3
 cells/µL 8.9 8.0 8.3 8.6 0.59 0.32 0.95 0.64 

Monocytes 
        

  % 3.30 4.24 3.01 2.61 0.663 0.32 0.16 0.69 

no. x 10
3
 cells/µL 0.94 0.89 0.74 0.74 0.200 0.90 0.39 0.90 

Granulocytes 
        

  % 65.2 56.6 63.4 51.5 3.65 0.66 0.35 0.01 

no.  10
3
 cells/µL 18.6 12.1 15.7 11.7 1.48 0.41 0.26 0.001 

Red blood cells (10
6 
cells/µL) 7.40 7.33 7.39 7.20 0.199 0.77 0.73 0.52 

Red cell distribution width (fL) 19.0 19.2 20.5 20.1 0.80 0.69 0.14 0.93 

Haemoglobin (g/dL) 13.9
a,b

 13.6
a,b

 12.7
b 

14.0
a 

0.39 0.05 0.31 0.16 

Haematocrit (%) 0.42 0.42 0.40 0.39 0.015 0.96 0.13 0.87 

Mean corpuscular volume (fL) 56.7 56.6 54.0 55.9 1.01 0.32 0.11 0.37 

Mean corpuscular haemoglobin 
        

  % 18.8 18.9 17.2 18.4 0.45 0.24 0.03 0.16 

  pg 33.1 32.8 31.5 32.7 0.49 0.15 0.09 0.34 

Platelets (10
6
 cells /µL) 307 207 241 272 51.6 0.43 0.98 0.42 

Mean platelet volume (fL) 9.3 10.3 9.7 10.2 0.28 0.44 0.63 0.01 
1
Least square means and pooled standard error of the mean are presented. Sows: 

2
Control (n=11) and 

3
FMT procedure (FMTP; n=11); Piglets: 

4
Control (n=16), 

5
Inulin (n=16) for the 

first 6 weeks post-weaning.
 a,b,c

 Within each row, values that do not share a common superscript are significantly different (P≤0.05). 
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Figure 5.1. Variations in α-diversity (at the genus level) of the offspring microbiota in A. Faeces at 100 days of age,  B. Faeces at 130 days of age and C. Ileal 

digesta as a result of faecal microbiota transplantation (FMT)  in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning 
Data from 32 pigs: Sow treatment level: control (CON) n=16; FMT procedure (FMTP) n=16; Offspring treatment level: Control (CON) n=16; Inulin (INU) n=16. 

*Indicates significant differences at sow × offspring treatment level (P<0.05); φ indicates sow treatment effect (P≤0.05); λ indicates offspring treatment effect (P≤0.05).

A. Chao1 index: Offspring faeces at 100 days of age B. Shannon index: Offspring faeces at 130 days of age 

* * 

C. Simpson index: Offspring ileal 

digesta λ 
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Figure 5.2. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

microbial composition at the phylum level in offspring from A. faeces at 28, 50, 65, 100 and 130 days old, and B. digesta from ileum, caecum and colon 

Data from 32 pigs: Sow treatment level: control (CON) n=16; FMT procedure (FMTP) n=16; Offspring treatment level: Control (CON) n=16; Inulin (INU) n=16. 

Bars represent mean relative abundance of phyla detected for each of the treatments.
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Figure 5.3. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary 

supplementation of offspring with inulin for 42 days post-weaning on median relative 

abundance (%) of bacterial phyla in faeces and digesta at A. sow treatment level and B. 

offspring treatment level and of bacterial genera at C. sow treatment level and D. 

offspring treatment level  

Data from 32 pigs: Sow treatment level: control n=16; FMT procedure (FMTP) n=16; Offspring 

treatment level: Control n=16; Inulin n=16. 

Heat maps are split by relative abundance with higher abundance phyla/genera shown in the upper heat 

maps, and lower abundance phyla/genera shown in the lower heat maps. 

Additional sow treatment × offspring treatment interactions not shown in either panel A, B, C or D given 

in Table S5.3. 
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Figure 5.4. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

predicted functional pathways for offspring faecal and intestinal microbiota at A. sow and B. offspring treatment level 

Data from 32 pigs: Sow treatment level: control n=16; FMT procedure (FMTP) n=16; Offspring treatment level: Control n=16; Inulin n=16. 

Pathways are from the KEGG database and level 3 pathways are presented. Median relative abundance for pathways differing between offspring, due to a sow or offspring treatment 

effect are represented in the heat maps. 

Additional sow treatment × offspring treatment interactions not shown in either panel A, B, C or D given in Table S5.3. 



252 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Ileum B. Caecum 

C. Colon 

c b b 

a 

a,b 

a,b a a b 

c 

b 
a b 

c 

b 
b a 

c 

b 

b a 
b 

Ileum 

λ 

Caecum 

ϕ λ 

Colon 

ϕ 

λ 

ϕ 

a 

b 

FMTP sow 

FMTP sow FMTP sow 

CON sow 



253 

 

Figure 5.5. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

volatile fatty acid concentrations in A. Ileum; B. Caecum; C. Colon at 140 days old pigs 

Data from 32 pigs: Sow treatment level: control (CON) n=16; FMT procedure (FMTP) n=16; Offspring treatment level: Control (CON) n=16; Inulin (INU) n=16. 

a,b,c 
Within each volatile fatty acid, bars that do not share a common superscript are significantly different due to a sow x offspring treatment interaction (P≤0.05);

 
φ indicates sow 

treatment effect (P≤0.05); λ indicates offspring treatment effect (P≤0.05).  

Ileum: propionic acid was affected by offspring treatment (CON 4.7, INU 2.7 µmol/g) 

Caecum: butyric acid was affected by sow treatment (CON  9.6, FMT 3.2 µmol/g), and offspring treatment (CON  8.1, INU 3.9 µmol/g), valeric acid was affected by sow treatment 

(CON 7.4, FMT 5.6 µmol/g), and isovaleric acid was affected by offspring treatment (CON  3.6, INU 2.1 µmol/g).  

Colon: isobutyric acid was affected by sow treatment (CON 4.2, FMT 9.4 µmol/g).
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Figure 5.6. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

intestinal histology: A. Villus height, width, crypt depth and villus area, B. Number goblet cells per villus, C. Number of goblet cells per µm villus height, 

and D. Villus height to crypt depth ratio 

Data from 32 pigs: Sow treatment level: control (CON) n=16; FMT procedure (FMTP) n=16; Offspring treatment level: Control (CON) n=16; Inulin (INU) n=16. 

*Indicates significant differences at sow × offspring treatment level (P≤0.05); φ indicates sow treatment effect (P≤0.05); λ indicates offspring treatment effect (P≤0.05). 

Jejunum: number of goblet cells (CON: 26 vs. FMT: 31) and number of goblet cells per µm villus height (CON: 0.13 vs. FMT: 0.16) were affected by sow treatment (P≤0.05). 

Ileum: villus area (CON: 1046 vs. FMT: 965 µm) was affected by sow treatment (P<0.05), and villus height to crypt depth ratio (CON: 1.28 vs. INU: 1.52) tended to be affected by 

offspring treatment (P=0.09). 
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Figure 5.7. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

A. brush border enzyme activity and on B. expression of 11 selected genes in the duodenal mucosa of 140 day-old offspring   

Data from 32 pigs: Sow treatment level: control (CON) n=16; FMT n=16; Offspring treatment level: Control (CON) n=16; Inulin (INU) n=16. 

*Indicates significant differences at sow × offspring treatment level (P<0.05); φ indicates sow treatment effect (P<0.05); λ indicates offspring treatment effect (P<0.05). 

1
Bars represent log10-fold changes relative to Control sow × Control offspring treatment after normalization to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Beta-actin 

(ACTB) and Beta-2 microglobulin (B2M) gene expression. 

Candidate genes measured: sodium-dependent glucose transporter 1 (SGLT1), monocarboxylate transporter 1 (MCT1), sodium-coupled monocarboxylate transporter (SMCT), 

intestinal alkaline phosphatase (ALPi), tight-junction proteins [zona occludens 1 (ZO1) and occludin (OCLN)], toll-like receptor 2 (TLR2) and 4 (TLR4), facilitated glucose 

transporter member 2 (GLUT2), glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide-1 (GLP1).   

Gene expression affected by offspring treatment: GLP1 (CON: 0.94, INU:1.38 fold-change); GIP (CON: 1.05, INU:1.19 fold-change); SMCT (CON: 0.91, INU:1.77 fold-change); 

and ZO1 (CON: 0.99, INU:1.23 fold-change; P=0.06). 
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5.9. Supplementary Information 

Table S5.1. Composition of all diets used in the study (g/Kg) 

Diet Type 
Starter Link Weaner 

Finisher 
Sow 

Control Inulin Control Inulin Control Inulin Pregnant Lactation 

Barley 0.0 0.0 0.0 0.0 24.8 25.3 38.5 89.7 34.9 

Wheat 22.2 19.1 39.9 36.9 43.1 36.9 40.4 0.0 43.2 

Maize 8.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Soya 16.9 19.7 22.9 24.7 20.0 21.4 17.5 7.0 15.0 

Full fat Soya 10.0 7.0 7.0 5.0 5.0 5.0 0.0 0.0 0.0 

Inulin 0.0 2.0 0.0 2.0 0.0 3.0 0.0 0.0 0.0 

Lactofeed 70
1 

20.0 20.0 20.0 20.0 0.0 0.0 0.0 0.0 0.0 

Skim milk powder 12.5 12.5 5.0 5.0 0.0 0.0 0.0 0.0 0.0 

Soya oil 7.5 8.8 2.5 3.6 4.0 5.3 10.0 10.0 40.0 

Lysine HCl (78.8) 0.5 0.4 0.4 0.4 0.5 0.43 4.0 1.0 3.5 

DL-Methionine 0.3 0.4 0.2 0.3 0.2 0.2 1.0 1.0 1.0 

L-Threonine (98) 0.2 0.2 0.2 0.02 0.2 0.2 1.5 0.0 1.0 

L-Tryptophan 0.09 0.09 0.05 0.06 0.02 0.02 0.0 0.0 0.0 

Vitamin and mineral mix
 

0.3 0.3 0.3 0.3 0.3 0.3 1.0 1.5 1.5 

Natuphos 5000 FTU/g
5 

0.01 0.01 0.01 0.01 0.01 0.01 0.1 0.1 0.1 

Salt feed grade 0.3 0.3 0.3 0.3 0.3 0.3 3.0 4.0 4.0 

Dicalcium phosphate 0.1 0.1 0.1 0.1 0.6 0.6 2.0 5.0 5.0 

Limestone flour 1.1 1.1 1.1 1.1 0.9 0.9 13.0 11.0 12.0 

          

Chemical analysis (g/Kg DM) 

Crude protein 235.9 252.8 211.0 205.4 195.7 172.1 161 119 148 

Crude fibre 19.8 23.4 34.8 37.5 38.9 31.7 24 32 25 

Crude ash 66.2 63.5 48.3 45.4 44.6 49.8 41 37 41 

Ether extract 114.7 57.9 70.7 27.2 33.2 63.4 27 29 63 

DE MJ/kg
6 

17.9 17.0 16.9 16.0 15.9 16.3 16.3 15.6 16.8 

NE (IFIP)
7
 11.43 10.25 10.55 9.78 9.50 10.45 9.8 9.5 10.5 

          

Amino acids (g/Kg) 

Lysine 16.2 15.0 13.0 11.1 6.4 9.9 11.50 6.50 9.90 

Methionine 6.8 5.7 4.5 3.6 2.1 3.4 3.70 2.00 3.40 

Meth + Cyst 9.7 9.0 7.9 6.8 4.7 6.4 7.40 5.00 6.80 

Threonine 10.5 9.8 8.7 7.5 4.5 6.5 7.90 4.60 6.70 

Tryptophan 3.6 3.3 2.6 2.2 1.6 2.0 1.50 1.20 1.40 
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1
Lactofeed 70 contains 70% lactose, 11.5% protein, 0.5% oil, 7.5% ash and 0.5% fibre (Volac, 

Cambridge, UK).   
2
Premix provided per Kg of complete diet: Copper sulphate 7H2O, 62 g;  Ferrous sulphate monohydrate, 

450 g; Manganese oxide, 60 g; Zinc oxide, 150 g; Potassium iodate, 1 g; Sodium selenite, 0.6 g;   Cu, 155 

mg; Fe, 90 mg; Mn, 47 mg; Zn, 120 mg, I, 0.6 mg; Se, 0.3 mg; vitamin A, 6000 IU; vitamin D3, 1000 IU; 

vitamin E, 100 IU; vitamin K, 4 mg; vitamin B12, 15 μg; riboflavin, 2 mg; nicotinic acid, 12 mg; 

pantothenic acid, 10 mg; choline chloride, 250 mg; vitamin B1, 2 mg; vitamin B6, 3 mg; Endox, 60 g.
  

3
 Premix provided per Kg of complete diet: Copper sulphate 7H2O, 60 g;  Ferrous sulphate monohydrate, 

120 g; Manganese oxide, 40 g; Zinc oxide, 100 g; Potassium iodate, 0.5 g; Sodium selenite, 0.4 g;   Cu, 

15 mg; Fe, 24 mg; Mn, 31 mg; Zn, 80 mg, I, 0.3 mg; Se, 0.2 mg; vitamin A, 2000 IU; vitamin D3, 500 IU; 

vitamin E, 40 IU; vitamin K, 4 mg; vitamin B12, 15 μg; riboflavin, 2 mg; nicotinic acid, 12 mg; 

pantothenic acid, 10 mg; vitamin B1, 2 mg; vitamin B6, 3 mg.
  

4
 Premix provided per Kg of complete diet: Copper sulphate 7H2O, 60 g;  Ferrous sulphate monohydrate, 

200 g; Manganese oxide, 80 g; Zinc oxide, 100 g; Potassium iodate, 1 g; Sodium selenite, 0.4 g;   Cu, 15 

mg; Fe, 70 mg; Mn, 62 mg; Zn, 80 mg, I, 0.6 mg; Se, 0.2 mg; vitamin A, 1000 IU; vitamin D3, 1000 IU; 

vitamin E, 100 IU; vitamin K, 2 mg; vitamin B12, 15 μg; riboflavin, 5 mg; nicotinic acid, 12 mg; 

pantothenic acid, 10 mg; choline chloride, 500 mg; Biotin, 200 mg; Folic acid, 5 g; vitamin B1, 2 mg; 

vitamin B6, 3 mg.
  

5
 Phytase: Natuphos – BASF; 5000 FTU/gm equal to 500 FTU per Kg finished feed. 

6
Digestible energy is megajoules per kilogram of dry matter (DE= 4168-9.1*ASH +1.9*CP+3.9*EE-

3.6*NDF) 
7
Calculated values. 
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Table S5.2. Forward and reverse primers used for quantitative PCR, PCR efficiency, and coefficient correlation of standard curves 

 

Gene 

symbol
1
 

Accession 

number
2
 

Gene name Forward (5'-3') Reverse (5'-3') Amp

licon 

size 

(bp) 

Ref
3
 Eff. 

(%)
4
 

Corr.
 5
 

ACTB XM_003357928.2 Beta-actin GGGCATCCTGACCCTCAAG TGTAGAAGGTGTGATGCCAGATCT 89 1 97.3 0.99 

B2M NM_213978.1 Beta-2-

microglobulin 
CCCCCGAAGGTTCAGGTT GCAGTTCAGGTAATTTGGCTTTC 66 1 102.2 0.99 

GAPDH NM_001206359.1 Glyceraldehyde-3-

phosphate 

dehydrogenase 

GGCGTGAACCATGAGAAGTATG GGTGCAGGAGGCATTGCT 60 1 96.5 0.99 

HPRT1 NM_001032376.2 Hypoxanthine 

guanine 

phosphoribosyl 

transferase 

AGAAAAGTAAGCAGTCAGTTTC

ATATCAGT 

ATCTGAACAAGAGAGAAAATACAGTC

AATAG 
131 1 92.1 0.99 

OAZ1 NM_001122994.2 Ornithine 

decarboxylase 

antizyme 1 

TCGGCTGAATGTAACAGAGGAA GAGCCTGGATTGGACGTTTAAA 70 1 99.2 0.99 

OCLN NM_001163647.2 Occludin TTGTGGGACAAGGAACGTATTTA TGCCTGCCGACACGTTT 76 1 95.4 0.98 

ZO1 XM_013993251.1 Zona occludin 1 AAGCCCTAAGTTCAATCACAATC

T 
ATCAAACTCAGGAGGCGGC 131 1 109.2 0.98 

SGLT1 

(SLC5A1) 

NM_001164021.1 Sodium-dependent 

glucose transporter 

1 

TGTCTTCCTCATGGTGCCAA AGGAGGGTCTCAGGCCAAA 149 1 108.0 0.99 

GLUT2 

(SLC2A2) 

NM_001097417.1 Facilitated glucose 

transporter 

member 2 

TACGGCATCTGCTAGCCTCAT CCACCAATTGCAAAGATGGAC 66 2 89.3 1.00 

MCT1 

(SLC16A1) 

AM286425.1 Monocarboxylate 

transporter 1 
GGTGGAGGTCCTATCAGCAG AAGCAGCCGCCAATAATCAT 74 1 96.4 1.00 

SMCT 

(SLC5A12) 

XM_003122908.1 Sodium-coupled 

monocarboxylate 

cotransporter 

AGGTCTACCGCTTTGGAGCAT GAGCTCTGATGTGAAGATGATGACA 77 2 82.3 0.99 
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Table S5.2. Forward and reverse primers used for quantitative PCR, PCR efficiency, and coefficient correlation of standard curves (continued) 

 

Gene 

symbol
1
 

Accession 

number
2
 

Gene name Forward (5'-3') Reverse (5'-3') Amplicon 

size (bp) 

Ref
3
 Eff. 

(%)
4
 

Corr.
 

5
 

GIP NM_001287408.1 Glucose-dependent 

insulinotropic 

peptide 

GGATGGTGGAGCAGTTGGA CCAATCCTGAGCTGGGTTTG 71 2 98.1 0.99 

GLP1 NM_001256594.1 Glucagon-like 

peptide-1 
GCTGATGGTGGCGATCTTGT TCCCAGCTCTTCCGAAACTC 69 2 98.1 0.99 

TRL2 NM_213761.1 Toll-like receptor 

2 
AATAAGTTGAAGACGCTCCCAGAT GTTGCTCCTTAGAGAAAGTATTGATCGT 97 1 92.7 0.99 

TRL4 AB188301.2 Toll-like receptor 

4 
TGTGGCCATCGCTGCTAAC GGTCTGGGCAATCTCATACTCA 124 1 105.8 0.98 

ALPI XM_003133729.3 Intestinal alkaline 

phosphatase 
AGGAACCCAGAGGGACCATTC CACAGTGGCTGAGGGACTTAGG 83 2 97.1 0.99 

1
Gene symbol: Alternate gene names are shown in brackets. 

2
Accession number: National Center for Biotechnology Information (NCBI) Entrez Gene (http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene). 

3
Ref: references for oligonucleotide primer sequences. 1) Metzler-Zebeli BU, Mann E, Ertl R, Schmitz-Esser S, Wagner M, Klein D, Ritzmann M, Zebeli Q. Dietary calcium 

concentration and cereals differentially affect mineral balance and tight junction proteins expression in jejunum of weaned pigs. Br J Nutr. 2015; 113(7):1019-31. doi: 

10.1017/S0007114515000380.; 2) Metzler-Zebeli BU, Ertl R, Grüll D, Molnar T, Zebeli Q. Enzymatically modified starch up-regulates expression of incretins and sodium-coupled 

monocarboxylate transporter in jejunum of growing pigs. Animal 2016; 11(7):1180-1188. Doi: 10.1017/S175131116002615. 
4
Eff: PCR efficiency: E = 10(-1/slope)-1. 

5
Corr: Correlation coefficient of standard curve. 
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Table S5.3. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

the relative abundance of bacterial composition and potential functionality
1
 

Sow treatment Control
2 

FMTP
3 

S.E.M. 
P-value 

Offspring treatment Control
4 

Inulin
5 

Control
 

Inulin
 

Interaction Sow Offspring 
Weaning         

G_Streptococcus 0.73
b
 0.31

b
 2.24

a
 3.71

a
 0.134 <0.001 <0.001 0.68 

G_Butyricimonas 0.04
b
 0.21

b
 0.08

b
 2.56

a
 0.018 <0.001 <0.001 <0.001 

G_Bifidobacterium 0.09
b
 0.07

b
 0.10

b
 2.07

a
 0.027 0.001 0.04 0.03 

G_Faecalibacterium 0.89
a
 0.20

b
 0.23

b
 0.16

b
 0.099 <0.001 0.003 0.001 

G_Dorea 0.20
a,b

 0.57
a
 0.03

b
 0.31

a
 0.009 <0.001 0.01 <0.001 

G_Terrisporobacter 0.13
a,b

 0.03
b
 0.31

a
 0.12

a,b
 0.012 0.003 0.007 0.005 

Caffeine metabolism 0.0011
a 

0.0003
b 

0.0014
a 

0.0007
a,b 

0.00014 0.001 0.001 0.005 

         
Day 50         
P_Proteobacteria 2.95

a 
1.10

b 
4.68

a 
2.65

a,b
 0.789 0.004 <0.001 <0.001 

1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) degradation 0.0013
b 

0.0005
b 

0.0017
a,b 

0.0034
a 

0.00026 0.001 <0.001 0.61 

         

Day 65         
Alpha-linolenic acid metabolism  0.0012

a,b 
0.0008

b 
0.0028

a 
0.0007

b 
0.00041 <0.001 0.15 <0.001 

         
Day 100         
G_Campylobacter 1.07

b
 0.85

b
 3.22

a
 1.38

a,b
 0.567 <0.001 0.002 0.01 

G_Peptococcus 0.08
b
 1.18

a
 0.95

a
 0.19

b
 0.032 <0.001 0.49 0.24 

P_Actinobacteria  0.19 0.64 1.15 0.50 0.170 0.004 0.03 0.76 

G_Bifidobacterium 0.03
a,b

 0.04
a,b

 0.23
a
 0.01

b
 0.004 0.006 0.39 0.05 

G_Sutterella 0.002
b
 0.127

a
 0.158

a
 0.189

a
 0.0003 0.004 0.005 0.01 
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Table S5.3. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

the relative abundance of bacterial composition and potential functionality
1 
(Continued) 

Sow treatment Control FMTP 
S.E.M. 

P-value 

Offspring treatment Control Inulin Control Inulin Interaction Sow offspring 

Day 130         
G_Sphaerochaeta 18.00

a
 9.96

a,b
 4.51

b
 13.38

a,b
 2.442 0.008 0.07 0.41 

G_Oribacterium 2.76
a
 1.80

a,b
 0.73

b
 1.80

a,b
 0.434 0.004 0.01 0.37 

G_Blautia 1.39
a,b

 1.36
a,b

 0.61
b
 2.06

a
 0.374 0.006 0.13 0.02 

G_Faecalitalea 0.42
a
 0.20

a,b
 0.06

b
 0.27

a,b
 0.031 0.001 0.02 0.29 

P_Fibrobacteres 0.37
a 

0.35
a 

0.01
b 

0.39
a 

0.001 <0.001 <0.001 0.008 

G_Fibrobacter 0.367
a
 0.351

a
 0.004

b
 0.092

a
 0.001 <0.001 <0.001 0.008 

G_Bifidobacterium 0.03
b
 0.46

a,b
 0.82

a
 0.30

a,b
 0.007 0.004 0.02 0.15 

G_Acetanaerobacterium 0.10
a,b

 0.02
b
 0.90

a
 0.11

a,b
 0.005 0.007 0.004 0.007 

Limonene and pinene degradation 0.22
b 

0.31
a 

0.29
a 

0.27
a,b 

0.198 <0.001 0.14 0.01 

Fatty acid metabolism 0.57
b 

0.72
a 

0.69
a,b 

0.66
a,b 

0.527 0.001 0.32 0.03 

Purine metabolism 5.0
a 

4.7
b 

4.6
b 

4.8
b 

4.511 0.002 0.05 0.65 

Ileum         
G_Prevotella 0.36

b
 3.35

a
 2.99

a
 4.54

a
 0.164 <0.001 0.004 0.002 

G_Sphaerochaeta 2.78
a
 0.32

b
 0.30

b
 1.04

b
 0.143 <0.001 0.16 0.19 

G_Chlamydia
6 

2.61
a
 0.20

b
 0.63

b
 0.30

b
 0.086 <0.001 0.22 <0.001 

Glycosphingolipid biosynthesis - ganglio 

series 
0.08 0.13 0.08 0.14 0.063 <0.001 0.76 <0.001 

Glycosphingolipid biosynthesis - globo series 0.18 0.24 0.19 0.26 0.159 <0.001 0.36 <0.001 

Nitrotoluene degradation 0.08 0.06 0.10 0.08 0.047 0.008 0.02 0.01 

Biosynthesis of ansamycins 0.15 0.14 0.17 0.18 0.129 <0.001 <0.001 0.64 

Secondary bile acid biosynthesis 0.002 0.012 0.008 0.019 0.0009 <0.001 0.001 <0.001 

Porphyrin and chlorophyll metabolism 1.73 1.43 1.60 1.34 1.206 0.007 0.22 0.001 

Selenocompound metabolism 0.86 0.82 0.81 0.78 0.755 <0.001 <0.001 0.002 

Ether lipid metabolism 0.002 0.001 0.006 0.009 0.0005 <0.001 <0.001 0.64 

1,2,1-Trichloro-2,2-bis(4-chlorophenyl)ethane 

(DDT) degradation 
0.002 0.001 0.001 0.002 0.0002 0.002 0.04 0.69 
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Table S5.3. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

the relative abundance of bacterial composition and potential functionality
1 
(Continued) 

Sow treatment Control FMTP 
S.E.M. 

P-value 

Offspring treatment Control Inulin Control Inulin Interaction Sow offspring 

Caecum         
P_Proteobacteria 3.79

b 
4.44

a,b 
7.50

a 
5.60

a,b 
2.832 0.009 0.003 0.95 

G_Bacteroides 1.27
b
 1.57

b
 6.77

a
 1.58

b
 0.715 <0.001 0.006 0.04 

G_Flavonifractor 0.09
b
 0.23

a,b
 0.34

a
 0.10

b
 0.052 0.002 0.27 0.66 

Fructose and mannose metabolism 1.72
b 

1.79
b 

2.20
a 

1.74
b 

1.607 <0.001 0.002 0.006 

Folate biosynthesis 0.57
b 

0.61
b 

0.67
s 

0.56
b 

0.533 <0.001 0.17 0.11 

D-alanine metabolism 0.29
s 

0.28
s 

0.27
b 

0.29
s 

0.251 <0.001 <0.001 0.009 

Phenylalanine, tyrosine and tryptophan 

biosynthesis 
1.29

s,b 
1.36

a,b 
1.41

s 
1.22

b 
1.150 0.005 0.83 0.14 

Streptomycin biosynthesis 0.43
a,b 

0.45
a,b 

0.49
a 

0.40
b 

0.373 0.004 0.86 0.08 

Galactose metabolism 0.83
b 

0.89
a,b 

1.10
a 

0.82
a,b 

0.732 <0.001 0.07 0.05 

N-glycan biosynthesis 0.028
b 

0.034
a,b 

0.041
a 

0.028
b 

0.0241 0.001 0.25 0.20 

         
Colon         
P_Lentisphaerae 0.18

a,b 
0.42

a 
0.25

a 
0.06

b 
0.028 0.005 0.15 0.51 

Steroid hormone biosynthesis 0.04
b 

0.05
a,b 

0.09
a 

0.05
a,b 

0.029 0.007 0.04 0.09 

Retinol metabolism 0.027
b 

0.037
a,b 

0.047
a 

0.029
a,b 

0.0213 0.003 0.47 0.15 

Glycine, serine and threonine 

metabolism 
1.91

a 
1.88

a,b 
1.83

b 
1.92

a 
1.794 0.003 0.17 0.09 

Glycosphingolipid biosynthesis-lacto 

and neolacto series 
0.0005

b 
0.0008

a,b 
0.0011

a 
0.0003

c 
0.00029 <0.001 0.49 0.08 

1
Least square means and pooled standard error of the mean are presented. Sows: 

2
Control (n=11) and 

3
FMT procedure (FMTP; n=11); Piglets: 

4
Control (n=16), 

5
Inulin (n=16) for the 

first 6 weeks post-weaning. 
a,b,c

 Within each row, values that do not share a common superscript are significantly different (P≤0.05). 
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Table S5.4. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

serum biochemical parameters 

 Sow treatment Control
1 

FMT
2 

S.E.M
5 

 P-value 

Offspring treatment Control
3 

Inulin
4 

Control Inulin  Interaction Sow Offspring 

Blood urea nitrogen (mg/dL) 20.3 10.8 12.4 11.5 2.71  0.12 0.20 0.06 

Total protein (g/L) 65.4 67.1 50.8 58.9 9.29  0.73 0.23 0.60 

Triglycerides (mmol/L) 0.43 0.50 0.45 0.49 0.055  0.74 0.91 0.32 

Glucose (mmol/L) 4.96 4.91 5.18 4.85 0.729  0.85 0.91 0.79 

Cholesterol (mmol/L) 3.30
A 

2.19
B 

2.20
B 

2.48
B 

0.376  0.07 0.29 0.28 

Creatine (µmol/L) 145.9 149.1 137.9 119.8 16.78  0.53 0.28 0.66 

Creatinine kinase (µmol/L) 98.43 60.94 31.08 44.57 18.185  0.63 0.26 0.39 

 
Sows were assigned to one of two treatment groups: 

1
Control (n=11) and 

2
FMT (n=11). FMT sows received FMT via gastric intubation on days 70 and 100 of gestation; Piglets were 

assigned to one of two treatment groups at weaning: 
3
control; 

4
Inulin for the first 6 weeks post-weaning (2% for 3 weeks and 3% for 3 weeks).

 5
Least square means and pooled 

standard error of the mean are presented.  

Data from 32 pigs: Sow treatment level control n=16; FMT n=16; Offspring treatment level control n=16; inulin n=16. 

A,B,C
 Within each row, values that do not share a common superscript tend to be different (P≤010). 
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 (n=11) 

con3 (n=30) 

3 pens 

Housed in same sex pens (8-12) 

From weaning to slaughter 

4 pigs/pen (from 8 pens; n=32) selected for 
sampling 

Microbiota composition: Faeces: weaning, days 50, 65, 100 & 130 of age, ileal caecal & colon digesta at 
slaughter (140 days of age) 

Volatile fatty acid concentrations: ileal, caecal and colon digesta 

Ileal histology, serum biochemistry and haematology: At slaughter 

inu4 (n=31) 
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(n=11) 

con (n=37) 
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3 pens  
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Figure S5.1. Schematic depicting faecal inoculum preparation, sow treatment, offspring treatment and sample collection 

Sows were assigned to one of two groups: 
1
CON: control sows; 

2
FMT, and were given a 1-week course of antibiotics from day 60 of gestation to kill off as much of the resident 

microbiota as possible, followed by a purgative and fasting for 36 h to empty the gastrointestinal tract. On days 70 and 100 of gestation, each sow was given 200 mL of thawed 

inoculum via gastric intubation as well as an anti-acid to prevent inactivation of the inoculum by gastric acid.  

Piglets were weaned and assigned to 
3
con: control or 

4
inu: inulin for the first 6 weeks post-weaning (2 % for the first 3 weeks, and 3 % for the next 3 weeks); from 70 days of age all 

pigs were fed the same finisher diet until slaughter at 140 days of age.  

32 pigs selected; Sow treatment level: Control, n=16; FMT, n=16; Pig treatment level: Control, n=16; Inulin, n=16 



268 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Faeces at weaning C. Faeces at 65 days old B. Faeces at 50 days old D. Faeces at 100 days old 

G. Caecal digesta H. Colon digesta F. Ileal digesta E. Faeces at 130 days old 

Control sow FMT sow 

Control Control 

Inulin  Inulin  

PC1: 27% variance 

P
C

2
: 1

6
%

 v
ar

ia
n

ce
 

PC1: 35% variance PC1: 37% variance 
P

C
2

: 1
5

%
 v

ar
ia

n
ce

 

P
C

2
: 1

5
%

 v
ar

ia
n

ce
 

P
C

2
: 1

5
%

 v
ar

ia
n

ce
 

P
C

2
: 1

1
%

 v
ar

ia
n

ce
 

PC1: 41% variance 

PC1: 35% variance 

P
C

2
: 1

0
%

 v
ar

ia
n

ce
 

P
C

2
: 2

6
%

 v
ar

ia
n

ce
 

P
C

2
: 1

2
%

 v
ar

ia
n

ce
 

PC1: 40% variance PC1: 28% variance PC1: 46% variance 



269 

 

Figure S5.2. Effect of faecal microbiota transplantation (FMT) in sows and/or dietary supplementation of offspring with inulin for 42 days post-weaning on 

Principal Component Analysis (PCA) plot (at the genus level) according to overall treatment and sample type  

32 pigs selected; Sow treatment level: Control, n=16; FMT, n=16; Pig treatment level: Control, n=16; Inulin, n=16. The amount of variance is depicted by the percentages on each 

axis. 
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6. Overall conclusions  
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  Ranking pigs on divergence in RFI was useful, as it allowed the selection of 

animals that had similar growth rates with less feed consumed.  However, as RFI 

is a regression equation that takes into account gender, body back fat and 

muscle, calculations  can be time consuming and laborious 

 

 Porcine intestinal microbial composition and predicted functionality was linked 

with FE, albeit it was mainly taxa found at quite low relative abundance that 

were FE-associated.  However, these FE-associated taxa varied with 

geographical location, even when genetics, management, diet etc. were 

controlled.  This indicates the rearing environment influences the intestinal 

microbiota 

 

 Microbes involved in nutrient digestion and host health were enriched in low 

RFI (more feed efficient) pigs.  These microbes could be used as biomarkers for 

feed efficiency, or fed as probiotics. However, advancements in culturing 

techniques are needed, and due to the influence of rearing environment, site-

specific approaches may be necessary, although this is an issue from a 

commercial point of view  

 

 FMT (using an inoculum derived from highly feed efficient pigs) in sows and/or 

offspring resulted in reduced offspring body weight at slaughter, indicating that 

FMT was not a useful strategy to improve FE in pigs 

 

 FMT in sows and/or offspring resulted in a reduction in the abundance of 

microbes known to play a role in nutrient digestion and gut health, together with 

an increase in bacteria potentially pathogenic to pigs. Furthermore, a reduced 
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villus height and area, as well as an increased number of goblet cells present 

along the villi were observed due to FMT, indicating poorer absorptive 

capabilities, possibly explaining the lower body weight at slaughter  

 

 The addition of inulin to the diet of offspring born to FMT-treated sows showed 

an improvement in RFI, indicating a beneficial combinative effect of inulin and 

FMT.  Inulin may have improved the microbes implanted in sows due to FMT. 

However, no other improvements in growth were observed, and FMT resulted in 

a reduced body weight at slaughter in offspring.  Beneficial modulation of the 

intestinal microbiota was observed, albeit for bacterial taxa at low relative 

abundance.  Other prebiotics may prove more useful for improving overall 

growth and FE in pigs, and may be beneficial in promoting the proliferation of 

the microbiota established due to FMT 
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7. Overall discussion  
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The objectives of this work were firstly to rank pigs on divergence in RFI, a metric of 

FE, and to investigate the intestinal microbiota and associated physiological parameters 

of low versus high RFI pigs.  Following this, manipulation of the intestinal microbiota 

in order to improve FE was investigated, using either FMT in sows and/or offspring, or 

FMT in sows with/without the supplementation of a prebiotic, inulin, to the diet of 

offspring.  

 

As FE is critical in pig production, there is a constant need to investigate strategies to 

improve FE, in order to reduce production costs as well as environmental emissions 

from pigs.  The intestinal microbiome is a complex ecosystem of microbes, mainly 

bacteria, located along the GIT, and interest has increased in recent years, as it is now 

considered an important organ in itself (Mach et al., 2015, Buzoianu et al., 2013, 

Metzler-Zebeli et al., 2016, Kim and Isaacson, 2015a).  Bacteria present in the pig GIT 

are well known to play a role in nutrient digestion, metabolism and development and 

regulation of the immune response (Fouhse et al., 2016, Ramayo-Caldas et al., 2016).  

Therefore, there is the potential that the intestinal microbiome is linked with FE in pigs.  

Research has found that the intestinal microbiota is linked with growth rate (Ramayo-

Caldas et al., 2016), where increased relative abundance of Prevotella, a member of 

Bacteroidetes, was associated with higher body weight and better average daily gain in 

pigs.  However, only one study to date has looked at bacterial populations that vary 

between good and poorly feed efficient pigs (Vigors et al., 2016a), and none have used 

high throughput sequencing of the 16S rRNA gene to identify microbial taxa potentially 

associated with FE.   
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In Chapters 2 and 3 of this thesis, a number of RFI-associated differences in microbial 

composition and potential functionality were found. Although many of the microbes 

found to differ between good and poorly feed efficient pigs were at low relative 

abundance (<2%), these may nonetheless be important for FE as it is the complex 

interplay between all of the micro-organisms present in the GIT that influence host 

health, nutrient digestion and absorption.  These bacterial taxa may be targeted in the 

future to improve FE, used as probiotics to improve FE, or indeed used as biomarkers in 

order to identify highly feed efficient animals that could be incorporated in the breeding 

program in the future, if causality is established.   

 

In the low RFI pigs (those with better FE) from Chapter 3, there was a higher relative 

abundance of the bacterial phylum Lentisphaerae, and interestingly, this was higher in 

abundance in the faeces collected from pigs in Chapter 4 at weaning, who received the 

faecal transplant once, which was derived from pigs in Chapter 3 with the lowest RFI.  

This suggests a possible benefit as regards the use of FMT in pigs, although results from 

Chapter 4 show the opposite.  Lentisphaerae has been associated with improved FE in 

cattle, where a higher abundance was linked with a better body weight gain (Myer et al., 

2015) so may be a useful to target in the future, although more work is needed to 

identify specific beneficial populations within this phylum.   

 

Bacterial taxa that appeared in all experimental chapters, as either RFI-associated, or 

impacted by FMT or inulin were mostly members of Firmicutes.  Members of this 

phylum play a key role in nutrient digestion (e.g. Blautia, Cellulosilyticum, 

Ruminococcus) and the production of VFAs (e.g. Butyricicoccus, Faecalibacterium, 

Oribacterium), mainly butyric acid, which is well known to be an energy source for 
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both the pig and the cells of the epithelial lining (Liu, 2015).  As these bacterial taxa 

were the ones most impacted throughout the experimental chapters of this thesis, this 

may indicate that these may have a role in driving FE, and could be useful bacteria to 

target/manipulate in the future.  Furthermore, a common microbe that was higher in 

abundance in low RFI pigs in Chapter 3 was Ruminococcaceae and at the genus level, 

Ruminococcus was higher in abundance in both sow faeces post-FMT treatment, and in 

offspring assigned to the FMT4 treatment group, at 50 days of age, in Chapter 4.  These 

taxa play a role in nutrient digestion, as they are known to break down cellulose, 

otherwise indigestible to the host (Umu et al., 2015).  Although these benefits were not 

observed in the pigs from Chapter 4, these taxa may still have an important role to play 

in porcine FE, and could potentially be targeted in the future or used as a probiotic.   

 

In Chapter 3 common management practices were employed across all geographical 

locations, and variation in genetics, diet and housing were minimised, in order to see if 

there was an associated between the intestinal microbiota and FE in pigs.  The major 

finding was that rearing environment, as indicated by geographical location, was much 

more influential on bacterial composition and predicted functionality, than FE.  

Similarly, work in humans has found that there is a distinct separation of the intestinal 

microbiome due to country of origin (Yatsunenko et al., 2012). However, some 

bacterial taxa associated with low RFI were common to two geographical locations, and 

these included microbes known to play a role in nutrient digestion and host health e.g. 

Mucispirillum and Methanobrevibacter, although these were at quite low relative 

abundance.  Other microbes common across rearing environments that were associated 

with low RFI were uncultured members of Bacteroidetes and Cyanobacteria, which 

may potentially be cultured in the future.  Further investigation into the potential use of 
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these bacterial taxa as biomarkers for FE, or as probiotics in order to improve FE may 

be warranted.  However, given the limited number of microbes associated with RFI that 

were common across rearing environments (none were common across the four 

batches), intervention strategies may need to be performed on a site-specific basis, 

which is of course an issue from a commercial, and economic point of view.  

 

The use of FMT has become quite a popular for the treatment of gastrointestinal 

diseases in humans, mainly Clostridium difficile infection, as it aims to re-populate the 

intestine with a more beneficial bacterial population (Borody and Khoruts, 2012).  One 

of the main benefits of using FMT is that it supplies a full spectrum of bacteria, and 

may therefore be useful in improving FE in pigs.  In chapter 4, FMT was used to alter 

the microbial profile of sows and/or their offspring, with the hope of improving FE.  

The faecal inoculum was prepared using faecal extracts from highly feed efficient pigs; 

those with the lowest RFI from ROI2 pigs in Chapter 3. The aim was to improve FE by 

seeding the gut with bacteria from highly feed efficient pigs, given that FE-associated 

microbes were identified in Chapter 2 and 3.   

 

Pregnant sows received the FMT in late gestation, following a 7-day course of 

antibiotics to clear the digestive tract of any resident microbiota.  The antibiotic 

treatment had a very strong influence on the microbiome, reducing bacterial diversity 

and total bacterial load, as expected, and altering bacterial composition at the genus 

level also.  However, the impact of FMT on the faecal and colostrum microbiota of 

sows was minimal, but it appeared to restore the faecal microbiota back to its ‘original’ 

state (pre-antibiotic treatment), and so this could indicate that FMT may be a useful way 

to re-populate the porcine intestine following antibiotic treatment.  Maternal influence 
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on the intestinal microbiota was very clear from this chapter, as a number of differences 

within the offspring microbiome were due to FMT in sows.  This highlights the 

potential to use microbial modulation strategies in the sow to influence offspring 

microbiota, and potentially FE.  As previous work has found that probiotics/prebiotics 

fed to the sow can influence subsequent offspring (Paßlack et al., 2015, Leonard et al., 

2010), this may be a key area to target in the future.   

 

It is well known that the porcine GIT is essentially sterile at birth, and so this is a key 

time to perform intervention studies.  However, a surprising result was that the FMT, 

either in sows or in their offspring, led to a reduction in offspring body weight at ~155 

days of age (slaughter).  When examining the intestinal microbiome, FMT increased 

bacterial diversity in 50 day old pigs, which may be seen as a beneficial result, but this 

was not a consistent change throughout the lifetime.  Furthermore, a reduction in 

abundance of bacterial populations (at the phylum and genus level) related to nutrient 

digestion and health was observed, and potential pathogens were increased in offspring 

faeces and in the intestinal digesta collected at slaughter.  The negative impact of FMT 

on pig growth may indicate in utero effects due to FMT in sows, as well as altering the 

faecal and colostrum bacterial profile of the sows, direct transfer of microbes from the 

sow to the offspring may have occurred.  Furthermore, it is possible that “undesirable” 

microbiota were present in the faecal inoculum, and this may have caused the 

depression in offspring body weight observed.  This work suggests that FMT is not an 

ideal approach to improve FE in pigs, and more suitable faecal inoculum or a more 

targeted approach such as the use of probiotics, may be a better way to beneficially 

manipulate the microbiota.  Future work on identifying a more suitable inoculum for 

FMT in pigs is needed, including optimum donor age, and timing of intervention in 
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order to fully elucidate if there is indeed a place for FMT as a manipulative tool to 

improve FE in pigs.  

 

Chapter 5 investigated the influence of nutritional intervention on the intestinal 

microbiota composition and potential functionality with the view to improving FE.  

Here, the prebiotic inulin was added to the diet of weaner pigs for 6 weeks, from the 

sows administered FMT/not in Chapter 4.  Dietary supplementation with inulin was 

performed with the aim of promoting the microbiota implanted in pigs due to FMT in 

sows.  As conflicting results have been published regarding the benefits of inulin on pig 

growth, we hypothesised that the combination of FMT in sows and dietary inulin 

treatment may have an additive effect.  However, inulin alone proved ineffective in 

terms of growth, as no improvements in growth rate or FE were observed, although 

beneficial microbes (e.g. Prevotella, Bifidobacterium, Bacteroides) and butyrate 

producers (Faecalibacterium, Butyricimonas) were present at a higher relative 

abundance.  A reduction in bacterial genera containing some species which are 

pathogenic to pigs (e.g. Streptococcus and Campylobacter), indicates beneficial 

modulation of the intestinal microbiota in pigs fed inulin.  However, the overall aim of 

this thesis, and indeed the work conducted in Chapter 5, was to improve growth and FE, 

and as inulin did not directly achieve this, other prebiotics may be more advantageous 

for pig producers.   

 

Microbial composition is key to understanding the intestinal microbiome, but bacterial 

diversity may be just as important.  The amount of bacterial species present and how 

similar/dissimilar the bacterial members are can be a good indicator of health status and 

viability and survivability of each microbe present in the GIT (Ursell et al., 2012).  
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Although a higher α-diversity (number of species present in a sample) was observed in 

low RFI pigs (ROI2 only) in Chapter 3, this was not a common finding throughout the 

study, or across rearing environments, and likewise in Chapters 4 and 5, transient higher 

bacterial diversity was observed, which may explain the depression in offspring body 

weight observed in the latter 2.  In humans, a higher bacterial diversity is deemed 

beneficial for intestinal health (Le Chatelier et al., 2013).  Similarly, increased intestinal 

microbial diversity has recently been associated with reduced susceptibility to post-

weaning diarrhoea in piglets (Dou et al., 2017), which is hugely desirable, given the 

issues pig producers face with poor growth around weaning  Furthermore, ß-diversity, 

can show how similar or different samples are to each other.  This is a huge benefit to 

understanding the intestinal microbiome, as faeces is commonly used as an indicator of 

microbiota present in the intestine, and from the ß-diversity plots in the experimental 

chapters of this thesis, it is clear that there is a huge difference between the faeces 

collected throughout the lifetime and the caecum, compared to the ileal digesta.  This 

work indicates that further studies may be needed to get a clearer picture of the 

microbiome in the upper GIT, rather than relying on faeces.  In Chapter 4 and 5, digesta 

was collected from the stomach and the jejunum, with the aim of investigating the 

microbiota present, but this failed due to low quantity DNA in the stomach, and 

degradation of DNA in the jejunum.  Although successful sequencing of the microbiota 

in the upper GIT, we can get a better understanding of the link between the intestinal 

microbiome and FE.  

 

Although investigating the microbial composition of the intestinal microbiome is very 

important, the functionality of the bacteria present may be even more so.  Shotgun 

sequencing is an expensive method of analysis, so in this thesis we used the software 
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program PICRUSt to predict the functionality of the microbiota present.  This proved to 

be useful, but can only be used as a guideline to estimate the function of the bacteria 

present, as the database was set up using data from the human microbiome project.  

There were no common FE-associated pathways identified across experimental 

chapters.  However, a number of pathways involved in metabolism were altered, 

including biosynthesis of fatty acids, which were higher in abundance in low RFI pigs 

in the two batches from ROI in Chapter 3, and bile acid biosynthesis which was 

enhanced due to FMT treatment in Chapter 4 and the dietary inulin supplementation in 

Chapter 5.  This may warrant future investigation also, as if metabolism pathways can 

be altered, a faster growing and more lean (desirable) pig can be produced.  

 

Another way to measure functionality of the intestinal microbiome is to look at bacterial 

metabolites produced by bacterial fermentation.  In terms of VFA production, due to 

microbial fermentation, only ileal isobutyric acid differed between high and low RFI 

pigs in Chapter 2, with more feed efficient pigs having higher concentrations.  

However, in Chapter 4, FMT in sows resulted in a reduced concentration of isobutyric 

acid in the colon of their offspring, and low RFI pigs in Chapter 3 had a lower 

concentration of butyric acid in the faeces collected just prior to slaughter, which is 

indicative of a better absorptive capability in the colon (Fernandes et al., 2014).  

Furthermore, FMT-treated pigs from Chapter 4, had higher ileal butyric acid 

concentration, but in Chapter 5, due to FMT in sows, or the supplementation of inulin to 

the diet of offspring, butyric acid was reduced in the caecum.  This may suggest 

improved or altered nutrient digestion, or indeed better absorptive capability in these 

pigs.  However, this was not reflected in the growth and FE of these pigs.  
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In terms of gut structure, which is indicative of health and absorptive capacity of the 

intestine, and indeed the microbial populations present in the GIT, the number of goblet 

cells in the ileum was lower in the low RFI pigs in Chapter 2.  This may indicate a 

healthier and more efficient gut, given that goblet cells produce mucin, which acts as a 

physical barrier to pathogenic invasion, but it can also inhibit nutrient absorption across 

the intestine (Montagne et al., 2004).  In contrast to this, pigs from Chapter 4 had a 

higher number of goblet cells due to FMT in either sows or offspring, and this may 

indicate potential infection (pathogenic bacteria adhering to the intestinal wall) or 

indeed an over-stimulated intestinal barrier, due to the “foreign” microbes implanted 

due to FMT, and therefore reduced nutrient absorption across the intestinal wall.  

Furthermore, although villus height and crypt depth did not differ between RFI-ranked 

pigs in Chapter 2, there was a clear effect of FMT on villus structure in Chapters 4 and 

5; due to FMT in sows, pigs had reduced villus height and area in the ileum, which may 

explain the reduced body weight at slaughter observed in pigs from both Chapters 4 and 

5, as it is well known that longer villi and shorter crypts are better for nutrient 

absorption (Lalles, 2007), and therefore enhanced growth and FE.  

 

Overall, the work in this thesis has provided one of the first set of potential microbial 

biomarkers for FE in pigs, and has identified RFI-associated microbes that were 

common across two geographical locations, that could be investigated as potential 

probiotics and/or targeted by dietary means or FMT in order to improve FE.  Although 

the use of FMT in sows and their offspring was not a successful approach to 

beneficially manipulate the microbiota to improve FE, results from this work 

demonstrate the major influence of both maternal and early life intestinal microbiota on 

lifetime pig performance. The supplementation of inulin, to the diet of pigs (born to 
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control or FMT-treated sows) did not improve growth, but did beneficially alter 

bacterial populations in the intestine.  However, other prebiotics may have a more 

suitable for the improvement of porcine FE.  In combination with FMT, prebiotics may 

prove beneficial in maintaining/promoting the bacterial populations established, 

throughout the lifetime.  

 

Future work would include: (1) cause and effect studies, to establish if it is the 

microbiota that influences FE, or if it is FE that influences the microbiota; (2) targeted 

approaches to manipulate the intestinal microbiota such as probiotics; (3) the use of 

FMT in pigs as a tool to improve FE; optimum age of donor/recipient, timing of 

intervention, route of entry (4) alternative feed additives (prebiotic or otherwise) that 

may beneficially modulate the intestinal microbiota, but also improve FE in pigs; (5) 

shotgun sequencing to investigate functionality of the microbiome in FE-ranked pigs, in 

order to fully understand the role of the intestinal microbiome in 

determining/influencing FE in pigs.  
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